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Novel Two-Band Ratiometric Fluorescence
Probes with Different Location
and Orientation in Phospholipid Membranes

demand for these probes cannot be satisfied without
introduction of new fluorophores and their chemical
modifications in order to endow them with the desirable
properties. Requirements imposed on these properties
are much more stringent than that for the commonly
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There is one family of fluorophores, 3-hydroxyfla-
vones (3-HF), which potentially satisfies these require-3-hydroxyflavone (3-HF) derivatives are very attractive
ments. They exhibit the excited-state intramolecularfluorescence sensors due to their ability to respond
proton transfer (ESIPT) reaction, which results in twoto small changes in their microenvironment via a dra-
emission bands belonging to normal excited state (N*)matic alteration of the relative intensities of their two
and to the photo-tautomer (T*) reaction product [8–12].well-separated emission bands. We developed fluo-
The latter is shifted dramatically to longer wavelengthsrescence probes with locations at different depths and
so that the two forms can be easily seen in emission asorientations of 3-HF moiety in the phospholipid bilayer,
resolved separate bands. The positions of the two bandswhich determine their fluorescence behavior. While
and, what is most essential, the ratios of their intensitiesthe spectral shifts of the probes correlate with their
are very sensitive to different perturbations. Therefore,binding site polarity, the intensity ratio is a complex
3-HF derivatives have found important applications inparameter that is also sensitive to the local hydration.
the studies of reverse micelles [13, 14], phospholipidWe demonstrate that even the deeply located probes
[15–17] and natural [18] membranes. New strategiessense this hydration effect, which can be modulated
have recently been found for improvement of spectro-by the charge of the lipid heads and is anisotropic
scopic properties of the parent 3-HF chromophore [19,with respect to the bilayer plane. Thus the two-band
20]. They allow shifting its absorption and fluorescenceratiometric fluorescence probes can provide multipa-
spectra to longer wavelengths, increasing the quantumrametric information on the properties of lipid mem-
yield and modulating the two-wavelength sensitivitybranes at different depths.
within the desired ranges.

The other unique sensor property of 3-HF chromo-
Introduction phore is the ability to report on different properties of

environment simultaneously. Its heterocyclic �-elec-
Fluorescence microscopy of the living cell is a rapidly tronic system, which provides the strong increase in
developing field of research with countless potentialities asymmetry of charge distribution in the excited state,
[1–3], and the success in visualization of cellular sub- allows the shifts of fluorescence spectra similarly to
structures, membranes, and macromolecules provided common solvatochromic and electrochromic dyes; but
a strong impulse for further development of this method. since the two bands in emission originate from two sepa-
One of the very promising prospects that is still poorly rate excited states, N* and T*, with different magnitudes
explored at the biological membrane level is the possibil- and orientations of their dipole moments [11, 12], the
ity of providing the color-changing response to different sensitivity of these states to polarity and electric field
structural perturbations in cell membranes that can be perturbation of their microenvironment is different. The
offered by two-color ratiometric probes [4]. The strong ESIPT reaction site is strictly localized between 3-hydroxyl

and 4-carbonyl groups, which form a hydrogen bond that
closes a low-stable five-membered ring [8]. Therefore,5 Correspondence: dem@rigeb.gov.tr
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this reaction shows extreme sensitivity to intermolecular with relatively high yields. Then, the aldehyde was con-
densed with 2�-hydroxyacetophenone, and the resultanthydrogen bond perturbations [9] that should have a cer-

tain directionality in space. Moreover, because of the chalcone was transformed into corresponding flavone.
Finally, the obtained flavone was transformed into corre-asymmetric nature of the chromophore and unidirec-

tional nature of ESIPT reaction, the fluorescence spectra sponding zwitterionic compound PPZ by treating with
1,3-propanesultone. It should be noted that PPZ, unlikeare expected to be sensitive to anisotropic properties of

the environment and in particular to electrostatic fields. all the other products, is less soluble in common organic
solvents except DMSO.This is extremely attractive in the studies of different

structurally anisotropic systems such as micelles, mono-
layers, and biological membranes. Absorption and Fluorescence Properties

Application of these properties cannot be efficient in Neat Solvents
without providing the chromophore the ability of occu- All the new probes display two bands in emission spec-
pying definite location and orientation in the membrane. tra. Thus, they retain the property of being able to un-
The most efficient method for the emplacement of the dergo ESIPT, which is manifested by the presence of
chromophore at the desirable site in the bilayer is the two N* and T* emission bands, but the relative intensities
attachment of a positively charged group. This allows of these bands exhibit broad variations (Figure 2). Fla-
its localization at the bilayer interface due to interaction vone probes F2N8 and F4N1, which possess the posi-
of this group with the negative charge of phosphate tively charged group attached to chromone unit, demon-
groups [21, 22]. Particularly, this can be important for strate almost identical absorption and fluorescence
those low-polar chromophores that are intended to pro- spectra in various neat solvents (Table 1). However,
trude deeply into the bilayer [6]. Additional stabilization when compared with the parent flavone F, they show
and orientation of the probe can be achieved by intro- both absorption and fluorescence spectra shifted to
duction at proper places of aliphatic hydrocarbon chains longer wavelengths together with significant increase of
of different lengths, which make the probe properties relative intensity of the N* band. In contrast, flavone PPZ
close to that of lipids. shows considerable blue shifts in the spectra along with

In this study, we synthesized novel flavone derivatives a decrease of the relative intensity of N* band (Figure
containing quaternary ammonium group as an attached 2; Table 1). These differences can be attributed to an
positive charge, and hydrocarbon chains at different effect of proximity to the chromophore of positive
positions. These modifications are made with strong charge, which, interacting electrostatically with 3-HF
concern toward maintaining, unchanged, the property moiety, either stabilizes (F2N8, F4N1) or destabilizes
of the 3-hydroxyflavones to undergo ESIPT reaction, (PPZ) its N*-excited state. This phenomenon was re-
allowing very sensitive and convenient two-band ra- cently studied in detail for a series of charged and un-
tiometric detection in fluorescence. charged 3-HF derivatives in the solvents of different

dielectric properties [24]. It was found that the intensity
ratio of N* and T* bands can exhibit dramatic electro-Results and Discussion
chromic modulation (internal Stark effect), and the di-
electric screening of the proximal charge by the dipolarSynthesis
molecules or ions decreases the effect.In order to introduce a charged group to a 3-hydroxyfla-

Similarly to the parent flavone F, all the novel flavonesvone chromophore from the chromone side, the starting
demonstrate strong sensitivity to the polarity of theirmaterial, 5-chloromethyl-2-hydroxyacetophenone, was
environment. Increase of solvent polarity for all theprepared (Figure 1). Chloromethylation of 2-hydroxy-
probes results in gradual red shift of the N* band, whichacetophenone with paraformaldehyde in concentrated
is accompanied by dramatic increase of fluorescenceHCl at 40�C occurs at the 5 position. The product, which
intensity ratio between N* and T* bands, IN*/IT* (Figure 2).is pure enough for the next step, was obtained in high
This is typical for 3-HF derivatives possessing 4�-dial-yield. Applying a common procedure [23], the latter was
kylamino substituent in the phenyl ring. The presenceconverted into corresponding chalcone with subsequent
of the donor group induces a large dipole moment inoxidative heterocyclization with hydrogen peroxide. Re-
the excited N* state, making it strongly solvato-sultant 6-ethoxymethylflavones were transformed into
chromic[10–12].bromomethyl derivatives by heating at 100�C in 62%

HBr. The reactions proceed quickly and in good yields.
6-Bromomethyl-3-HF derivatives are very reactive fluo- Binding of the Probes to Phospholipid Membranes

Binding to lipid vesicles was monitored by the changerescence labels in which bromine can be easily substi-
tuted with amino or mercapto groups. To synthesize the of fluorescence intensity in the presence of increasing

lipid concentrations. A strong, up to 100-fold, increasetarget compounds F2N8 and F4N1, the substitution of
bromine was carried out with different tertiary amines. of intensity upon binding to large unilamellar vesicles

composed of dioleoyl phosphatidylcholine (DOPC) isIn order to introduce a positive charge from the oppo-
site side of the flavone chromophore (the phenyl ring), observed for all the probes considered (Figure 3). With

the probe concentration of 1 �M, the binding appearsthe starting material, 4-[4-(4-pyridyl)piperazino]benzal-
dehyde, was prepared in two steps from 4-chloropyri- to be quite efficient in the cases of F, F2N8, and F4N1,

since the plateau is reached at a lipid concentration ofdine and 1-phenylpiperazine, followed by introduction
of the formyl group into the intermediate, 1-phenyl-4- 200 �M. PPZ seems to be less prone to binding to

vesicles since the plateau is approached only at 400–600(4-pyridyl)piperazine (Figure 1). Both steps proceeded
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Figure 1. Chemical Structures of the Studied Probes and Pathways of Synthesis for F2N8, F4N1, and PPZ

R � C2H5 or n-C4H9; (a), CH2O, HCl, 35�C; (b), 4-dialkylaminobenzaldehyde, OH�, EtOH; (c), H2O2, OH�, EtOH, 0�C; (d), N,N,-dimethyloctylamine
or thrimethylamine, EtOH, t�; (a�), diisopropylethylamine, nitrobenzene, 200�C; (b�), dimethylformamide, POCl3, 60�C; (c�),
2-hydroxyacetophenone, OH�, EtOH; (d�), H2O2, OH�, EtOH, 0�C; (e�), 1,3-propanesultone, DMF, 100�C.

�M. The probe and DOPC concentrations for subse- at 16 � 1 and 15 � 1 Å, respectively, from the center
of the bilayer. This location is at the level of the esterquent quenching experiments were selected according
groups and glycerol residues of phospholipids [27] andto these data.
is somewhat deeper than the location of the most com-
mon dyes with charged groups, like rhodamine B, fluo-Location of the Probes in Phospholipid Bilayer
rescein, and ANS (16.5–18.5 Å) [28]. Meanwhile, chromo-In order to provide information on the probe location
phores of probes F4N1 and PPZ locate much deeper in

in the bilayer, fluorescence quenching experiments of
the region of hydrocarbon chains at 10 � 1 and 7 � 1.5 Å

these probes by spin-labeled lipids were performed by
from the center, respectively. These quite contrasting

using the parallax method [25, 26]. Their fluorescence results were expected considering the chemical struc-
was quenched with shallow (TempoPC), medium (5-SLPC), tures of the probes. Probe F is an uncharged and rela-
or deep (12-SLPC) nitroxide-labeled phosphatidylcho- tively hydrophobic molecule; therefore, it can locate at
lines in DOPC vesicles prepared by either ethanol or any depth inside the low-polar bilayer interface. How-
octylglucoside dilution. The relative amount of fluores- ever, the presence of two polar groups, 3-hydroxyl and
cence quenching obtained by the introduction of differ- 4-carbonyl, which tend to form intermolecular hydrogen
ent quenchers was employed to calculate fluorophore bonds with water and polar groups of lipids, can be
depth using the parallax equation (see Experimental sufficient for its location preferentially near the interface.
Procedures). The location of the dyes was expressed as In an analogous case of another hydrophobic aromatic
Zcf, which corresponds to the distance of the fluorophore molecule, 9-methylanthracene, which shows deep loca-
from the center of the lipid bilayer (more precisely, the tion in the bilayer, an introduction of hydroxyl group
distance from the border between the two leaflets to the results in translocation of the chromophore next to the
center of the fluorophore). The quenching experiments interface [29]. F2N8 is a charged molecule with a quater-
with the vesicles obtained by ethanol dilution method nary ammonium acting as an anchor at the interface
were repeated three times. As these vesicles appeared [30]. The presence of strongly hydrophobic octyl hydro-
to have a dimension corresponding to large unilamellar carbon chain, probably aligned along the fatty acid
vesicles, namely 0.12 �m, this series of experiments chains of the phospholipids, imposes on the fluorophore
was emphasized. For comparison one set of quenching an oblique orientation exposing 3-hydroxyl and 4-car-
experiments was performed with vesicles obtained by bonyl groups to the membrane interface. This results in
octylglucoside dilution. According to their dimension, apparent similarity in the location of probes F and F2N8.
these vesicles are probably multilamellar, and despite However, F2N8 seems to be located more precisely than
more scattered quenching data, the results remained F, as can be seen from the quenching data (Table 2).
coherent with those obtained with unilamellar vesicles Indeed, the medium nitroxide-PC quenches F and F2N8
(Table 2). with the same efficiency, while shallow and deep quench-

ers affect much stronger probe F, which is probably dueAccording to these data, the probes F and F2N8 locate
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While in the case of F and F2N8, it locates on the level
of sn2 carbonyls of phospholipids, for F4N1 and PPZ it
is close to the deeper sn1 carbonyls (Figure 4).

Fluorescence Behavior of Probes
in Phospholipid Vesicles
Effect of Incorporation into Vesicles
Incorporation of the probes into vesicles results in a
very strong increase of fluorescence intensity (Figure
3), which is in line with their much higher quantum yields
in vesicles with respect to water (Table 1). Only for PPZ
is this difference in quantum yields lower. The quenching
of 3-HF fluorescence in water is well known [9]. The
screening from bulk water together with restriction in
mobility of the environment are probably the two major
factors responsible for the increase in probability of radi-
ative transition from both N* and T* states. Importantly,
for all the studied probes, the quantum yield in vesicles
is much higher than in different organic solvents, which
suggests that the restriction of mobility is an important
factor.

For all the studied probes, the excitation spectra in
phospholipid vesicles match closely the absorption
spectra and do not differ considerably when recorded
at N* or T* emission band maxima. This result, which is
similar to that observed in neat solvents, allows us to
rule out the presence of the anion form in emission and
consider the two bands as originating from the same
ground-state species.

Fluorescence spectra of probe F in the studied PC
vesicles (Figure 5) are similar to those obtained in aprotic
solvents and correspond to the solvent polarity range
between ethyl acetate and acetonitrile (Figure 2). This
is in correspondence with the data on preferable loca-

Figure 2. Fluorescence Spectra of the Studied Probes in Different tion of the dye at the level of the glycerol moiety ob-
Solvents: Excitation Wavelength 410 nm served by the parallax method. Surprisingly, the differ-

ences in fluorescence spectra between the probe F and
the charged probe F2N8 in DOPC and EYPC (egg yolkto its broader distribution to deep and shallow areas. In

contrast to F2N8, probe F4N1 contains a smaller polar phosphatidylcholine) vesicles are less pronounced than
those observed in neat organic solvents. While in thesetrimethylammonium group and a large hydrophobic

4�-dibutylamino substituent at the opposite side of the solvents (see Figure 2) the N* band of probe F2N8 is
substantially red shifted (by 26 nm in ethyl acetate), inflavone chromophore. Therefore, it has to penetrate

deeply into the hydrophobic core of the bilayer and PC vesicles its position is almost the same as that of
probe F (Figure 5). A similar observation is made forattain its vertical or almost vertical orientation with re-

spect to the bilayer plane. The ammonium groups of fluorescence intensity ratio, IN*/IT* (Table 1). For flavone
F2N8, this ratio is higher by approximately three timesF2N8 and F4N1 should be fixed at almost the same

positions close to the phosphate groups of the mem- in ethyl acetate as compared to F, while in DOPC vesi-
cles the difference is by 1.3 times only. The same ten-brane phospholipids. Taking this into account, the ob-

served 5 Å difference in the depth of the chromophores dency is observed for probes F4N1 and PPZ. The ab-
sorption spectra for probes F, F2N8, F4N1, and PPZ in(the size �10 Å) in the phospholipid layer can only be

explained by their almost perpendicular orientations the PC vesicles are very similar to those obtained in
neat solvents (Table 1); therefore, the origin of thesewith respect to each other in the lipid bilayer. The long

hydrophobic spacer separating the zwitterionic polar variations should be in the excited-state electrostatic
influence of positively charged substituent, which be-headgroup and the flavone moiety probably imposes

the observed deep location of probe PPZ. However, its comes screened on incorporation into the bilayer. Most
probably, it is the screening of positively charged groupsorientation can be more flexible because the flavone

moiety of this probe is not as hydrophobic as in probe of probes F2N8, F4N1, and PPZ by the negatively
charged phospholipid phosphate headgroups.F4N1.

These results allow us to schematize the location of It should also be noted that the fluorescence spectra
of the studied probes do not differ in the range of thethe different probes in Figure 4. The important peculiari-

ties in location of the probes’ ESIPT reaction site lipid concentration 25–800 �M (data not shown). The
only exception is probe PPZ since its fluorescence spec-(3-hydroxyl and 4-carbonyl groups) should be noted.
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Table 1. Spectroscopic Properties of Flavone Probes in Solvents and Phospholipid Vesicles

Probe Solvent/Vesicles �max
abs �max

N* �max
T* IN*/IT* φ

F
Ethyl acetate 394 475 567 0.229 0.03
Acetonitrile 395 509 569 1.20 0.09a

Water 410 554 – – 0.003
DOPC vesicles 406 518 569 0.862 0.42
DOPG vesicles 409 515 560b 1.089 0.42
EYPC vesicles 403c 511 569 0.698 –
EYPG vesicles 404c 510 565 0.866 –

F2N8
Ethyl acetate 413 501 581 0.709 0.13
Water 423 560 – – 	0.002
DOPC vesicles 421 515 573 1.111 0.58
DOPC vesicles 424 510 572 1.351 0.59
EYPG vesicles 421c 511 574 1.125 –
EYPG vesicles 422c 510 573 1.292 –

F4N1
Ethyl acetate 413 501 581 0.783 0.17
Water 408 550 – – 	0.002
DOPC vesicles 421 496 573 1.515 0.45
DOPG vesicles 423 500 571 1.898 0.44
EYPC vesicles 422c 500 573 1.521 –
EYPG vesicles 424c 500 571 1.669 –

PPZ
Acetonitrile 380 499 565 0.669 0.075
Water 386 538 – – 0.03
DOPC vesicles 385 518 570 0.631 0.25
DOPG vesicles 394 520 569 0.552 0.33
EYPC vesicles 394c 520c 572 0.480 –
EYPG vesicles 396c 519c 568 0.490 –

�max
abs , position of absorption maxima; �max

N* and �max
T*, position of fluorescence maxima of N* and T* forms. φ is the fluorescence quantum

yield.
a Reference [12].
b The band appears as a shoulder.
c The values correspond to excitation maxima recorded at the T* band peak.

tra at lipid concentrations below 600 �M contain some surrounding (Figure 5; Table 1). This can be explained
by redistribution of the probe to greater depths in thecontribution from bulk solution, where this probe exhib-

its a nonnegligible quantum yield. EYPC bilayer, the hydrophobic region of which displays
broader structural heterogeneity due to the larger varietyInsensitivity to Variation in Fatty Acid Residues

The parent uncharged probe F shows lower relative in- of fatty acid species. The same is observed with probe
tensity of N* band (IN*/IT*) in EYPC as compared to DOPC PPZ, which can exhibit broader distribution of locations
vesicles, demonstrating the decreased polarity of its due to long distance between the chromophore and the

charged group and lower hydrophobicity of 3-HF moiety.
Meanwhile, this effect is absent for F2N8 and F4N1 (Fig-
ure 5; Table 1). This can be a result of their much more
precise location in a layer 10–15 Å from the bilayer cen-
ter, the properties of which do not depend significantly
on the structure of phospholipid hydrocarbon chains.
The same regularity is observed in negatively charged
egg yolk phosphatidylglycerol (EYPG) with respect to
dioleoyl phosphatidylglycerol (DOPG) vesicles: F2N8
and F4N1 compared to F and PPZ show much smaller
decrease in IN*/IT* ratio (Figure 5; Table 1). This allows
for probes F2N8 and F4N1, avoiding the effect of the
fatty acid composition and focusing the analysis on the
effects of polarity, electrostatics, and hydrogen bonding.
Depth-Dependent Differences in Spectra
While in neat solvents the spectra of probes F4N1 and

Figure 3. Dependence of Fluorescence Intensity of Flavone Probes F2N8 are similar (Figure 2), they exhibit significant differ-
at Concentration 1 �M in LUV Vesicles on DOPC Concentration

ences in all studied vesicles (Figure 5). The N* band of
The excitation wavelength 400 nm: the integral fluorescence emis-

F4N1 being blue shifted by 10–19 nm (dependent on thesion intensity was obtained from the area under the spectra (in
lipid) exhibits a dramatic 1.3- to 1.4-fold increase ofwavelength scale). The results were normalized with the account of

quantum yields of the probes in 800 �M DOPC vesicles. relative intensity (IN*/IT*) with no essential differences in
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Table 2. Quenching of 3-Hydroxyflavone Probes by Nitroxide-Labeled Lipids

Probe Experiment Ftc/F0 F5/F0 F12/F0 Zcf, Å 
Zcf�, Å

F
E1 0.49 0.495 0.55 15.9
E2 0.47 0.485 0.53 16.1 16.0
E3 0.50 0.50 0.57 15.8
OG 0.49 0.49 0.52 15.8

F2N8
E1 0.515 0.49 0.56 15.3
E2 0.53 0.49 0.59 15.0 15.0
E3 0.53 0.475 0.61 14.7
OG 0.55 0.54 0.59 15.6

F4N1
E1 0.535 0.45 0.49 9.9
E2 0.50 0.41 0.45 10.1 10.0
E2 0.56 0.43 0.46 9.8
OG 0.67 0.51 0.58 10.5

PPZ
E1 0.64 0.54 0.49 7.8
E2 0.58 0.53 0.46 7.3 7.0
F3 0.60 0.49 0.39 6.3
OG 0.87? 0.47 0.40 7.1

Zcf is the distance between the middle of the bilayer and the chromophore center for each individual type of preparation (OG refers to the
vesicles obtained by octylglucoside dilution); 
Zcf� is the average of the three Zcf values obtained with unilamellar vesicles. The error is
probably higher than the one that could be estimated from the deviations from the average and is estimated around �1 Å, even more in the
case of PPZ (�1.5 Å). Ftc/F0, F5/F0, and F12/F0 are the values of fluorescence quenching ratios in vesicles containing 15 mol% TempoPC,
5-SLPC, or 12-SLPC, respectively, to DOPC vesicles lacking nitroxide-labeled lipid.

absorption spectra (Table 1). The shift to the blue of kinetic variables of ESIPT reaction between the proximal
3-hydroxyl and 4-carbonyl groups and, therefore, canthe N* band for 3-HF derivatives always indicates the

decrease of polarity of the chromophore surrounding report on perturbation of this reaction at the distance
of a single hydrogen bond [8]. Since the ESIPT reaction[10, 11], and this is in line with results of the parallax

measurements suggesting the deeper location of F4N1 center for probe F4N1 is estimated to locate on the level
of sn1 carbonyl (Figure 4), the water molecules boundin the bilayer. What then is the origin of substantial

increase of the IN*/IT* ratio, which is the opposite of the at this level [30] may provide this perturbation by inter-
molecular hydrogen bonding, decreasing the protonexpected polarity effect?

A reasonable explanation could be that the N* band transfer efficiency. This result demonstrates that the
3-HF probes can provide an extremely sensitive re-position and the IN*/IT* ratio of the 3-HF probe character-

ize different properties of the microenvironment. The N* sponse to the changes in properties of their binding
sites in membrane, and this response is multiparametric.band position is sensitive to the polarity of the probe

surrounding, with resolution comparable to the size of Sensitivity to the Surface Charge
Comparative studies were performed on LUV composedthe N*-excited state dipole, ca. 10 Å. Meanwhile, the

IN*/IT* ratio is directly connected with the energetic and of anionic DOPG and EYPG with respect to neutral

Figure 4. Estimated Location of the Studied Probes in DOPC Lipid Membranes

Location of phospholipid functional groups is based on the study of Wiener and White [27]. Positions of sn1 and sn2 carbonyls are indicated by
horizontal arrows. Dashed vertical arrows indicate the possibility of relocation of probe F at various depths. Location of nitroxide paramagnetic
quenchers is shown as five-/six-membered rings on the left margin.
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actions at the ESIPT reaction site of the probes. As
it was previously proposed for probe F [17], they are
connected with the increased hydration of this site in
EYPG as compared to EYPC vesicles. For probes F and
F2N8, this probably occurs on the level of sn2 carbonyl
and phosphate groups, while for the deeper located
probes F4N1 and PPZ, the hydration site may be located
at the level of sn1 carbonyls (Figure 4). The deep penetra-
tion of water molecules inside the bilayer is a known
fact that was established in experiment [30, 31] and
confirmed in molecular dynamics simulations [32–34].
The observed opposite effect for PPZ (in comparison
with other probes) suggests that all the probes are able
to sense the differences in anisotropic properties of the
bilayer, which may be connected with oriented dipoles
of trapped water molecules.

Significance

Introduction and development of two-band ratiometric
probes is an important breakthrough that should ex-
pand enormously the possibilities of fluorescence
spectroscopy and microscopy, including the image
recording in real color. The new 3-hydroxyflavone de-
rivatives offer unique possibilities in this respect by
providing observation of two emission bands, blue-
green (at about 500 nm) and yellow-red (at about 600
nm), the spectral positions and relative intensities of
which are strongly sensitive to the properties of their
microenvironment. Because variations of these prop-
erties occur at atomic distances, this sensitivity can-
not be applied in full without providing their definite
location and orientation in the bilayer. Solution of this
problem is presented in the present work. A family of
advanced probes has been synthesized which retain
all major properties of 3-HF, such as two bands in

Figure 5. Fluorescence Spectra of the Studied Probes in LUV Vesi- emission spectra and the dramatic solvent-dependent
cles Composed of Different Lipids variations of their intensity ratio. On incorporation into
DOPC, thick solid line; DOPG, thick dashed line; EYPC, thin solid phospholipid vesicles, their well-resolved two emis-
line; and EYPG, thin dashed line. Concentration of probes was 1 sion bands are maintained, and moreover, the fluores-
�M and that of lipids 200 �M for F, F2N8, and F4N1 or 800 �M for cence quantum yields are greatly increased. Depen-
PPZ. Excitation wavelength, 400 nm. 15 mM HEPES buffer, pH 7.4.

dent on the probe structure, their 3-HF chromophores
can locate at different depths and in different orienta-
tions.

DOPC and EYPC lipids. For probe F2N8, the response We show that the two-band fluorescent 3-HF probes
is similar to that of probe F (Figure 5), which is in line inserted into the membrane bilayer allow for obtaining
with their locations at the same depths (Figure 4). The several parameters that characterize the properties of
presence of the negative charge on the head groups of their location sites simultaneously. Similarly to com-
DOPG and EYPG lipids results in increase of IN*/IT* ratio mon polarity-sensitive dyes, the shifts of their two
without any considerable spectral shifts of emission emission bands are correlated with polarity of their
bands (Table 1). This result was shown previously with environment. The intensity ratio of these bands in addi-
probe F [17], and its observation for more precisely tion to polarity effects is sensitive to specific interac-
located F2N8 signifies that it is not the translocation of tions that affect ESIPT reaction, and in particular, to
flavone fluorophore, which responds to variations of the intermolecular hydrogen bonding. This provides the
surface charge. Probe F4N1, with a significantly deeper possibility of characterizing the hydration of probe
location and a more vertical orientation in the mem- binding sites in membranes. Because of unidirectional
brane, also shows an increase in the IN*/IT* ratio (Table character of ESIPT reaction, anisotropic properties of
1). The spectra obtained with the other deeply located probe location sites can also be revealed. We are on

the beginning steps of exploration of these uniquebut oppositely oriented probe, PPZ, clearly show a re-
possibilities.versal of this effect, i.e., the increase of the negative

charge results in the decrease of the IN*/IT* ratio (Figure
Experimental Procedures5). The absence of effects of surface charge on positions

of absorption and emission spectra of all studied probes General Methods
(Table 1) shows that these perturbations influence not Melting points of the synthesized compounds were determined on

a Büchi 512 melting point apparatus and presented as uncorrectedthe whole �-electronic system but some specific inter-
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values. Microanalyses were performed with a Carlo Erba 1106 Ele- N-[(4�-N,N-Diethylamino)-3-Hydroxy-6-Flavonyl]Methyl-
N,N-Dimethyloctyl Ammonium Bromide (F2N8)mental Analyzer. Proton NMR spectra were recorded at 200 MHz

on a JEOL PMX 270 MHz spectrometer. Tetramethylsilane (TMS) A mixture of 30 mg of 6-bromomethyl-4�-N,N-diethylamino-3-
hydroxyflavone and 20 mg of N,N-dimethyloctylamine (Aldrich) waswas used as an internal standard in all NMR spectra run in CDCl3

or DMSO-d6. Mass spectra were recorded on a Kratos MS-25 mass dissolved in 3 ml of dry tetrahydrofuran. After stirring for 4 hr, the
formed precipitate was filtered and washed with cold tetrahydrofu-spectrometer using EI or FAB methods. All column chromatography

was performed on silica gel (Merck, Kieselgel 60H, Art 7736). Ab- ran. Yield, 60%; mp, 153�C–154�C; UV max in acetonitrile 417 nm,
� � 34,000 l  mol�1  cm�1; 1H NMR (200 MHz, CDCl3) 0.85 (3H,sorption spectra were performed on Cary 3 Bio (Varian) spectropho-

tometer. Fluorescence spectra in solvents were recorded on Quanta t, J 5.80), 1.2–1.4 (18H, multiplet), 3.33 (6H, s), 3.4–3.6 (6H, multiplet),
5.28 (2H, s), 6.7–7.0 (3H, multiplet), 7.59 (1H, d, J 8.44), 8.15 (2H, d,Master (PTI) and those in vesicles on SLM 48000 (SLM-Aminco)

spectrofluorometers. J 8.17), 8.22 (1H, s), 8.35 (1H, d, J 8.44); MS (FAB) m/z 479.2 (M�),
322.1, 239.6, 154.0.
6-Bromomethyl-4�-N,N-Dibutylamino-3-Hydroxyflavone

Chemicals This compound was prepared as 6-bromomethyl-4�-N,N-diethy-
All the solvents used for absorption and fluorescence measurements lamino-3-hydroxyflavone in two steps starting from 5-chloromethyl-
were of spectroscopic grade purchased form Aldrich and Fluka 2-hydroxyacetophenone and 4-dibutylaminobenzaldehyde (prepared
Chemical Co. Acetonitrile and ethyl acetate were additionally dried in two steps from aniline and n-butyliodid and further formylation).
over phosphorus pentoxide and sodium sulfate, respectively, with Resulted ethoxyflavone was transformed to bromomethyl as de-
subsequent distillation. Dioleoyl and egg yolk phospholipids and scribed above. Mp, 199�C–200�C; 1H NMR (200 MHz, CDCl3) 0.97
octylglucoside were purchased from Sigma Chemical Co. Tem- (6H, t, J 7.2 Hz), 1.38 (4H, m, J 7.2 Hz), 1.62 (4H, m, J 7.2 Hz), 3.36
poPC, 5-SLPC, and 12-SLPC were purchased from Avanti Polar (4H, t, J 7.2 Hz), 4.60 (2H, s), 6.73 (2H, d, J 9.1 Hz), 7.53 (1H, d, J
Lipids. The concentration of phospholipids stock solutions in chloro- 8.7 Hz), 7.68 (1H, dd, J 8.7, 2.0 Hz), 8.14 (2H, d, J 9.1 Hz), 8.21 (1H,
form was determined by dry weight. The nitroxide content of ni- d, J 2.0 Hz); MS (FAB) m/z 459.1 (M��2), 457.1 (M�), 232.
troxide-labeled lipids was calculated using the electron spin reso- N-[(4�-N,N-Dibutylamino)-3-Hydroxy-6-Flavonyl]Methyl-
nance integrated spectra of corresponding diluted stock solutions N,N,N-Trimethyl Ammonium Bromide (F4N1)
in chloroform by comparing with a tempocholine reference solution A solution of 0.1 g of 6-bromomethyl-4�-N,N-dibutylamino-3-
in the same solvent. hydroxyflavone, 0.1 g of trimethylamine hydrochloride, and 0.11 ml

of ethyldiisopropylamine in ethanol was boiled for 5 hr. The product
was isolated after the solvent was evaporated on a rotary evapora-

Synthesis of Probes
tor, and crystallized from dichloromethane/hexane mixture. Hygro-

4�-Dimethylamino-3-Hydroxyflavone (F)
scopic crystals were obtained. UV max in acetonitrile 417 nm, � �

4�-dimethylamino-3-hydroxyflavone (F) was synthesized and puri-
32,000 l  mol�1  cm�1; 1H NMR (200 MHz, CDCl3) 0.97 (6H, t, J

fied as described elsewhere [12]. 7.2 Hz), 1.39 (4H, m), 1.64 (4H, m), 3.34 (9H, s), 3.4–3.6 (6H, multiplet),
5-Chloromethyl-2-Hydroxyacetophenone 5.27 (2H, s), 6.7–7.0 (3H, multiplet), 7.59 (1H, d, J 8.4), 8.15 (2H, d,
A suspension of 1 ml of 2-hydroxyacetophenone (Aldrich) and 0.27 J 8.1), 8.22 (1H, s), 8.35 (1H, d, J 8.4); MS (FAB) m/z 437.2 (M�),
g of paraformaldehyde in 5 ml of concentrated hydrochloric acid 378.2.
was stirred at 35�C for 4–5 hr until the formation of yellow precipitate, 1-Phenyl-4-(4-Pyridyl)Piperazine
which was filtered and washed thoroughly with water. The precipi- A mixture of 4 g of 4-chloropyridine hydrochloride (Aldrich), 4 ml of
tate was dried and washed with minimum amount of methanol. Yield 1-phenylpiperazine (Aldrich), and 14 ml of ethyldiisopropylamine
60%; mp 78�C–81�C; 1H NMR (200 MHz, CDCl3) 2.64 (3H, s), 4.56 (Fluka) in 20 ml of nitrobenzene (Aldrich) was heated with stirring
(2H, s), 6.97 (1H, d, J 8 Hz), 7.49 (1H, dd, J 8.6 Hz, 2.1 Hz), 7.73 (1H, for 4 hr at 200�C. The resultant solution was concentrated on a
d, J 2.1 Hz), 12.315 (1H, s); Anal. Calcd. for C9H9ClO2 C 58.55%, H rotary evaporator and then water was added. The precipitate was
4.91%; found C 58.74%, H 4.99%. filtered and washed with water and hexane. Crystallized from tolu-
6-Ethoxymethyl-4�-N,N-Diethylamino-3-Hydroxyflavone ene/hexane � 1/1, yield 60%; mp, 163�C. This compound was used
1 g of 5-chloromethyl-2-hydroxyacetophenone was dissolved in 10 in the next step without any further characterization.
ml of ethanol. The solution was treated with 0.87 g of sodium hydrox- 4-[4-(4-Pyridyl)Piperazino]Benzaldehyde
ide in 10 ml of water, and the mixture was refluxed for 30 min until To 8 ml of dry dimethylformamide (DMF), 2.4 ml of POCl3 was added
it became homogeneous. To the resultant solution, 1.15 g of 4�- dropwise with stirring and cooling on ice bath. To the solution, 2 g
N,N-diethylaminobenzaldehyde (Aldrich) was added. The mixture of 1-phenyl-4-(4-pyridyl)piperazine was added, and the mixture was
was stirred for 8 hr and then left for 3 days. The red solution of heated at 60�C for 1 hr, then cooled and poured into ice bath. The
sodium salt of 6-ethoxyethylamino-4�-diethylamino-2-hydroxychal- precipitate formed after neutralization with sodium carbonate was
cone was cooled on an ice bath and treated with 3.3 ml of 30% filtered and washed with water and hexane. It was crystallized from
hydrogen peroxide while stirring. The reaction was controlled by toluene; yield, 89.5%; mp, 119�C–120�C; 1H NMR (200 MHz, CDCl3)
TLC (Thin Layer Chromatography) with chloroform:methanol � 9:1 3.56 (8H, m), 6.68 (2H, d, J 6.0 Hz), 6.92 (2H, d, J 8.8 Hz), 7.79 (2H,
as mobile phase. The solution of the product was neutralized by d, J 8.8 Hz), 8.31 (2H, d, J 6.0 Hz), 9.80 (1H, s).
acetic acid, and the precipitate was filtered and purified by column 3-Hydroxy-4�-[4-(4-Pyridyl)Piperazino]Flavone
chromatography on silica gel (hexane:dichloromethane � 8:2). Yield, To a solution of 0.12 ml of 2-hydroxyacetophenone and 0.25 g of
34%; mp, 132�C; 1H NMR (200 MHz, CDCl3) 1.19–1.3 (3H and 6H, 4-[4-(4-pyridyl)piperazino]benzaldehyde in ethanol, 0.36 g of 70%
two t), 3.45 (4H, q, J 7.14 Hz), 3.575 (2H, J 7.16 Hz), 4.61 (2H, s), KOH aq was added. The mixture was left, with stirring, for 1 week.
6.775 (2H, d, J 9.04 Hz), 6.89 (1H, s), 7.54 (1H, d, J 8.68), 7.685 (1H, Then, once again, 0.36 g of 70% KOH aq was added, and the mixture
dd, J 8.68 Hz; 1.78 Hz), 8.15–8.2 (1H�2H, two d); MS (EI) m/z 367.1 was treated with 0.7 ml of 30% hydrogen peroxide. After 4 hr, it
(M�), 352.1, 338.1, 322.1, 307.1, 294.1, 279.1, 161.5, 133.0; Anal. was diluted with water, and the suspension was neutralized with
Calcd. for C22H25NO4 C 71.92%, H 6.86%, N 3.81%; found C 71.63%, diluted HCl. The precipitate was filtered and washed with water. It
H 6.84%, N 3.72%. was crystallized from acetonitrile. Yield 25%; mp 264�C; 1H NMR
6-Bromomethyl-4�-N,N-Diethylamino-3-Hydroxyflavone (200 MHz, CDCl3) 3.54 (8H, m), 6.71 (2H, d, J 6.4 Hz), 7.04 (2H, d, J
6-ethoxymethyl-4�-N,N-diethylamino-3-hydroxyflavone in 63% hy- 9.1 Hz), 7.40 (1H, m), 7.57 (1H, d, J 7.8), 7.68 (1H, m), 8.23 (2H, d, J
drobromic acid was heated on an oil bath at 100�C for 3 hr. The 9.1 Hz), 8.24 (1H, d, J 9.5 Hz), 8.32 (2H, d, J 6.4 Hz); MS (EI) m/z
cooled solution was neutralized with 10% sodium carbonate, and 399.1(M�), 371.1, 342.1, 292.1, 264.0, 251.0, 237.0, 149.0, 106.0,
the resultant precipitate was filtered and washed with water. Yield, 91.0, 69.1.
95%; mp, 132�C–133�C; 1H NMR (200 MHz, CDCl3) 1.23 (6H, t, J 7.0 4-{4-[4�-(3-Hydroxyflavonyl)]Piperazino}-1-
Hz), 3.45 (4H, q, J 7.0 Hz), 4.60 (2H, s), 6.76 (2H, d, J 8.50), 6.87 (1H, (3-Sulfopropyl)Pyridinium (PPZ)
s), 7.54 (1H, d, J 8.73), 7.68 (1H, dd, J 8.73 Hz; 1.93 Hz), 8.16 (2H, A solution of 30 mg of 3-hydroxy-4�-[4-(4-pyridyl)piperazino]flavone
d, J 8.50), 8.215 (1H, d, J 1.93); MS (EI) m/z 403.1 (M��2), 401.1 and 13 �l of 1,3-propansultone in 2 ml of dry DMF was heated at

100�C for 10 hr. The product was filtered and washed with DMF;(M�), 388.0, 322.1, 314.0, 278.1, 153.5, 133.0.
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