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Using the spin label method (ESR) it has been shown that biologically active, amphiphilic 
compounds (quaternary ammonium salts -  AS) containing polar heads with single and 
double positive charge caused, at low concentrations, decrease fluidity of liposome mem­
branes formed with egg yolk lecithin (EYL). At higher concentrations an increase in fluidity 
was observed. With compounds having a single positive charge minimum fluidity of mem­
brane structure occurs in the range of 1 to 3%, with compounds containing double positive 
charge -  in the range of 4 -6 % . That effect does not depend on polar head size and length 
of alkyl chains of the AS used. Analysis of the electrostatic interaction between positive 
charges and dipole system suggest that at low ion concentrations the binding energy of the 
system increases, while it decreases at high concentrations. For the model presented, maxi­
mum of binding energy of the system occurs at 3% of positive monovalent ions and at 6% 
of positive divalent ions admixed.

Introduction

It has been found that biologically active, am­
phiphilic compounds, e.g. quaternary ammonium 
salts, caused increased lipid membrane fluidity 
(Podolak et al., 1987; Subczyriski et al., 1988; Podo- 
lak et al.,1988) and exerted destructive effects on 
biological membranes (Cubkova et al., 1981; 
Kleszczyriska et al., 1986; Ancelin and Vial, 1986; 
Lindstedt et al., 1990; Gallova et al.-, 1990; Przestal­
ski and Kuczera, 1992; Balgavy and Devinsky,
1994). In the presence of these compounds the 
rate of ion permeation across lipid membranes in­
creases (Kuczera et al., 1985; Kuczera et a/.,1987; 
Kuczera et al., 1989). Those effects occur at rather 
high concentrations of the compounds studied 
(above 10% mol compound/mol lecithin). Isomaa 
et al.,{ 1989) could show that biologically active, 
amphiphilic compounds (ionic, among others) in­
hibited the process of erythrocyte hemolysis at 
small concentrations and accelerated it at higher 
concentrations.

The objective of the present work was to investi­
gate the biological effect of selected ammonium
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salts (AS) on fluidity of egg yolk lecithin liposome 
membranes, with emphasis on low-concentration 
range, and molecular structure of the compounds.

Materials and Methods

The lipid membranes used in this study were in 
the form of liposomes obtained from fresh hen egg 
yolks lecithin (EYL) in the process of sonication. 
Four compounds which differ in alkyl chain length, 
polarity and size of their polar heads were chosen 
for the investigation, which was performed using 
the ESR spin labels. EYL concentration in a sam­
ple was 0.04 m , and the spin label to EYL molar 
ratio 0.01. Admixtures of the compounds studied 
were introduced to the samples after liposome for­
mation, and their concentration was varied within 
the range of 0-15%  with respect to EYL. The am­
phiphilic ammonium salts (admixtures) used in the 
study can be divided into two groups as far as their 
molecular structure is concerned. Salts of the first 
group are of the structural formula;

(C H ,)3 N+ -  C H ,CO O C 1 0 H ,, + Cl" (V-10) and 
(CH 3 )2 N+ -  CH 2  -  CH 2  -  N+(CH 3 ) 2  + 2C1- (2V-10)

CH 2 COOC,0 H 2 1  CH 2 CO O C 1 0 H 2 1
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These salts have alkyl chains (hydrophobic 
parts) of the same length but different polar heads 
(hydrophilic parts). Compound 2V-10 has two hy­
drophobic chains and a head with double positive 
charge. The molecule of compound V-10 is a frag­
ment of the 2V-10 molecule. It is composed of a 
single hydrocarbon chain and a univalent positive 
polar head.

The second group include salts of the struc­
tural formula:

CH 3
^ ^ ^ ^ C H 2N+ ^ C 12H25 + Br” (DA-12)

Compounds of this group have identical 12-car- 
bon single hydrophobic chain and univalent posi­
tive polar heads of different size. DA-12 has a phe­
nyl substituent with antioxidant properties, 
containing two t-butyl groups, and thus its polar 
head is bigger than that of the BB-12 compound.

Three spin labels were used in the investigation: 
2,2,6,6-tetramethylpiperidine-l-oxyl (TEMPO), 4- 
(2-«-undecyl-3 oxyl-4,4-dimethyloxazolidyn-2-yl) 
butyric acid -  FA(10,3) and 2-(14-carboxytetra- 
decyl)-2-ethyl-4,4-dimethyl-3-oxazolidinyloxyl 
FA(1,14), that penetrate different regions of the 
liposome membranes. The TEM PO spin label dis­
solves in both the hydrophobic part of the mem­
brane and aqueous medium. On the basis of ESR 
spectra the partition parameter F of the label be­
tween the membrane and water medium was de­
termined. Parameter F is defined as ratio of the 
high-field line amplitude of the ESR spectrum of 
a label placed in lipid medium (H) to the sum of 
H and amplitude of the high-field line of label 
placed in aqueous medium (P) -  F = H/H+P  
(Fig. 1). (For the control sample, without admix­
ture of the compounds studied, the partition 
parameter is denoted by Fk and its value is con­
stant). The value of parameter F is connected with 
membrane fluidity. Increase of membrane fluidity 
caused increase of the parameter F (Shimshick 
and McConnell,1973).

Spin label FA(10,3) is localized in the hydropho­
bic part of the membrane, near the lipid bilayer 
surface. Based on the ESR spectra of the label, 
the parameter 2T was determined. Its value is pro­
portional to the order parameter (Scheier et al., 
1978). The order param eter of the spin label gives 
the information on the ordering degree of its 
molecules and molecules of lipid medium. In this 
study increase of the membrane fluidity caused a 
decrease of both the order param eter and parame­
ter 27! The measure of the 2 T param eter is the 
distance between utmost lines of the FA(10,3) spin 
label spectrum (Fig. 2). The value of the parameter 
for the control sample, without admixture of the 
compounds studied, is denoted by 2 Tk (constant 
value).

Spin label FA(1,14), like FA(10,3), is also local­
ized in the hydrophobic part of the membrane, but 
in the middle of the lipid bilayer. On the basis of 
the ESR spectra of this label the t  param eter -  a 
quantity inversely proportional to the rotational 
velocity of the label was determined. This parame­
ter was calculated from ESR spectra using the for­
mula for rotational correlation time (Hem- 
minga,1983) (Fig. 3). The value of param eter t  for 
the control sample is denoted by xk (constant 
value).

For to underline the changes occurring in the 
samples due to the admixtures of investigated 
compounds, the relative values of experimentally 
determined spectroscopic parameters (F/Fk, 277 
27k, x/xk) are discussed.

Results and Discussion

Fig. 1 shows the concentration dependence of 
the relative spectroscopic param eter F (F/Fk) of 
the TEM PO label dissolved in water suspension 
of EYL liposomes containing admixtures of com­
pounds of the first group. As seen in the figure, 
both the compounds cause a decrease in the value 
of the param eter F/Fk (lowered fluidity) at con­
centrations between 1 % and 2 %, whereas for con­
centrations above this range the parameter 
increased (fluidity increased). For concentrations 
higher than 2 % liposome membranes admixed 
with 2V-10 had greater fluidity than those with 
V-10.

Fig. 2 shows the concentration dependence of 
the relative spectroscopic param eter 2T(2T/2Tk)
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Fig. 1. Dependence of relative value of the partition 
parameter F (F/Fk) of TEMPO spin label dissolved in 
water suspension of egg yolk lecithin (EYL) liposomes 
on concentration c of admixtures V-10 and 2V-10 ammo­
nium salts (AS). The figure presents the mean error of 
a measurement series and an ESR spectrum of TEMPO  
label in the samples on inset. Partition parameter F = 
H/H+P, were H and P denote high field line amplitudes 
of TEMPO label placed in the lipid medium (m em ­
brane) (H) and in the aqueous medium (P), respectively 
(inset). The arrow in the inset denotes direction of mag­
netic field. (B) increase. Symbol Fk denotes partition 
parameter F for control sample (without admixture of 
the ammonium salts studied). The value of parameter Fk 
is 0.4 and constant. Measurement temperature was 
22 °C.

of label FA(10,3) embedded in EYL liposome 
membranes containing admixtures from the first 
group. From the figure it follows that compounds 
of that group caused an increase in the value of 
parameter 2T/2Tk at concentrations between 2%  
and 4%, thus indicating lowered membrane fluid­
ity. Above 4%  concentration the parameter de­
creased (fluidity increased). For AS concentra­
tions higher than 4%  fluidity of liposomes 
containing 2V-10 admixtures was higher than that 
for liposomes containing of V-10. These results are 
in qualitative agreement with those obtained using 
the TEMPO spin label.

Fig. 3 shows the concentration dependence of 
the relative spectroscopic parameter x (x /x k) of la­
bel FA(1,14) embedded in EYL liposomes con­
taining admixtures of compounds of the first 
group.

It follows from Fig. 2, in the internal of small 
concentrations ranging from 2% to 6 %, the x/xk 

param eter reaches its largest value for both the 
compounds of this group (the membrane fluidity 
reaches a minimum value). For concentrations 
higher than 6 % the value of x/xk parameter 
decreases (the membrane fluidity increases). Simi­
larly as for TEM PO and FA(10,3) spin labels 
(Figs. 1 and 2) in the range of AS concentrations 
higher than 6 %, the FA(1,14) spin label indicated 
that the fluidity of liposome membranes containg 
of the 2V-10 compound is greater than that for 
liposome membranes doped with the V-10 
compound.

The FA(10,3) and FA(1,14) spin labels built into 
the liposome membranes indicate that the mini­
mum of fluidity for membranes doped with 2V-10 
compound (double positive polar head) is shifted 
towards higher concentrations (4% -  6 %) with re­
spect to the fluidity minimum observed in the case 
of V-10 admixtures (single-charged polar heads),

C [ mol compound I mol EYL ]

Fig. 2. Dependence of relative value of parameter 2 T 
(2T/2Tk) of FA(10,3) spin label embedded in EYL lipo­
some membranes on concentration c of V-10 and 2V-10 
admixtures. The figure presents mean error of a mea­
surement series and an ESR spectrum of FA(10,3) label 
in the samples, on inset. The arrow in the inset means 
direction of magnetic field (B) increase. Parameter 2T 
denotes the distance between utmost lines of the 
FA(10,3) spin label spectrum (inset). Symbol 2 Tk de­
notes parameter 2 T  for control sample. The value of 
parameter 2 Tk is constant and equivalent to 24.9 gauss. 
Measurement temperature was 22 °C.
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C [ mol compound / mol EYL ]

Fig. 3. Dependence of relative value of parameter x (xx^) 
of FA(1,14) spin label embedded in EYL liposome 
membranes on concentration c of admixtures V-10 
and 2V-10. The figure presents mean error of a measure­
ment series and an ESR spectrum of FA(1,14) label 
in the samples, on inset. Parameter x = 5.59 AB0 
( \  /()//+i + Jlo/I - 1  -  2)~10 s (Hemminga. 1983), where 
ZlB0 means the peak-to-peak linewidth of the center line 
of ESR spectrum (in gauss); 7+1, / 0, 7_t -  amplitudes of 
the low, center and high magnetic field lines respectively 
(inset). The arrow on the inset denotes direction of mag­
netic field (B) increase. Symbol xk denotes parameter x 
for control sample. The value of parameter xk is constant 
and equivalent to 4.2 ns. Measurement temperature 
was 22 °C.

occurring within the concentration interval 1 % -  
2%. In the case of liposome membranes studied 
using the TEMPO label this effect has not been 
observed.

Fig. 4 shows how the spectroscopic param eter 
F/Fk of the TEMPO label dissolved in water sus­
pension of EYL liposomes depends on the con­
centration of admixtures of the second group 
(DA-12 and BB-12). For both compounds DA-12 
and BB-12, the greatest decrease of the param eter 
F/Fk (decreased liposome membrane fluidity) oc­
curs in the concentration interval ranging from 1 % 
to 2%; above that concentration range the F/Fk 
parameter increases (membrane fluidity in­
creases). In the low concentration range com­
pound DA-12 has been proved to be the more 
active, while for BB-12 the same is true for 
higher concentrations.

Fig. 5 presents the dependence of the spectro­
scopic param eter t / t k of label FA(1,14) embedded 
in liposome membranes on the concentration of 
admixtures of the second group (DA-12 and BB- 
12). For both AS added to liposomes the value of 
parameter x/xk reached its maximum values (mini­
mum membrane fluidity) at a concentration be­
tween 1% and 2%. Above 2%  the parameter 
value decreased (membrane fluidity increased).

The occurrence of minimum fluidity of liposome 
membranes, studied, at low concentrations of the 
AS may be due to the electrostatic interaction be­
tween the polar heads of the hydrophobic mem­
brane layer. EYL molecules introduce into the 
layer the large, positively charged choline groups 
and negatively charged phosphate groups that 
make the polar heads to become electric dipoles. 
These dipoles are located at very small angles (4°) 
to the membrane surface (Raudino and Mauzerall, 
1986), with a distance of 0.6 nm between the cho­
line and phosphate groups (Barratt and Lagg- 
ner,1974). The polar heads of the AS studied intro­
duce a single charge into the hydrophilic part of 
the membrane (V-10, BB-12 and DA-12) or 
double positive charge (2 V-1 0 ).

Fig. 4. Dependence of relative value of parameter 
x (x/xA) of FA(1,14) label embedded in EYL liposome 
membranes on concentration c of admixtures DA-12 and 
BB-12 (xA. = 4.2 ns). The figure indicates mean error of 
a measurement series. Measurement temperature was 
22 °C.
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C [ mol compound / mol EYL ]

Fig. 5. Dependence of relative value of the partition 
parameter F/Fk of TEMPO label dissolved in water sus­
pension of EYL liposomes on concentration c of admix­
tures DA-12 and BB-12 (Fk = 0.5). The figure indicates 
mean error of a measurement series. Measurement tem­
perature was 22 °C.

In the present work an analysis of electrostatic 
interaction in a system of dipoles admixed with 
positive single and double electric charges has 
been performed. A very simple model was applied 
in the analysis used earlier (Podolak et al., 1994). 
That model contains N=100 electric dipoles, 0.6 nm 
long, aligned on a straight line. It was arbitrarily as­
sumed that the distance between them is 1 . 2  nm.

Using a computer programme of our own writ­
ten in TURBO-PASCAL, we have calculated the 
binding energy per one dipole as dependent on 
admixture of single and double positive charges. 
The idea of the programme was to calculate the 
electrostatic interaction energy between a dipole 
and the positive and negative charges of the re­
maining (N -l) dipoles. The energy of elementary 
interaction between any two charges can be ex­
pressed as E = + /-  k q xq 2/r, with “+” for charges 
of the same sign, for charges of different sign, 
where k -  coefficient, q x and q2 - charges value, 
r -  distance between charges. Total energy of the 
linear alignment of dipoles is equal to the sum of 
interaction energy between N  dipoles.

The algorithm used in the programme assumes 
single mutual interaction between the dipoles. The 
programme spreads the admixed ions uniformly 
along the linear chain of dipoles and calculates the 
energy of the dipole system with admixtures, and 
the mean energy per dipole using the iteration 
method. The programme needs to be fed with the 
number of dipoles (N ), length of a dipole, distance 
between dipoles in the chain, number and charge 
of admixed ions. The results of calculations are 
presented in Table I. The calculations show that 
the binding energy of the dipole system increases 
with increasing admixture concentration and 
reaches a maximum at 3% concentration of posi­
tive univalent charges and 6 % concentration of 
positive divalent charges. For concentrations

Table I. Binding energy per dipole.

Admixture Single positive charge Double positive charge
concentration - E E/Ek - E E/Ek
[%] [eV] [eV]

0 0.91512 1.0000 0.91512 1.0000
1 0.91603 1.0010 0.92621 1.0121
2 0.91689 1.0019 0.93721 1.0241
3 0.91724 1.0023 0.94623 1.0340
4 0.91700 1.0020 0.95301 1.0414
5 0.91612 1.0011 0.95732 1.0461
6 0.91446 0.9993 0.95876 1.0477
7 0.91209 0.9967 0.95737 1.0462
8 0.90903 0.9934 0.95357 1.0420
9 0.90497 0.9889 0.94580 1.0335

10 0.90016 0.9837 0.93541 1.0222
12 0.88767 0.9700 0.90324 0.9870
15 0.86120 0.9411 0.82787 0.9047

£-binding energy per dipole. £ A.-binding energy per dipole for a 
system without uncompensated charge.
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higher than the above mentioned, the binding en­
ergy decreases with increasing concentration of 
the charges. The results of calculations (Table I) 
are in good agreement with experimental results 
(Figs. 1 -5). Thus, one can expect that the ob­
served changes in fluidity of EYL liposome mem-
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