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Abstract

We report on the synthesis and fluorescence properties, in solvents and lipid vesicles, of a new 3-hydroxyflavone derivative: 2-[4-di(2-
hydroxyethyl)aminophenyl]-3-hydroxy-4H-4-chromenone (FHE). Like others 3-hydroxyflavones, this probe is characterized by an excited-state
intramolecular proton transfer reaction displaying two tautomeric excited states, which results in two emission bands well separated on the wave-
length scale. Their relative intensities are highly environment-sensitive, allowing a two-band ratiometric analysis. The novel and original structural
characteristics of FHE consist in the presence of two hydroxyethyl groups able to form H-bonds with phospholipid ester groups, thus conferring it
anchoring properties at the membrane interface without any electrostatic interactions. FHE was tested in a series of organic solvents and demon-
strates a good response to solvent polarity, with a peculiar sensitivity to solvents with strong H-bonding ability. In lipid vesicles, FHE displays a
good sensitivity to membrane dipole potential, as shown by the electrochromism of both the excitation and the tautomer T* emission spectra. FHE
is also sensitive to changes in membrane fluidity and to the binding of amphiphilic polyanions of biological importance as adenosine triphosphate
(ATP). Finally, a tentative comparison of spectral parameters was made between the data obtained in solvents and in vesicles by using as “criterion

coordinates” the logarithm of the two bands intensity ratio versus the difference in wavenumbers of their maxima.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

3-Hydroxyflavone (3-HF) dyes present a considerable inter-
est in the design of multi-parametric fluorescence probes for the
study of physicochemical processes in solutions as well as in bio-
logical systems. This interest proceeds from their excited-state
intramolecular proton transfer (ESIPT) reaction which results in
two excited state forms: a normal (N*) and a tautomer (ESIPT
product, T*) forms, which are both highly emissive and exhibit

Abbreviations: FHE, 2-[4-di(2-hydroxyethyl)aminophenyl]-3-hydroxy-4H-
4-chromenone; ATP, adenosine triphosphate disodium salt; 3-HF, 3-hydroxy-
flavone; ESIPT, excited-state intramolecular proton transfer; EYPC/PG, egg
yolk phosphatidyl-choline/-glycerol; DMPC/DPPC, dimyristoyl/dipalmitoyl
phosphatidylcholine; DMTAP, 3-(1,2-dimiristoyl-sn-propyl)-trimethylammo-
nium bromide; 6-KC, 6-ketocholestanol; LUV, large unilamellar vesicles;
FWHM, full width at the half-maximum
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well separated emission bands [1] (Scheme 1). The relative
intensities and the positions of these two emission bands can
report the physicochemical properties of the microenvironment
of the dye. Moreover, the addition at 4" position of the 3-HF
moiety of an electron—donor dialkylamino group renders these
dyes more strongly solvatochromic [2—4], so that the interac-
tions with the environment are producing stronger perturbations
not only in the equilibrium between the excited-state tautomeric
forms, but also in the positions of the emission bands [3]. In
some specific conditions, the hydroxyl group in position 3 can
dissociate to yield the anionic form of the molecule, both in its
ground and excited-state, but this occurrence has to be avoided
to take advantage of the ESIPT reaction [5,6].

Due to their extreme sensitivity to solvent polarity and hydro-
gen bonding with protic solvents [7-13], 3-HF probes were
used as sensors for polar/protic impurities in non-polar solvents
[14,15], to detect the presence of water molecules in reverse
micelles [16] or for biophysical studies in lipid vesicles and
biomembranes [6,17-24]. Also, the electrochromic modulation
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Scheme 1. Excited-state intramolecular proton transfer for the reference
probe 4’-(dimethylamino)-3-hydroxyflavone and schematic representation of the
energy levels.

of the ESIPT reaction has opened possibilities for convenient
and sensitive observation of electrostatic field effects by record-
ing the dramatic changes in the ratio of the two emission bands
[25,26]. By using 3-HF derivatives possessing charged groups
to anchor the probe to the membrane interface and hydrophobic
substituents to orient it toward the low-polar part of the bilayer,
this last property found an application for the determination of
biomembrane potentials like surface [18,19] and dipole poten-
tial [21,24]. Moreover, due to the existence of the intermolecular
H-bonded form, it is possible to simultaneously determine both
polarity and hydration in phospholipid bilayers by using 3-HF
probes [22,23].

As previously noticed, up to now all the 3-HF derivatives
which were synthesized in order to get a fixed orientation in
the lipid bilayer have positively charged group to ensure the
anchoring of the probe at the membrane interface and acces-
sorily to associate with negatively charged phospholipids. Due
to the electrostatic interaction, this association with phospho-
lipids can distort the local electric field of their phosphate
group, and thus modify the distribution of electric fields exist-
ing in lipid membrane [27]. To clarify this problem, we need
to conceive and to test 3-HF probes devoid of charged groups,
but keeping their ability to be uniformly oriented in the lipid
bilayer.

In the present work we describe the synthesis of the first
flavonol probe of this series: 3-hydroxy-4’-[di-(2-hydroxyethyl)
amino]flavone (FHE). We studied the fluorescence properties
of this new probe dissolved in organic solvents as well as
embedded in lipid vesicles considered as models for biomem-
branes. This probe has no charged groups, but possesses two
hydroxyethyl groups which are able to form hydrogen-bonds
with oxygen or nitrogen atoms of the phospholipid polar heads
located at the membrane interface (Scheme 2). A third hydroxyl
group is located at position 3 of the chromone ring, but should
be much less prone to form intermolecular H-bonds due to
the proximity of the carbonyl at position 4. Thus, the FHE
molecule should incorporate into the lipid bilayer by keeping an
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Scheme 2. Proposed preferential orientation and location of FHE probe
molecule in a lipid membrane.

orientation parallel to the fatty acid chains, with the chromone
ring in the down position.

2. Materials and methods
2.1. Synthesis

2-[4-Di(2-hydroxyethyl)aminophenyl]-3-hydroxy-4H-4-
chromenone (FHE) was synthesized in four steps according
to the next procedure (Scheme 3): N-phenyldiethanolamine
(18.1g, 0.1 mol) was boiled during 2h in 50ml of acetic
anhydride, and the solvent was then evaporated in vacuo.
The obtained oil (26.4 g) was dissolved in 50 ml of dimethyl-
formamide, and phosphorus oxochloride (16.8 g, 0.11 mol)
was added dropwise under stirring, at a temperature kept near
10-15 °C. The mixture was kept at 60 °C during 3 h, poured into
ice and left for 10 h at room temperature. Then the formed oil was
extracted by dichloromethane (3 ml x 50 ml), washed with water
and dried with sodium sulfate. After, the solvent was evaporated
in vacuo 20.5g (70%) of crude aldehyde was obtained, con-
taining 90-95% of pure substance, according to 'H NMR data.

To the solution of aldehyde (5.39g, 18mmol) and 2-
hydroxyacetophenone (2.5 g, 18 mmol) in ethanol (25 ml) asolu-
tion of sodium hydroxide (10 g in 15 ml of water) was added.
After stirring during 23 h, the formed red—orange paste was left
for 20 h at room temperature. Then the mixture was suspended in
150 ml of ethanol, cooled to 15 °C, and 7 ml of hydrogen perox-
ide (30%) were added under stirring. Since the temperature rose
up to 60 °C, the mixture was stirred during 0.5 h, then neutralized
by sulfuric acid and diluted by 150 ml of hot water. The precipi-
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Scheme 3. Synthesis pathway to FHE probe.

tate formed was filtered off, recrystallised from ethanol and dried
in vacuo. Yield 1.5 g (24%). The sample contained more than
99% of FHE probe according to '"H NMR and HPLC data anal-
ysis. Yellow fibers with m.p. 179-180°C. '"H NMR spectrum:
8=9.13 (s, 1H, OH), 8.08-8.06 (m, 3H, H-5, H-2/, H-6"), 7.75 (t,
J=8Hz, 1H, H-7), 7.70 (d, J=8 Hz, 1H, H-8), 7.42 (t, J=8 Hz,
1H, H-6), 6.83 (d, J=8Hz, 2H, H-3/, H-5), 4.84 (t, J=5Hz,
2H, OH), 3.58 (m, J=6Hz, 4H~CH,0-), 3.51 (t, J=6Hz,
4H,—CH,N-). 13C NMR spectrum, secondary carbons: 53.6;
58.6; tertiary carbons: 111.46; 117.75; 124.75; 125.07; 129.58;
133.49; quaternary carbons: 118.56; 121.91; 137.57; 147.4;
149.72; 154.71; 172.31. EI-MS spectrum, m/z: 341 (M™*), 157.

2.2. Chemicals

Solvents and chemicals used for synthesis were from Aldrich.
6-Ketocholestanol (6-KC), cholesterol, pluronic F-127, adeno-
sine triphosphate disodium salt (ATP), egg yolk phosphatidyl-
choline (EYPC) and phosphatidylglycerol (EYPG), dimyristoyl
(DMPC) and dipalmitoyl phosphatidylcholine (DPPC) were
from Sigma. 3-(1,2-dimiristoyl-sn-propyl)-trimethylammonium
bromide (DMTAP) was a gift from Dr. Heissler (Faculty of
Chemistry, Strasbourg). The probe di-§8-ANEPPS was from
Molecular Probes. All these chemicals were used without fur-
ther purification. Organic solvents were of spectroscopic grade
for corresponding experiments.

2.3. Instrumentation

The following instrumentation was used. Melting points
(uncorrected): PHMK apparatus (“VEB Analytik”, Dres-
den). 'H and '3C NMR spectra: “Brucker-Spectrospin 500”
spectrometer (solvent: DMSO-dg, internal standard: tetram-
ethylsilane). LC—-MS analysis: “Agilent-1100” instrument with
chemical ionization.

2.4. Vesicles

Large unilamellar vesicles (LUV) were obtained by the
classical extrusion method [28] and were used in all exper-

iments. Their final diameter was 0.11-0.12 wm and the final
lipid concentration in all experiments was 200 uM in 15 mM
phosphate—citrate buffer, pH 7.0. Probes were added to lipid
vesicles, under stirring, at 1% ratio (mol/mol) from mM stock
solutions in DMSO for 3-HF probes and in methanol for
di-8-ANEPPS. 6-KC was incorporated into LUV from mM
stock solutions in DMSO +2.5% pluronic F-127 as previously
described [29]. ATP was added from a 30 mM stock solution in
15 mM phosphate—citrate buffer, pH 7.0.

2.5. Spectroscopy

Fluorescence spectra were recorded on a Fluorolog
(Jobin—Yvon Horiba) spectrofluorometer. The emission wave-
lengths for fluorescence excitation spectra were 645 nm for
di-8-ANEPPS and 570nm for FHE. For the latter probe, the
excitation wavelength for the fluorescence emission spectra was
400 nm. All spectra were corrected for lamp intensity variations
and signals from corresponding blank samples. All experiments
were carried out at temperatures ensuring a liquid crystalline
phase for the vesicles (20°C for EYPC, 50 °C for DPPC and
30 °C or above for DMPC vesicles). With DPPC vesicles, exper-
iments were also performed in the gel phase, namely at 20 °C.
Emission anisotropy spectra were performed on a SLM-Aminco
8000 spectrofluopolarimeter (further computerized by Biologic,
Chaix, France) in its L-configuration. The four emission polar-
ized intensities curves versus wavelength (A) needed for the
determination of the emission anisotropy spectrum and the cor-
rection factor of the instrument were registered in a continuous
way by scanning the emission monochromator, and simulta-
neously pair by pair, first Iyy(A) and Iyg(A), then Igy(A) and
Tyu Q).

2.6. Deconvolution procedure

Deconvolution of FHE fluorescence spectra into two bands,
corresponding to normal (N™) and tautomer (T™) forms, was
performed by using the “Siano” software kindly provided by
its author (Dr. A.O. Doroshenko, Kharkov, Ukraine) [30]. The
program is based on an iterative nonlinear least-square method
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based on the Fletcher—Powell algorithm. The individual emis-
sion bands were approximated by a log-normal function [31]
which accounts for three parameters: position, full width at the
half-maximum (FWHM) and asymmetry (P). Band asymmetry
is defined by dividing the FWHM (in cm~!) of the band into
blue and red parts according to the position of the band maxi-
mum and then calculating the ratio of the blue to the red part.
In our case, the adopted fixed values were physically justified
on the basis of previously obtained data in organic solvents and
LUVs [11,22,23]. Thus, for the iteration process, the FWHMs of
the short-wavelength band (N*) were fixed only for the spectra
in lower alcohols using the value obtained during the deconvolu-
tion of the spectra in 2-methyl-2-propanol. The other parameters,
asymmetry of N* and T" bands, FWHM of the T* band and rel-
ative intensities of the bands, were allowed to vary during the
iteration process.

3. Results and discussion
3.1. Fluorescence properties in organic solvents

We recorded the emission spectra in three categories of
solvents: neutral (toluene, bromobenzene, dichloromethane,
trichloroethylene and acetonitrile) basic (fluorobenzene, dioxan,
tetrahydrofuran, ethyl acetate, acetone, N,N-dimethylforma-
mide and dimethylsulfoxide) and protic ones (methanol, ethanol,
1-propanol, 1-butanol, I-pentanol, 2-methylpropanol-2 and
chloroform). Some of the obtained spectra are given in Fig. 1
and the resulting spectroscopic parameters are summarized in
Table 1.

Like most of the 3-HF derivatives previously studied [7-13],
FHE probe shows a dual fluorescence in most of organic sol-
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Fig. 1. FHE fluorescence spectra in organic solvents of different polarity. Exci-
tation wavelength: 400 nm. Spectra are normalized at the T* maxima (excepted
for methanol).

vents, with the exception of the most polar ones such as water and
lowest alcohols. Nevertheless, even in the last cases, although
with a low precision, both emission bands can be extracted from
the spectra by the deconvolution procedure.

Similarly to other 3-HF dyes, the emission spectra of FHE
show a strong sensitivity to solvent properties. Indeed, an
increase of the solvent polarity (a function of the dielectric con-
stant &) shifts the N* band to the red and increases the Iy / I+
ratio. The position of both N* and T* bands shows a linear depen-
dence with the solvent polarity (Fig. 2A). Moreover, the much
larger slope observed for the N* band as compared to the T" band
proceeds from the larger solvatochromism of the N* state. This
is in line with the classical solvatochromism of such dyes, due

Table 1

Absorption and emission parameters of FHE probe in organic solvents

Solvent fle) fn) Etr(30)  vaps cm™) v em ) vpe (em™!)  ASy:+ ASE e — o log(ns/It) ¢ (%)
Fluorobenzene 0.1926  0.1942 37.0 24910 20880 17670 4030 7240 3210 —0.45 19.0
1.4-Dioxan 0.2232 03358  36.0 25060 21510 17570 3550 7490 3940 —0.35 10.5
Toluene 02390 0.2261 339 24780 21930 17600 2850 7180 4330 —0.82 25.5
Diisopropyl ether 0.3067 0.1836 33 25030 22030 17670 3000 7360 4360 —0.68 11.0
Trichloroethylene 0.3087 0.2204 359 24850 21460 17790 3390 7060 3670 —0.69 28.0
Bromobenzene 0.3727 0.2442  36.6 24570 20880 17480 3690 7090 3400 —0.55 32.0
Ethyl acetate 0.3843 0.1853  38.1 25030 20920 17540 4110 7490 3380 —0.35 8.0
Tetrahydrofuran 0.4053  0.1968 374 24720 19790 17450 4930 7270 2340 0.34 10.5
Dichloromethane 0.4204  0.2033  40.7 24970 20620 17730 4350 7240 2890 —0.18 20.0
Acetone 04642  0.1803 422 25000 19890 17380 5110 7620 2510 0.28 7.0
Acetonitrile 04792  0.1748 45.6 25060 19700 17440 5360 7620 2260 0.47 9.0
N.N-Dimethylformamide  0.4801  0.2054 43.8 24600 19520 17100 5080 7500 2420 0.52 8.8
Dimethyl sulfoxide 0.4841  0.2009 45.1 24360 19410 16980 4950 7380 2430 0.66 13.8
Chloroform 0.3560 0.2074  39.1 25000 20960 17950 4040 7050 3010 —0.15 21.3
2-methyl-2-butanol 0.3805 0.1968 41.1 24420 20340 17850 4080 6570 2490 0.57 23.0
1-pentanol 0.4520 0.1986  49.1 24330 19350 17630 4980 6700 1720 1.02 54.0
1-butanol 04579  0.1948 50.2 24510 19260 17610 5250 6900 1650 1.23 53.0
1-propanol 0.4643  0.1898  50.7 24450 19150 17550 5300 6900 1600 1.47 55.5
Ethanol 04704  0.1812 519 24510 19070 17320 5440 7190 1750 1.41 57.0
Methanol 04773  0.1689 554 24720 18940 17850 5780 6870 1090 2.43 38.5

fle)=(g — DI(2¢ + 1), dielectric permeability function [33,34]; f(n) = (n® — 1)/(2n? + 1), refraction index function, reflecting high frequency polarizability component
of a medium [33,34]; E1(30), empiric scale of solvent polarity, values taken from Ref. [36]; vaps, UN*,UT*, positions of absorption, N * and T" bands emission maxima,
respectively; ASy+ and ASt+, Stokes shifts; Iy« and I+, intensities of N* and T* bands, respectively. For calculation of log(/x+/It+), the integral intensities of each

band obtained after deconvolution of the spectra were used.
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Fig. 2. (A) Positions of N* and T" emission bands maxima vs. polarity func-
tion f(e) for neutral (O), basic ([J) and protic (A) solvents and corresponding
linear regression fits. Are excluded from fitting: for N* form the data from fluo-
robenzene and dioxan (crossed circle and square, respectively), for T* form the
data from protic solvents. (B) Dependence of log(In+/It+) vs. Lippert polarity
parameter L for neutral (O), basic () and protic (A) solvents and the corre-
sponding linear regression fit. The linear regression is based on the data obtained
from toluene, bromobenzene, dichloromethane, trichloroethylene and ethylac-
etate. The increase of the level of intermolecular hydrogen-bonding interactions
is indicated by arrows. (C) Dependence of log(In=/IT+) vs. the empiric solvent
polarity parameter E1(30) taken from Ref. [36] (OJ: neutral and basic solvents; A:
protic ones) and the corresponding linear regression fit. The data from tetrahy-
drofuran and 2-methylpropanol (crossed squares) are excluded from the fitting.

to the difference in the dipole moments of the N* and T" excited
states [12]. As the N state possesses a larger dipole moment than
the T" state, it is selectively stabilized by polar solvents and as
a result the ESIPT equilibrium is shifted to the N* state [13,32],
thus increasing its relative fluorescence intensity. However, due
to the presence of two additional hydroxyl groups, in close prox-
imity to the positive pole of the fluorophore moiety, and to their
ability to give H-bond interactions, it is not surprising to observe

for FHE probe some unusual spectral behavior within the
selected set of solvents. Thus, specific features can be observed
with deviations from linearity of the plots of the bands positions
versus the dielectric constant function (Fig. 2A). In the case of
N* band strong deviations are observed for the less polar of basic
solvents as fluorobenzene and dioxan. In the case of T band pro-
tic solvents like alcohols exhibit systematic hypsochromic shifts,
but this was previously observed with other 3-HF probes [11,32].

From these data, we can assert that the fluorescence properties
of FHE do not considerably differ from those of other previously
studied 3-HF probes with the same fluorophore moiety, except
that some differences appears in non-polar basic solvents which
may give additional interactions through hydrogen-bonding with
the two terminal hydroxyl groups. This peculiar behavior of FHE
in this class of solvents finds some confirmation by considering
the parameter the most appropriate to the dual fluorescence of
3-HF probes, namely the intensity ratio I/ I+ or log(In+/ I*).
As shown in Fig. 2B, we expressed log(In«/It+) versus the
Lippert polarity function L= (¢ — 1)/(2¢ + 1)~(n*> — 1)/(2n* + 1),
a function which is independent of polarisability effect [33-35].
In this representation, the data can be divided in two parts:
either those concerning neutral and some polar aprotic (basic)
solvents which lie on a straight-line regression, or those
concerning non-polar basic and protic solvents, which lie much
more higher from the linear regression. These excluded data
concern fluorobenzene, dioxan, diisopropyl ether, chloroform,
dimethylformamide and alcohols, all solvents which can give
rise to strong hydrogen-bond interactions with FHE molecule.
Thus, due to strong additional polarizing effect caused by
hydrogen-bond formation, this dependence of log(In+/It*)
versus Lippert polarity function clearly separates solvents able
to give strong hydrogen-bonding interactions with FHE probe
from solvents where this interaction weak or does not exists.
In such a representation, this probe could be considered as a
good sensor for strong specific interactions in homogeneous
solutions.

If on another hand, we choose to express log(In+/IT+) ver-
sus ET(30), which is a scale of solvent polarity developed by
Reichardt [36], a fairly good linear dependence for all the tested
solvents (with only a few exceptions) is observed as shown in
Fig. 2C. In other words, the parameter log(In+/It+) for FHE
probe correlates rather well with this empiric scale of solvent
polarity, ET(30), and can be itself considered as a new scale of
solvent polarity.

3.2. Fluorescence properties in lipid membranes

3.2.1. General trends

The binding of FHE to large unilamellar vesicles results in a
strong increase of the fluorescence intensity as compared to the
weak fluorescence intensity observed in water, which proves
that the dye incorporates easily into the lipid bilayer and is
well isolated from the bulk water. In Fig. 3 are shown some of
the emission spectra of FHE after incorporation into vesicles
composed of lipids with differently charged polar heads: either
vesicles composed of the anionic lipid EYPG, of the neutral lipid
EYPC or of a 1:1 mixture of EYPC and the synthetic cationic
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Fig. 3. Normalized fluorescence spectra of FHE embedded in EYPC-DMTAP
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bands obtained by the deconvolution procedure (see Section 2.5). The spectrum
corresponding to pure EYPC vesicles (not shown) is quite similar to EYPC-
DMTAP one. Inset: corresponding fluorescence anisotropy spectra.

lipid DMTAP. In all cases, the dual emission characterizing
ESIPT reaction is observed, with N* emission band around
535nm and T* emission band centered at 575nm. It appears
from these spectra that the charge of the constituting lipids (—1,
0 and +0.5 for the three compositions, respectively) does not
strongly modify the profile of fluorescence: to go from a positive
(+0.5 for the EYPC/DMTAP mixture) to a negative charge (—1
for EYPG) provokes only a small increase of the N* band inten-
sity and a small blue shift of the T* band. This poor sensitivity
to surface potential was previously observed for charged 3-HF
derivatives having a long spacer between the charged headgroup
and the fluorophore moiety, and thus was explained by the deep
location of the fluorophore in the lipid bilayer and, therefore,
their significant screening from the membrane surface [37]. In
sharp contrast, the 3-HF derivatives heaving shallower location
of the fluorophore present a strong sensitivity to the surface
potential [18,19,22]. In Fig. 3 are also shown the deconvoluted
emission spectra and the steady state fluorescence anisotropy
spectrum of FHE (insert). By combining these additional data,
we obtain important informations:

First, we observe relatively stable fluorescence anisotropy
through the whole spectrum which should point out a homo-
geneous distribution and orientation of the probe in the lipid
bilayer, whatever the composition of the vesicles. Second, the
deconvolution procedure leads to only two components, with an
excellent accuracy (r > 0.998) corresponding to the N* and T*
bands emission. The emission of N* corresponds to a relatively
narrow band with a halfwidth of about 3000cm™! close from
the one obtained in pure solvents (2600-3300 cm™ 1), whereas
the T* band presents the half-width (1250-1400cm™!) com-
monly observed for 3-HF dyes in organic solvents or in lipid
membranes [12,22,23].

The existence of only two components is in sharp con-
trast with what was observed for other previously stud-
ied 3-HF derivatives, either neutral like 4’-dimethylamino-3-
hydroxyflavone [22] or containing cationic ammonium groups

with anchoring properties [23]. In previous studies, the deconvo-
lution procedure was systematically leading to emission spectra
composed of three different bands, corresponding to a H-bond-
free form displaying a two-band emission due to the ESIPT
reaction (N* and T" bands) and a H-bonded form (H-N" form)
displaying a single-band emission with no ESIPT. Obviously, in
the case of FHE the H-N" form emitting in a wavelength range
between those of N* and T* forms, does not exist. The exis-
tence of only the H-bond-free form must correspond to a unique
location of the probe molecule into the bilayer which explains
the relatively stable fluorescence anisotropy through the emis-
sion wavelength range. Indeed, the probes presenting also the
H-N" form are characterized by fluorescence anisotropy values
strongly decreasing at wavelengths corresponding to the H-N"
emission, which was mainly explained by a different location of
this form [22,23].

The intensity ratio In+/IT+ we observed in lipid vesicles
should correspond to a probe location close to the ester groups of
phospholipids. However, the position of N* form emission max-
imum is shifted considerably to the red by comparison with an
ester-containing medium (478 nm in ethylacetate as compared
to 535 nm in lipid vesicles and 540 nm in water) and should cor-
respond to a much more polar environment. This discrepancy
could be explained by the stabilizing influence of the electric
fields existing in the membrane interior, and mainly the dipole
potential ¥p which has the higher magnitude [27]. Depending
on the probe orientation in the membrane, ¥p can either stabi-
lize or destabilize the N* excited state. Indeed, by increasing ¥p,
we observed a red-shift of the emission of probes with a similar
orientation as FHE and a blue-shift for probes with an opposite
orientation [21,24,37]. These considerations were prompting us
to study the influence of ¥p modulation on the fluorescence of
FHE in lipid vesicles.

3.2.2. Influence of membrane dipole potential modulation
6-Ketocholestanol (6-KC) is a chemical effector known
to increase the membrane dipole potential ¥p [38,39]. The
styrylpyridinium probe di-8-ANEPPS was first used to measure,
by fluorescence spectroscopy, the variation of ¥p in membrane
systems, and became quite popular for this purpose. The method,
making use of the electrochromic properties of this dye, is based
on the fluorescence intensity ratio determination at two wave-
lengths on the edges of the excitation spectrum, namely /440/1530
[29]. This probe was previously used for calibration of the effects
caused by ¥p changes on the fluorescence parameters of two 3-
HF probes which possess opposite orientations of the fluorescent
moiety (in terms of direction of its dipole moment) in the lipid
bilayer [21,24]. We demonstrated that after ¥p changes, due
to the electrochromic properties of their common fluorescent
moiety, the probe orienting in the bilayer similarly to di-8-
ANEPPS shows similar shifts in the excitation spectra, whereas
the probe with the opposite orientation shows the opposite shifts.
Moreover, we established that this response of 3-HF probes to
Up is also quantitatively correlated with dramatic changes of
relative intensities of N* and T emission bands [21,24]. We
performed the same study with FHE probe incorporated into
EYPC vesicles, by modulating ¥p by successive addition of
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Fig. 4. Fluorescence results obtained on EYPC vesicles with varying amounts of 6-KC (0%, 5%, then 10—40% by step of 10%). (A and B) Fluorescence excitation
spectra for vesicles labeled with di-8-ANEPPS and FHE respectively (dotted spectrum: 0%; the arrows indicate increasing 6-KC ratios); (C) Emission fluorescence
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of FHE-labeled vesicles vs. 1440/1530. In panels D and E, 6-KC concentration is increasing from left to right.

6-KC. The different spectra (excitation and emission spectra)
that we obtained are summarized in Fig. 4, together with the
correlation curves obtained from the comparison between the
ratiometric responses of FHE (either in excitation, I440/I380, or
in emission, Inx/ I+ and Ieno/I560) and the ratiometric response
of di-8-ANEPPS (I440/1530). As shown in Fig. 4A and B, the
sign and magnitude of the observed shifts in the excitation spec-
tra with the addition of 6-KC are on the opposite direction
for di-8-ANEPPS and FHE, which confirms that the respective
fluorophores are oriented in opposite direction. This is a con-
firmation of the anchoring properties at the interface of the two
terminal hydroxyl groups.

By considering now the emission spectra shown in Fig. 4C, it
appears that the addition of 6-KC induces two different, although
connected, events. First we observed the modification of the

ratio In+/It+, the parameter we previously used to follow the
modifications of membrane dipole potential in lipid vesicles
and biological cells with other 3-HF derivatives [21,24,37].
Second, and this is an original consideration, we observed an
appreciable red-shift of the T" band, which indicates that in
the present case, the tautomer excited state T" is also present-
ing a rather strong electrochromism. We decided to quantify
this shift by measuring the intensity ratio at two wavelengths
on the edges of the deconvoluted T emission band, namely
560 and 600 nm. The correlation curves obtained by compar-
ing the di-8-ANEPPS response l140/I530 with FHE responses,
both in excitation (I440/I330) and in T" emission band (Zg00/I560)
are shown in Fig. 4D. The correlation curves obtained in both
cases are found linear on the whole range of 6-KC concentra-
tion. Thus, in some way the electrochromism of the T" band
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emission could be useful for measuring ¥p changes. Surpris-
ingly, the correlation obtained with the ratio In+/It+ (Fig. 4E)
appears less conclusive since a saturation effect appears for the
higher 6-KC concentrations. This discrepancy appearing at high
6-KC concentrations can be explained by considering the evo-
lution of the emission spectra and by focusing on the N* band
(Fig. 4C). We observe that the increase of 6-KC concentration
initially causes a decrease of the N* form intensity, followed at
the higher concentration by a clear blue-shift accompanied by a
small increase of intensity. This is in contrast with the behavior
of the T band which, as noticed before, undergoes a gradual
red-shift with the increase of 6-KC concentration. Obviously,
the two excited states, N* and T", proceeding from the ESIPT
reaction, are not responding in the same way to ¥p modula-
tion. The N* band emission appears to undergo like a saturation
effect, which can be the indication of some interaction between
FHE and highly concentrated 6-KC, maybe by the formation
of intermolecular hydrogen-bonds facilitated by the increase of
basicity of the N excited state due to intramolecular charge
transfer effect [32] and leading to reorientation of a part of the
FHE molecules. Thus, at these high 6-KC concentrations, the
N* form is in some way shielded from the influence of ¥p, with
as a consequence the non-linearity of Iy« / I+ ratio.

3.2.3. Influence of cholesterol, temperature and ethanol
Cholesterol, one of the main component of biomembranes,
has a vertical position within the bilayer in such a way that its
hydroxyl group is close to the ester carbonyl group of phospho-
lipids and its opposite end is near the 14th carbon of an extended
lipid chain [40]. It is well known to have a condensing effect on
the packing of phospholipids in their liquid crystalline phase,
in other words it decreases the membrane fluidity. We studied
the influence of increasing concentrations of cholesterol on the
fluorescence of FHE in EYPC vesicles. The first observation is
the weak influence of cholesterol ratio on the fluorescence inten-
sity (within 3%, not shown). This means that there is no direct
interaction between cholesterol molecule and FHE. As shown in

Fig. 5, the intensity ratio In«/It+ decreases (from 0.65 to 0.42)
when cholesterol ratio increases, and the positions of T* band
undergoes a small red-shift (~3-5 nm). Another way to modify
membrane fluidity (to increase it) is to increase the tempera-
ture, what we did with DMPC vesicles in their liquid crystalline
phases (from 50 to 30°C). In this case, the increase of tem-
perature induces a strong decrease of the overall fluorescence
intensity (about 65%, not shown) due mainly to some increase
of the non-radiative decay rates, but once normalized, the evo-
lution of the emission spectra is very similar to the one observed
by changing cholesterol ratio (see Fig. 5). This confirms that we
are in presence of a “pure” fluidity effect. To increase the fluidity
will allow the FHE molecule to slightly move towards a more
polar environment, which means a less deep location, without
any substantial changes of its orientation into the bilayer.

We also briefly studied the influence of ethanol. In the gel
phase, for example in DPPC vesicles at 20 °C, ethanol is known
to induce the formation of an interdigitated phase (Lg phase).
This process was previously studied by fluorescence with probes
like DPH [41], pyrene [42] or of 3-hydroxy-4'-aminoflavones
[17].In the present case the addition of ethanol (up to 100 mg/ml)
to FHE-labeled DPPC vesicles at 20 °C does not modify at all
the intensity and the profile of emission spectra (data not shown),
which means that the interdigitation process does not influence,
at least in terms of the environmental polarity, the deep location
of FHE.

3.2.4. Influence of ATP

As a polyanion, adenosine triphosphate is a highly
hydrophilic molecule with some amphiphilic character due
to its planar and hydrophobic adenine moiety conferring it
some ability to interact with lipid membrane. Meantime, we
recently demonstrated that ATP can interact with 3-hydroxy-4'-
(dimethylamino)flavone, this interaction being maintained even
in the presence of lipid structures like mitochondria [43]. A work
presently under progress in our laboratory, which will be pub-
lished later on, shows that FHE is also prone to interact with ATP
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Fig. 5. Influence of cholesterol ratio and temperature on the emission spectra of FHE-labeled phosphatidylcholine vesicles. The cholesterol effect was determined
on EYPC vesicles at 20 °C and the temperature effect on DMPC vesicles. The spectra obtained with increasing ratio of cholesterol are self-normalized at 562 nm.
For comparison, the spectra obtained by varying the temperature are normalized at the same wavelength.
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in solution (data not shown). These considerations prompted us
to study the influence of ATP on the fluorescence properties
of FHE embedded in phospholipid vesicles. This was done by
adding ATP, in a concentration range up to 17 mM, to FHE-
labeled vesicles of EYPC and DPPC (in the latter case both in
the gel phase at 20 °C and in the liquid crystal phase at 50 °C).
In all cases, as shown in Fig. 6, ATP addition results in dramatic
spectral changes which can be resumed as an increase in the
relative intensity of the N* band. This evolution is remarkable
for DPPC vesicles in their gel phase, with a three fold inten-
sity increase of the N* band. In the liquid crystalline phase, this
increase of intensity, although less pronounced, remains impor-
tant. For EYPC vesicles which are spontaneously in the liquid
crystal phase at 20 °C, the increase of intensity of the N* band
is still important, but is masked by the strong decrease of the T*
band intensity. Beyond the proof that ATP can interact with lipid
vesicles at their polar interface, these results clearly indicate that,
once bound to vesicles, ATP is capable to change the location
of FHE from a deep site to a shallower one, since the obtained
emission spectra is characteristic of a very polar environment.
Indeed, the spectrum obtained at higher ATP concentrations,
in the case of gel phase DPPC vesicles, is very similar to the
spectrum obtained in methanol, and corresponding to a high
quantum yield (see Table 1). The mechanism of this migration
of FHE towards the interface is not yet clear and would justify
supplementary experiments to study the influence of ATP bind-

ing on the structure of lipid vesicles. However, we can do the
assumption that the new location of FHE allows the formation
of H-bonds with protic molecules (probably water) leading to an
increase in quantum yield and the locking of the ESIPT reaction
in favor of some H-N" state. This interpretation is confirmed by
a titration of FHE in the low-polar and aprotic solvent dioxan
with increasing concentration of water. As seen in Fig. 6D, we
observe a dramatic effect of protic water molecules in the molar
concentration range, as the N* band position shifts to higher
wavelengths and, most dramatically, the relative intensity of this
band increases, as it does with ATP addition. Such a titration is
in line with previous studies [12,44] and it was shown an inter-
molecular H-bonding is responsible for this effect rather than to
a “preferential solvation” (an increase in the local concentration
of the more polar water molecules in the fluorophore environ-
ment) [13].

3.3. Facing of the data in solvents and in lipid membranes

In order to avoid hasty conclusions which could be inferred
by confronting the fluorescence data obtained from experi-
ments performed in organic solvents and in lipid membranes,
it appeared to us important to find a way to distinguish general
polarity effects to more specific effects obtained in membranes,
like the electrochromic influence of dipole potential as modu-
lated by 6-KC, or the influence of surface-interacting molecules
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Fig. 7. Dependence of log(In+/I1+) vs. the difference of maximum positions
of N* and T" bands (vn+ — vp+). The linear regression is based on the data
corresponding to the emission spectra obtained in neutral and basic solvents
(O) or protic ones (A) are excluded from the fit the points corresponding to
dioxan, toluene and diisopropyl ether (crossed squares; see text). The data which
correspond to the emission spectra obtained in lipid vesicles are represented
by stars. Open stars: DMTAP-EYPC 1:1 (D); EYPG (G); EYPC with 33%
cholesterol (C). Black stars: EYPC vesicles with varying amounts (as pointed
by arrows) of 6-KC, from 0 to 40% (numbered 0-6), and ATP, from O to 17 mM.

like ATP. We found that the plots of log(/n+/IT+) versus (v —
v+), the difference between the positions of both band maxima,
represents an elegant and useful manner to proceed. It was pre-
viously shown that two 3-HF probes with the same fluorophore
moiety as FHE, when tested in 21 different solvents [12] or
in solvent mixtures [15], display a fair linear dependence of
log(In+/IT+) versus (vN+ — vx). Meantime, it was also observed
that the electric fields of reverse AOT micelles shifted the corre-
sponding data far from the linear response observed with this set
of solvents [16]. As shown in Fig. 7, FHE also presents, for the
curve log(In+/ IT+) versus (vN+ — vr+), an excellent linear fit for
the data in organic solvents. Only the data for low-polar solvents
like toluene, dioxan and diisopropyl ether are far from the fit and
were not considered since, in these solvents, some additional flu-
orophore stabilization can take place due to the close proximity
between the polar hydroxyl groups and the positive pole of the
molecule. If we add to this graph the data obtained with lipid
vesicles, either without any additives or with increasing amounts
of 6-KC or ATP, they clearly appear to be not correlated with
the data obtained with solvents, as all the points are far from
the linear regression curve. For example, the increase of mem-
brane dipole potential induced by the addition of 6-KC causes
a fall of the In+/Ip+ ratio, but also an increase of (vn* — vr*),
whereas the increase of polarity moves the data points in the
reverse direction (increase of I+ /I, decrease of vn* — vr*)
within the linear regression curve [12,15]. This is a key differ-
ence between the contribution to the spectral response of both
the environment polarity and the membrane dipole potential,
which stresses the differences between the respective influence
of electric fields due to relatively small polar molecules of the
probe solvation shell in an organic solvent environment and
the electric fields appearing in a complex and highly ordered
environment like the interior of a lipid bilayer. In some way,
these considerations render illusive a common representation
for a homogeneous environment like an organic solvent and

a heterogeneous one like a lipid bilayer. The data obtained
with varying concentrations of ATP confirm this point of
view.

4. Conclusions

Within the general task of developing new 3-hydroxy-
flavone derivatives as ratiometric fluorescent probes for
biomembranes, we presently synthesize 3-hydroxy-4'-[di-(2-
hydroxyethyl)amino]flavone (FHE). This probe in organic sol-
vents displays fluorescence properties close to that of other
3-HFs containing the same fluorophore, but the presence of
the two additional hydroxyl groups induces an increased sol-
vatochromism in non-polar basic solvents due to specific inter-
molecular H-bonding interactions in such solvents. Experiments
performed in lipid vesicles showed that this probe is only
weakly sensitive to surface potential, but exhibits a fairly good
sensitivity to membrane dipole potential (as modulated by 6-
ketocholestanol addition), as shown by the electrochromism of
both the excitation spectra and the tautomer T" band emission
spectra. Interestingly, it is possible to make use of this T" band
electrochromism to determine the membrane dipole potential
¥p by measuring the ratio Igp0/I560. As for other 3-HF probes,
the In+/ I+ ratio is also responding to ¥p, but the higher 6-KC
concentrations are giving side effects. Being sensitive to changes
of the membrane fluidity caused by varying the cholesterol ratio
or the temperature, FHE also brightly senses the membrane bind-
ing of amphiphilic poly-anions like ATP. Finally, the differences
appearing for FHE fluorescence parameters measured either in
organic solvents or in lipid vesicles allowed us to underline the
difficulty to find a common representation for environments so
different as an “isotropic” solvent and a highly anisotropic lipid
bilayer.

As a more prospective conclusion, we have to underline two
main characteristics of FHE incorporated into a lipid bilayer:
firstly, the two hydroxyethyl groups linked to the nitrogen atom
of 3-HF moiety are able to form hydrogen bonds with the phos-
pholipid ester groups and thus confer to the molecule anchor-
ing properties and a precise vectorial orientation in the bilayer
without the need of any charged head-group in its structure.
Secondly, as compared to previously developed 3-HF probes,
this new probe does not exhibit any H-bonded emitting form
due to H-bond interactions between its 3-hydroxy group and
protic molecules in the environment. This last point, together
with the weak sensitivity to the surface potential, renders FHE
able to measure membrane dipole potential with a minimum
of side corrections. Joined together, the information gleaned
in the present study will be useful in the further development
of new 3-HF derivatives as fluorescent probes for membrane
studies.
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