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The ability of the fluorescent pH indicator 4oheptadecylumbelliferone to detect the electrical potential at the sur- 
face of negatively charged liposomes, was investigated. The vesicles were prepared from mixtures of egg lecithin 
and dicetyl phosphate at different molar ratios in NaCI solutions of various concentrations. It has been found that 
the dependence of the experimental surface potential on the proportion of charged lipid in the vesicles and on the 
salt concentration in the aqueous phase, was very similar to the predictions of the Gouy-Chapman equation as 
calculated by assuming a reasonable value for the mean molecular area of the lamellar lipids. In view of the good 
correlation obtained between the experimental and theoretical results, it is concluded that 4-heptadecylumbel- 
liferone is quantitatively sensitive to changes in double-layer potential at the surface of lipid vesicles. 

Introduction 

Natural membranes bear net surface charge due to 
the presence of ionized groups in their lipids and pro- 
teins [ 1 ]. The separation existing between these fixed 
charges and the free ions dissolved in the aqueous 
phase surrounding the membrane, gives rise to an 
interfacial electric field which determines a surface 
potential [2]. 

A large number of biological phenomena, ranging 
from cell-cell adhesiveness and fusion to membrane 
permeability, are influenced by the surface potential 
[1,3]. As a consequence, many attempts have been 
made to measure this parameter [4-7] .  

In recent years a method using the lipoid pH indi- 
cator 4-heptadecylumbelliferone has proved useful 
for surface potential estimations of simple structures 
such as monolayers and micelles [8,9]. The present 
work represents a further step towards the use of the 
indicator method in natural membranes. It describes 
an investigation of the ability of 4-heptadecylumbel- 
liferone to sense the surface potential of liposomes, a 
model system closely related to biological mem- 

branes. The measurements of surface potential were 
obtained through studies of the dissociation behavior 
of the dye bound to negatively charged lipid vesicles 
prepared from mixtures of egg lecithin and dicetyl 
phosphate at different molar ratios in media contain- 
ing various salt concentrations. 

The liposome surface potentials were also esti- 
mated theoretically according to the Gouy-Chapman 
equation. A comparison of the experimental and 
theoretical results is presented. 

A preliminary account of this work has been pres- 
ented elsewhere [10]. 

Characteristics of the acid-base indicator 

The interfacial pKo characterising the dissociation 
of an acid base indicator located at a neutral surface, 
can be obtained by measuring its dissociation degree 
(a) and the bulk pH (pHb) of the solution surround- 
ing the membrane [9]: 

PKo = pHb -- log(a](1 -- a)) (1) 

If the surface carries net charge, the apparent pK 
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of the indicator will be shifted with respect to the 
value at the neutral interface [9] : 

pKch = pKo - (qJF/2.3RT) (2) 

where PKch is the apparent pK of the indicator at the 
charged interface; ~ is the surface potential; R, F and 
T are the gas constant, Faraday constant and absolute 
temperature, respectively. 
Rearranging: 

= - ( P K c h  - p r o ) "  2.3RT/F (3) 

The surface potential can be obtained by introduc- 
ing in Eqn. 3 the values of pKch and pKo as deter- 
mined through the use of an appropriate indicator 
[9].  

The acid-base indicator employed in this work is 
the dye 4-heptadecylumbelliferone (4-heptadecyl-7- 
hydroxyeoumarin) which is insoluble in water but 
soluble in media of lower polarity. This property 
makes possible a complete incorporation of the dye 
into membranes in contrast to the water soluble, 
chainless umbelliferone [9,11] which is only partially 
incorporated. It can be presumed that the amphi- 
pathic character of 4-heptadecylumbelliferone leads 
to an orientation of the dye when located at mem- 
branes: The long alkyl chain penetrating the hydro- 
phobic region and the polar, fluorescent moiety, 
pointing towards the lipid-water interface [12]. 

4-HeptadecylumbeUiferone can be used as an acid 
base indicator because only the basic form (resulting 
from the dissociation of the hydroxyl group) fluores- 
ces at 452 nm when excited at 377 nm, the fluores- 
cence being proportional to the dissociation degree. 
Therefore, the pK can be obtained from fluorescence 
and pH measurements. 

By studying the dissociation of 4-heptadecylum- 
belliferone in charged and neutral liposomes, the sur- 
face potential of the charged vesicles can be deter- 
mined. 

Experimental 

Procedure for the determination of liposome surface 
potentials 

Unilamellar lipid vesicles were prepared by the 
injection method [13,14] in aqueous solutions of 

NaC1 from mixtures of zwitterionic egg lecithin and 
negatively charged dicetyl phosphate at different 
molar ratios. The indicator was added to the lipid 
mixture dissolved in ethanol prior to preparing the 
liposomes. The ratio of indicator molecules to lipid 
molecules was 1 : 1,500. 

Titration of the indicator incorporated to lipo- 
somes was performed in the pH range 5.50-12.50, 
by adding small aliquots of a concentrated aqueous 
solution of NaOH to the lipid dispersion. After each 
addition, the bulk pH and the fluorescence of the 
sample were recorded. For the determination of bulk 
pH, a Radiometer pH meter Model 22 equipped with 
a combination electrode (glass/Ag-AgC1) was used. 
Fluorescence measurements were made with an 
Aminco Bowman spectrophotofluorometer by excit- 
ing at 377 nm and detecting the emission at 452 nm 
(uncorrected wavelengths). Excitation and emission 
slit widths equivalent to 5.5 nm bandpass were used. 
The temperature was kept constant at 295 K. 

To determine the dissociation degree (a) of the 
indicator at different pH values, the fluorescence 
measured at each pH was divided by the fluorescence 
at high pH (12.50) where all the dye is dissociated. In 
this way, curves of dissociation degree as a function 
of bulk pH, were obtained. The apparent pK values 
were taken from these curves, as the pH values corre- 
sponding to a = 0.50, according to the Henderson- 
Hasselbach equation [9]. 

This procedure was applied to negatively charged 
liposomes made of different molar ratios of lecithin: 
dicetyl phosphate, and to neutral, pure egg lecithin 
liposomes, in media containing various concentra- 
tions of NaC1. The apparent pK values thus obtained 
were introduced in Eqn. 3 to calculate the surface 
potentials. 

Materials 
Egg yolk lecithin purchased from Sigma Chemical 

Co. was purified by column chromatography on 
alumina [15]; thereafter its purity was checked by 
thin layer chromatography. The purified lecithin was 
quantified by determining its phosphorous content 
[16]. Dicetyl phosphate from ICN Pharmaceuticals 
Inc. was used as received. The indicator 4-heptadecyl- 
umbelliferone was a gift from P. Fromherz. All other 
reagents were analytical grade. Glass redistilled water 
was used throughout. 



Results and Discussion 

The circles in Fig. 1 represent the experimental  
values of  surface potential  for vesicles of  egg lecithin- 
dicetyl phosphate in NaC1 solutions. I t  can be seen 
that the magnitude of  the potential  increases with the 
concentrat ion of  dicetyl phosphate in the vesicles. 

The potentials are also dependent  on the salt concen- 
trat ion in the aqueous phase, the values at 0.010 M 
NaC1 being more negative than those at 0.100 M salt. 

The screening effect of  electrolytes on surface po- 
tential is best appreciated in Fig. 2 where the tri- 
angles indicate the experimental  values obtained for 
lecithin vesicles containing a constant propor t ion of  
dicetyl phosphate (8 reel%) in NaC1 solutions of  vari- 
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Fig. 1. Surface potential of egg lecithin-dicetyl phosphate 
liposomes in aqueous solution of NaC1 as a function of the 
molar percentage of dicetyl phosphate in the vesicles. The 
circles represent the experimental surface potentials obtained 
with the indicator 4-heptadecylumbelliferone at two differ- 
ent NaC1 concentrations: 0.010 M (o) and 0.100 M (o). The 
lines are the theoretical potentials computed according to the 
Gouy-Chapman equation using the surface charge densities 
shown in the top scale; these charge densitites were estimated 
for vesicles containing the dicetyl phosphate concentrations 
specified in the bottom scale by taking a value of 0.72 nm 2 
for the lipid mean molecular area; salt concentrations were 
0.010 M ( ) and 0.100 M ( -  - - ) ;  T, 295 K. 

25 

- I 0  

E 

- - 2 0  

h- 
z 
t a  - 3 0  
I-- 
0 
ft. 

w 
t )  - 4 0  

n,, 

to - 5 0  

- 6 0  

Fig. 2. 

/f 

I I I I 
O. I 0 .2 0.3 0.4 

NaCI (M) 
Surface potential of egg lecithin-dicetyl phosphate 

liposomes as a function of the concentration of NaC1 in the 
aqueous phase. The concentration of dicetyl phosphate in the 
vesicles was kept constant at 8 mol%. The triangles represent 
the experimental surface potentials obtained with the indica- 
tor 4-heptadecylumbeUiferone. The line shows the depen- 
dence of the calculated theoretical Gouy-Chapman potentials 
on salt concentration. The surface charge density of the vesi- 
cles was estimated to be -1.78 " 10 -2 C " m -2 by assuming a 
lipid mean molecular area of 0.72 nm 2. T, 295 K. 

able concentration. I t  can be observed that  the mag- 
nitude of  the potential  becomes smaller as the salt 
concentration increases. 

For  the sake of  comparison, the Gouy-Chapman 
theory of  the diffuse double layer [1,2] was also used 
to estimate liposome electrical potentials.  Although 
this theory was developed for plane surfaces and large 
errors are involved if  its predictions on the spatial 
variation of  the potential  are extrapolated to curved 
interfaces, very small discrepancies are found it only 
the potential  at the surface is considered [4]. This 
was actually the theoretical l iposome potential  
needed in the present study since the comparison was 
to be made with the experimental  results obtained by 

use of  an indicator strongly bound to the liposome 
membrane [9]. 

The electrical potential  at the surface (~)  is given 
by the following equation, according to the Gouy- 
Chapman theory:  

= 2 kT .  s inh- ' [  oe ] (4) 
e \ ~/8ereockT / 
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k being the Boltzman constant, T the absolute tem- 
perature, o the surface charge density, e the elec- 
tronic charge, er the aqueous dielectric constant, eo 
the permittivity of  free space and c the concentra- 
tion of  uni-univalent electrolyte. The use of  this 
equation required a previous estimation of  the lipo- 
some surface charge densities which was carried out 
using the expression: 

-Pc  
o - -  - -  ( 5 )  

1 0 0 A  m 

where p is the molar percentage of  dicetyl phosphate 
in the egg lecithin-dicetyl phosphate liposomes, e the 
electronic charge and Am the lipid mean molecular 
area which in all cases was taken as 0.72 nm 2. This 
value has been found for egg lecithin lamellar phases 
in excess water at 24°C by X-ray diffraction [17]. 
The approximation of  taking a constant Am was 
necessary since to the author's knowledge there are 
no reported data for the mean molecular areas of  egg 
lecithin-dicetyl phosphate in lamellae. It was also 
assumed that the propotion of  charged lipid is the 
same in both the outer and inner layers of  the vesicles 

[41. 
The results of  the Gouy-Chapman potential com- 

putations are shown by the lines in Figs. 1 and 2. It 
can be observed that, in general, there is good agree- 
ment between the experimental and theoretical val- 
ues, the largest deviations appearing for vesicles con- 
taining the higher proportions of  the charged lipid in 
media of- low salt concentrations. Nevertheless, the 
deviations are smaller than 10 mV. 

The small discrepancies found between the experi- 
mental and Gouy-Chapman potentials may be due in 
part to the approximation of  taking a constant value 
for Am which implies to disregard the possible influ- 
ences of  salt concentration and ratio of  dicetyl phos- 
phate to lecithin on the lateral packing of  the lipid 
lamellae. It is evident from examination of  Eqns. 
4 and 5 that if the assumed Am were larger than the 
actual value, the magnitude of  the theoretical poten- 
tial would be underestimated whereas if an A m smal- 
ler than the real mean molecular area were chosen, 
the magnitude of  the theoretical potential would be 
overestimated. More precise theoretical predictions of  

would be obtained if the actual mean molecular 
areas for lamellar egg lecithin-dicetyl phosphate mix- 
tures in NaC1 solutions at the concentrations used in 
this work, were available. It should be mentioned, 
however, that some of  the deviations could also arise 
from the adsorption of  sodium to the negative 

charges of  the vesicles [ 18]. 
The good correlation obtained between the experi- 

mental and theoretical estimations of  surface poten- 
tial indicates that 4-heptadecylumbelliferone is 
quantitatively sensitive through its dissociation beha- 
viour, to changes in double layer potential at the sur- 
face of  negatively charged liposomes. 

It could be expected that the indicator method 
should also prove useful in sensing surface potentials 
of  natural membranes. 
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