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Abstract

The ability of host molecules, such as vesicle-forming phospholipids, to alter significantly the spectroscopic behaviour of guest molecules
was used to study the microenvironment and binding properties of two important dyes. The interaction and aggregation processes which occur
retween cationic dyes of the rhodamine family (R123 and R6G) and negatively charged vesicles of DL-a-dipalmitoylphosphatidyl-L-serine
. DPPS) and L-a- dipalmitoylphosphatidyl-pL-glycerol (DPPG) phospholipids were used as a convenient scheme for the investigation of the
-lectrostatic stabilization of biosystems. Fluorescence was used as a monitor for the processes of binding and aggregation of the cationic
figands on the vesicles in aqueous solution, and the phenomena were treated quantitatively using a resolution procedure of complex fluorescence
-pectra. Organized macrosystems of DPPG and DPPS vesicles obtained by sonication presented distinctive numbers of sites (#) for interaction
with R123 and R6G dyes. Values of n= 14 (R123) and n=24 (R6G) were obtained by titration with DPPS vesicles, while two kinds of sites
were found with DPPG vesicles. The first class of sites (n*=53 (R123) and n*=24 (R6G)) was determined in the presence of low
. oncentrations of DPPG vesicles; the second class of sites (n°=36 (R123) and n®=6 (R6G)) was found for larger concentrations of DPPG
- esicles. These interactions involve reversible binding of the dyes to the vesicles in a multiple equilibria process well described by the identical
.nd independent site model. At high vesicle concentrations, the quantitative binding vs. aggregation of the rhodamines at the surface of the
+esicles can thus be seen as a disaggregation process; the rationale for these results is that esterified rhodamines in these heterogeneous
+nlutions seek out electrostatic attraction and binding on the anionic head groups of the lipids with a definite number of sites.
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The selective biodistribution of an ionic drug in tissues and R o o
rembranes [1] depends on its self-interacting properties O Coz2R2 ' u "
CH;-O-P-0-CH;-CH-C-0()

»aggregation) and complex interactions with its molecular

<urroundings [2]. The importance of aggregation vs. indi- o0
+1dual binding has been widely recognized [3]. The forma- R1 R2 Y 0

1 on of aggregates influences the photophysical properties of R123 (H)2 CH3 RoGocm PG
the dye molecule [4], while binding on uptake into a lipo- R6G H-CoHs CoHs o R e o cH HC - OH
 hilic environment results in an increase in its photosensitiz- | O HC-OH

1ng properties [5]. Significantly, the dyes show the same CH,-0-P-0-CH,
.olour changes in the presence of charged colloids as in the o0

yresence of biological materials. Mataga and Koizumi [6]
t ave shown that the change in the (S¢—S,) spectra of organic
¢ yestuffs brought about by the bonding of two rhodamine
¢ yes with charged phospholipid vesicles can be explained
i nly by a change in the dye aggregation in the S, state [7],
s that the observed variations in S, can be equally monitored
by absorption or fluorescence. Fluorometric investigations of
tilayer phospholipid systems may thus provide an insight
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Fig. 1. R123 and R6G esterified rhodamines and the negatively charged
phospholipids (PS, phosphatidylserine; PG, phosphatidylglycerol).

into the hydrophobic—electrostatic interactions and aggrega-
tion in membranes of the rhodamine probes R123 and R6G
(Fig. 1) widely used in biological applications [8]. Although
these dyes are positively charged at physiological pH, the
charge is distributed over their aromatic rings and thus does
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not interfere with their lipophilic nature. Owing to the asso-
ciation of a large molecular size with considerable charge
resonance characteristics of the lower energy states, the dipo-
lar and highly polarizable R123 and R6G dyes tend to aggre-
gate in solution [9]. Indeed, R123 and R6G molecules are
amphipathic rather than lipophilic [10], and like many
organic dyes [11] they usually show a change in their acid—
base and optical properties in the presence of bilayer mem-
branes of negative charge. Such spectral peculiarities have
been observed in the behaviour of dye-surfactant systems
carrying opposite charges [12], showing qualitatively that
the net charges of dye and lipid molecules control most of
their complex interactions and dependence [ 13].

Since these dyes are capable of interacting with mitochon-
drial receptors [ 14], biological applications of the rhodamine
probes have received particular attention in the last decade
[8]. However, not as much work has been done on the
detailed quantitative analysis of their behaviour in simple
model bilayers. In the equilibrium binding studies described
in this paper, a fixed amount of a rhodamine dye (1.6 X 10~¢
M) was titrated with increasing concentrations of sonicated
lipid vesicle solution. Negatively charged vesicles of DL-a-
dipalmitoylphosphatidyl-L-serine (DPPS) and L-a- dipal-
mitoylphosphatidyl-pL-glycerol (DPPG) (Fig. 1) were used
to study the competitive coulombic-hydrophobic interactions
[15] governing the lipid vesicle binding of the polar dye
substrates. The extent of binding was monitored by the

Table 1

changes observed in the fluorescence wavelength and inten-
sity, and a quantitative study of dye binding and aggregation
at the surface of the vesicles was performed by fluorescence
titration with spectral resolution of composite spectra.

2. Experimental details
2.1. Chemicals and apparatus

Rhodamine 123 chloride (R123) and rhodamine 6G chlo-
ride (R6G) were laser grade dyes bought from Molecular
Probes. DPPS and DPPG lipids were obtained from Sigma.
Water solutions were made from decarbonated and deionized
water; all other solvents were of spectroquality grade from
Fluka AG and did not show any spurious absorption or flu-
orescence. R123 and R6G exist in neutral water as fluorescent
cationic forms whose emission maxima Ap* are given in
Table 1.

The instruments for recording the absorption, excitation
and fluorescence spectra have been described previously
[16]. The spectrofluorometer was interfaced with a Tandon
AT 286 microcomputer for scanning the monochromators
and recording the data. Experiments were conducted at 295
Kin1or0.5 cm (fluorescence) and 4 cm (absorption) quartz
cuvettes. Excitation at 480 nm, unless otherwise specified,
with excitation and emission slits of 4 nm, was chosen to

The fluorescence maximum wavelengths of R123 and R6G rhodamines (1.6X 10~% M) measured in homogeneous solutions (water, octanol) and in the
presence of DPPG and DPPS vesicles at typical lipid concentrations ({lipid]) and dye/vesicle ([D]/[ves]) concentration ratios. The subscript D* characterizes
the free species in water or octanol; the subscript D, or L refers to the situation in which rhodamine ligands are individually and independently bound to the
lipid vesicles (at high [ves] ); the subscript D, (or agg) characterizes the particular situation in which the aggregation of the rhodamine ligands at the surface

of the vesicles is at a maximum (low [ves])

Water DPPG DPPS Octanol

R123
Fp, Ap+ (nm) 528 538
Fpa Aps (nm) 526° 528

[1ipid] gy (M) 32x1073 1074

[D]/[ves]ag 150 48

n? 53 14
FpL Ape (nm) 537 537

{lipid], (M) >8X107* >5%1074

[D}/[ves], <6 <10

n? 36 14
R6G
Fp+ Ap+ (nm) 550 560
Fpa App (nm) 558° 552

[lipid] g (M) 2x107° 9%107°

[D]/{ves] g 240 53

nd 24 24
FpL ApL (nm) 559 560

[lipid]. (M) >1073 >33x107¢

[D]/[ves], <5 <14

n® 6 24

® Part of the results of Table 2 given here for comparison.
® Broad spectrum of low intensity.
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avoid any reabsorption of the emitted light. Calibration curves
and composite fluorescence spectra were obtained for varying
lipid concentrations but fixed slit and sensitivity conditions.

2.2. Dye solutions and phospholipid vesicle preparation

As Beer’s law was obeyed over the concentration range
1077-107° M, dye concentrations were held to a value of
1.6 X 10~ % M; the solutions were unbuffered and were not
degassed (as oxygen inhibits the photodecomposition of rho-
damines [17]). To combine an efficient excitation wave-
length with a minimum inner filter effect [ 18], Ag,. at 480
nm was selected. Such conditions mean that the reabsorption
of the emitted light due to the overlap of the principal (S~
S,) excitation band, which may be important for these dyes
which have small Stokes shifts [19] and large extinction
coefficients, is negligible.

Small unilamellar solid phase vesicles from DPPS and
DPPG were prepared according to described procedures
{20]. A lipid solution (2 ml) in benzene was evaporated
under vacuum. Deionized water was added to give the desired
lipid concentration. The sample was sonicated at 295 K under
a flow of N, using a Branson 250 sonifier II model at 1000
W for 15 min in 0.5 min intervals with a 1.27 cm titanium
tip. The vesicles were annealed at 313 K for 30 min and
centrifuged for 90 min at 48 000g; final samples were pre-
pared by adding the vesicles to a stock solution of the dye in
water (pH 7) to give a final dye concentration ([dye]) of
1.6 X107 M (no fluorescence background or scatter from
lipids).

2.3. Numerical resolution of complex fluorescence spectra

The fluorescence properties of rhodamine materials differ
depending on the presence and concentration in water of lipid
organizations. For a given amount of dye, different fluores-
cence spectra were observed depending on the concentration
of DPPS and DPPG vesicles. A library of the three distinct
fluorescences experimentally observed was first established
by recording digitally all the spectra under standard experi-
mental settings. The following notations were used: D* rep-
resents the free molecules of dye in water, D; the dye
molecules individually bound at the vesicle surface (at high
vesicle concentration) and D, the aggregated dyes on the
vesicles (at [lipid],,,). In Table 1, the fluorescence maxima
of the three typical species used in the resolution treatment
are given: (1) Ap™* characterizes the fluorescence spectrum
of the free species (Fp*) in water; (2) Ap characterizes the
fluorescence Fp,;. of the rhodamine ligands independently
bound to the lipid vesicles; (3) Ap, characterizes the fluores-
cence Fy,, of the aggregated rhodamines at the surface of the
vesicles.

Complex fluorescence spectra were then resolved by math-
ematical analysis [ 16]. Theoretically, the fluorescence spec-
trum results from the individual emission of n chemicals
numbered from 1 to n, each being characterized at each A by

its own fluorescence intensity 1, ,, I, ,, etc. Since there is no
energy transfer between the S, states of the fluorophores
involved at the concentrations used (no inner filter effect),
the value of the total fluorescence intensity at each A (I1,)
was obtained through the linear combination Iy ,=
al, ,+a,l, , + ..., in which a; and a, are the respective con-
centrations of each fluorophore in the cuvette. Numerical
values of g; can be calculated by solving a set of n of these
similar Iy, equations obtained using the different /; , values
available from the library. However, the method was
improved by summarizing all the I , equations weighted by
a modulating function ¢; , = I ,*I;, (j running from 1 to n)
resulting in a new set of more significant equations [21].

Depending on the number and the reference spectra of the
library used in the treatment, different theoretical spectra
were calculated and compared with the experimental data.
One, two or three characteristic fluorescences (Fp*, Fp,
Fpy,) were identified by this method and their respective par-
ticipation coefficients in the complex fluorescence were quan-
tified. Graphical and numerical estimators were calculated to
verify the resolution of the composite fluorescence into its
different components: (1) graphically, by plotting the
weighted residuals (WR) for the composite spectra; (2)
numerically, by comparing the values of the reduced chi
square (x?) estimator derived from the variance of the dis-
tribution of WR. A good fit between an experimental result
and a calculated fluorescence always results in a statistical
distribution over zero of the autocorrelation function WR(A)
of the residuals and a low value of y2.

3. Results and discussion

Esterified R123 and R6G rhodamines, known as cationic
dyes, are distinguished by their N-substituted and methylated
groups. The fluorescence does not depend on the acidity of
the water solution, since the hydrolysis of the ester group and
the formation of a non-fluorescent photoproduct [22] only
operate at very basic pH. The wavelengths of the absorption
and fluorescence maxima of the R123 and R6G species in
water are dependent on the pH and have been reported pre-
viously together with the pK’ values [16].

3.1. Titration profiles and concentration ratios

The fluorescence spectra of rhodamine dyes are altered
qualitatively by DPPG and DPPS vesicles. The anionic lipids
of DPPG and DPPS shift the absorption maximum to the red
(up to 10 nm) when compared with Ay, e in Water. Simi-
larly, the R123 and R6G fluorescences are red shifted in the
presence of vesicles (from Agyyo max = 528 nm ( water) to 537
nm for R123 and from Agyyo max = 350 nm (water) to 560 nm
for R6G) (see Table 1). Inaddition, when using fluorescence
titration to monitor quantitatively the equilibrium binding of
the dyes to DPPG and DPPS vesicles, we observe, at low
vesicle concentration, phenomena inconsistent with the usual
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Fig. 2. Fluorometric titrations (relative intensities) and related variations in
fluorescence (Apyomax Of R123 (a) and R6G (b) rhodamines (1.6X 1076
M) with DPPG and DPPS vesicles (pH 7 and Ag,. =480 nm).

binding equilibria encountered in Scatchard plots. For both
dyes (commonly denoted as D), there is a variation in F/F,
on addition of DPPS and DPPG vesicles [12]. The titration
profiles of F/F, vs. [lipid] show [13] that the intensity
decrease starts at low [ves]/[D] ratios, i.e. [D]/[ves] > 50
with DPPS for both dyes and [D]/[ves] > 150 (R123) or
240 (R6G) with DPPG (Figs. 2(a) and 2(b)) (assuming a
mean value of 3000 lipids per vesicle and [D]=1.6X10"°
M). The dyes are increasingly aggregated at the vesicle inter-

face with an increase in [lipid] until the minimum intensity
(or maximum of aggregation) is reached for [lipid] ,,,. These
values of [D]/[ves],,, (48 (R123) and 53 (R6G) with
DPPS and 150 (R123) and 240 (R6G) with DPPG) and
[lipid],g, for the different lipid—dye pairs are given in Table
1. An enhancement in F/F, follows the dilution of the dye
by phospholipid bilayers for lipid concentrations above
(lipid] ... Binding of the dye with more vesicles ([D]/
[ves] <50) results in disaggregation of the multimers and
individual compartmentalization of the dye molecules; fur-
ther dilution ([D]/[ves] <1-15) by an excess of vesicles
leads to complete disaggregation of the multimers. Then, the
F/F, values gradually increase and almost level off at unity
with increasing vesicle concentration.

3.2. Fluorometric titration

Qualitatively, a progressive red shift generally results from
dye titration by the vesicles. This is observed when both
rhodamines are titrated with DPPS vesicles (Figs. 3(a) and
3(c)) as well as in the case of R123 in the presence of
increasing amounts of DPPG vesicles (Fig. 3(d)). An ana-
lytical treatment of the fluorescence spectra was used to
resolve these composite spectra into their three different com-
ponents F,*, Fp and Fp,. A specific behaviour appears at
high vesicle concentration when R6G is titrated with DPPG
vesicles; the Ap, fluorescence of the D, form of the aggregated
R6G molecules is not significantly shifted (see Table 1 and
Fig. 2(b)) compared with the Ap; emission of individually
bound dye (D) at high DPPG vesicle concentrations. This
must be associated with a corresponding decrease in magni-
tude (without a spectral shift) of the absorbance of the D,
species compared with the Dy species at dye saturation.

Fluorescence titration performed for [lipid] > [lipid],,,
was used to study quantitatively the equilibrium binding of
the dye molecules to DPPG and DPPS vesicles. A fixed
amount of dye (1.6 X 107® M) was titrated with increasing
concentrations of sonicated lipid vesicle solution, the extent
of binding being monitored by the changes observed in
AFwo,max and intensity. According to Eq. (1), the measured
fluorescence F of a fixed amount of dye at a given lipid
concentration is expressed as the sum of the characteristic
fluorescences F,*, Fp; and Fp, of the three species (D,
D, and D,) measured under identical conditions of slits,
sensitivity and Ag,

F=a1FD++a2FDL+a3FDn (1)

Using the resolution method, the complex fluorescence F
was resolved into its different components; the treatment
provides the g; participations of these different components
for various [lipid] values, allowing the numerical values of
the dye concentrations, [D*], [D,] and [D, ], to be calcu-
lated. An example of the resolution of the fluorescence of
R123 in DPPG vesicles at [lipid] =4 X 10> M is presented
in Fig. 4. Titration of the dye solutions with vesicles (Figs.
2 and 3) reveals an increase in the magnitude of the fluores-
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Fig. 3. Some typical fluorescence spectra of R123 and R6G dyes (1.6X 10~° M) in aqueous solutions (pH 7, Ag, =480 nm) and in the presence of various

< oncentrations of DPPG and DPPS lipids (in mM).

cence change due to the vesicles (Agy, max and intensity) as
tie [D]/[ves] ratio decreases. As has been frequently
cbserved, this indicates that the vesicles are progressively
saturated with dye through a succession of multiple equilibria
tetween the ligands and the vesicles.

5 3. The quantitative interaction model

We wish to find, in terms of the known or measurable
quantities of the total dye concentration and the total lipid
¢ oncentration, the respective concentrations of the D™, D,
and Dy_forms. The statistical framework which enables us to
reat and gain insight into the features of ligand interactions
a: equilibrium is well documented [23]. Similar to organized
nuacrosystems, negatively charged vesicles of DPPG and
['PPS possess a number of sites for interaction with R123
a1d R6G ligands. Such interaction involves the reversible
binding of the dyes to the lipids of the vesicles in a multiple
equilibria process. Theoretically, we may write for each equi-
librium [24] the successive (i) individual reactions and cor-
responding association constants of a cooperative stepwise

- _ . 30 w.
(g !~:;:('- --':.. .':::n-‘:". A .
E WR = NI .,;.":\,7%'( *iq“'. .._"_"w."' g 0 nv.
Z R Yok t J-
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A
: / A\
z }’,»’é\ » R123/DPPG
w i \ \
2 :
= f} e \ "ﬂ‘
: VAN
f ,."/ \k *,
e
""‘i"" 1 " L
500 550 600 650
A (nm)

Fig. 4. Resolution patterns of the fluorescence spectrum of R123 (1.6 X 10~
M) in the presence of [DPPG]=4X10"° M (curve A). The composite
spectrum A is resolved into a 64% participation of the D, aggregated form
(curve B) and a 36% participation of the D, species bound to the lipids
(curve C). Superimposed over the fluorescence curves is the autocorrelation
function WR of the residuals.
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Fig. 5. Scatchard plots of [D,]{lipid]/{D_] vs. [D,] for the binding of
R123 (A) and R6G (B) dyes with DPPG and DPPS phospholipid vesicles.
[D,], [D,] and 7 represent the concentration of the aggregated species, the
concentration of the bound dye and the average number of binding sites per
lipid molecule respectively. Open symbols refer to the Scatchard plots
(DPPG) obtained at low [ves] from the resolution method, and filled sym-
bols represent the Scatchard plots obtained directly at high [DPPG] from
the ratios of the fluorescence surfaces (see text).

association model. There will be n!(n— i) !i! ways of arrang-
ing the i occupied and (n —i) unoccupied sites for the lipids;
however, since the number of these equilibria is indefinite, it
is neither experimentally possible nor desirable to determine
the concentrations of the individual species in such an equi-
librium mixture. Rather, a simple description of the system
can be obtained if the sites are identical and independent
[25]. Thus a reasonable description of the dye—vesicle inter-
action is a reversible binding mechanism possessing a dis-
crete number of binding sites. Each site has the same affinity
for the ligand, and the occupation of one site has no effect on
the binding to another site (identical and independent site

model). The increase in Dy binding as a function of [lipid]
is thus described by the simple equilibrium

Kp
D,+L & D_ (2)

where L represents the equivalent binding site per lipid mol-
ecule, D, is the aggregated form of the dye on the vesicles
and K, = [D]/[L][D,] is the apparent equilibrium binding
constant. The term ‘‘binding site’’, while usually reserved to
describe the saturable interaction of ligands with structural
pockets of enzymes or proteins [26], does not imply a spe-
cific interaction; instead, it is used as a convenient mathe-
matical idea to set a limit to the number of dye molecules that
can bind to a single vesicle, since saturation of lipid mem-
branes by hydrophobic ions has been reported frequently
[27].
The total concentration of sites [ L] is expressed as

[Llr=[L] + [D¢] =nr[lipid] (3)

where 7i represents the average number of equivalent binding
sites per lipid molecule. To express the extend of binding, the
expression [D,][lipid]/[D,] is plotted vs. [D,] (Eq. (4))

[D,][lipid]/[Dy]) = 1/7Kp+ [D,1/7 4)

Straight lines result from the titration of R123 and R6G dyes
with DPPG and DPPS lipid vesicles (Fig. 5) in these Scat-
chard plots.

Corresponding n and Ky, values are given in Table 2, where
n is the number of sites per vesicle (n=3007), and were
deduced from the slopes and intercepts obtained in linear
least-squares fits. In agreement with observations for com-
parable molecules [28], our results are consistent with the
formation in the Sy state of D, non-fluorescent self-aggregates
at the interface of DPPG and DPPS vesicles. Both DPPS and
DPPG systems provide microdomains for the favoured aggre-
gation of R6G and R123, but the aggregation characteristics
differ depending on the dye-lipid pairs and noteworthy dif-
ferences are observed in the numerical values of n.

With DPPS, values of n=14 (R123) and n=24 (R6G)
are associated with typical red shifts of Agyomax ON titration
by vesicles. The resolution treatment and use of Eq. (4) allow
these values of n (Table 2) to be determined; they agree with

Table 2
The average number n of equivalent binding sites per vesicle and the cor-
responding association constant K7, of ligands per lipid molecule (Eq. (2))

Vesicle R123 R6G
n Kp (M) n Kp (M)
DPPG 36" 7.95x 108 6° 9.34 x10°
53 643 10° 242 3.43x10°
DPPS 14 7.83% 107 24 2.02x10°

® Values measured directly at low [ves] by fluorescence intensities or
fluorescence area ratios.

® Values determined at high [ves] through the resolution method of the
fluorescence spectra.
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the respective ratios ([D]/[ves],,,=50 and [D]/
[ves] <10-14) given in Table 1.

Titration with DPPG vesicles gives two kinds of n values
{denoted n® and n®) depending on the range of lipid concen-
trations used in the experiment. At low vesicle concentra-
tions, [D]/[ves]>56 (R6G) and 67 (R123), the
fluorescence resolution is difficult, but still possible, since
there are variations in the intensity, shape and Ay, max Of the
luorescence spectra as a function of [ ves]; average numbers
n* of binding sites of 53 for R123 and 24 for R6G are deter-
mined. At high vesicle concentrations, [D]/[ves] <56
(R6G) and 67 (R123), neither ashiftin Agy max NOr achange
in the shape of the fluorescence spectra can be detected as a
function of increasing [lipid], only a change in the fluores-
cence intensity. Consequently, average numbers n®=36
(R123) and n°=6 (R6G) of the second type of sites are
measured directly from the fluorescence intensities or area
ratios. These values agree with the concentration ratios [ D]/
{ves] given in Table 1.

At this level of study, the precise location and binding
mechanism vs. aggregation of the rhodamine ligands to the
vesicles are not yet completely understood; these questions
are beyond the scope of this work, but a recent investigation
has given some important insights into the complex interac-
tions of membrane permeable hydrophobic ions with lipid
vesicles [29]. When two Scatchard plots are experimentally
observed, as encountered in the dye titration by DPPG vesi-
cles, this may indicate the presence of two classes of binding
site for the dye in the membrane with different K, values.
Moreover, when the variation is slowly progressive, an alter-
native explanation may be that the magnitude of the apparent
association constant varies as more ion binds due to electro-
static effects. Similar to esterified rhodamines, other cationic
amphipaths, especially those known to self-associate in aque-
ous solution, may develop such electrostatic interactions,
ligand self-association and S, stacking in microdomains of
negatively charged phospholipid vesicles; this may be of
potential interest for the study of fractal dynamics of fluores-
cence energy transfer [30] and electrostatic stabilization in
biomembranes.
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