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The alterations caused by betalne-type zwitterionic and 
anionic surfactant mixed systems in the permeability of 
unilamellar liposomes have been investigated. The parti- 
tion coefficient of these systems, at different molar frac- 
tions, between the aqueous phase and the lipid bilayer of 
liposomes has been determined. These surfactant mixed 
systems were formed by N-dodecyl-N,N-dimethylbetalne 
(C~-Bet) and sodium dodecyl sulfate (SDS) in the presence 
of 20 mM PIPES buffer and 110 mM Na2SO4, at pH 7.21. 
UnilumeUar liposomes were prepared from egg phospha- 
tidylcholine and phosphatidic acid (9:1 molar ratio). The 
release of the fluorescent agent 5-(6)carboxyfluorescein in- 
duced by the systems has been studied at sub-solubilizing 
concentrations. When the molar fraction of C12-Bet/SDS 
is about 0.4, the critical micelle concentration values of 
these systems exhibit a minimum, whereas their partition 
coefficient between the aqueous phase and lipid bUayer of 
lipid bilayers shows a maximum. There is a consistent cop 
relation between the partition coefficient and the ability 
of the different systems of surfactants to modify the per- 
meabUity of liposomes. 

tions, generally an equilibrium partition of surfactants be~ 
tween the bilayer and the aqueous medium governs the in- 
corporation of surfactant into the bilayer (13). This parti- 
tion coefficient is defined as the relationship between the 
surfactant concentration in the lipid bilayer per mol of lipid 
and in the surrounding aqueous medium (11,13}. 

In a recent paper, we reported (14) the partition coeffi- 
cients of different surfactants, including N-dodecyl-N,N- 
dimethylbetaine (C12-Bet) and sodium dodecyl sulfate 
(SDS), when each surfactant interacted individually with 
unilamellar liposomes. The influence of alkyl chainlength of 
alkyl betaines on this parameter has also been reported (15). 
Both investigations were based on the measurement of the 
release of half of the 5-(6)carboxyfluorescein dye from the 
interior of liposome vesicles. In the present study, we ex- 
tend this investigation to mixed-system solutions of both 
surfactants to study the capacity of these systems to alter 
liposome permeability. This knowledge could be useful in 
improving our understanding of the synergism in these 
binary systems~ and in establishing a criterion for the evalua- 
tion of their activity on phospholipid vesicles. 

KEY WORDS: Carboxyfluorescein release, interaction liposome- 
(dodecyl betaine/sedium dodecyl sulphate) mixed systems, partition 
coefficients, permeability changes, unilamellar liposomes. 

Zwitterionic surfactants display strong interaction or com- 
plex formation with anionic surfactants in aqueous solutions 
(1). The effect of the micellar solution phase of these sur- 
factant mixtures in avoiding or at least reducing the level 
of anionidpmtein interaction has been suggested by several 
workers as a way of slowing down the irritation potential 
of anionic surfactants (2,3). Indeed, reduction in skin irrita- 
tion by anionics has been reported in the presence of dif- 
ferent amphoteric surfactants (4). Moreover, zwitterionic sup 
factants have been used as boosters of several anionic sup 
factants in industrial applications, and their mixed proper- 
ties have been reported (5,6). 

Liposomes are aqueous lipid dispersions organized as 
bilayers of lipid molecules and are widely used as simplified 
models of biological membranes (7-9). Knowledge of the 
physicochemical process involved in the interaction between 
surfactants and phospholipidlc vesicles is of great interest 
because it can provide useful information for improving our 
understanding of the complex interactions between human 
skin and surfactants. Liposome-surfactant interaction leads 
to rupture of liposomic structures and to solubilization of 
the phospholipid components v/a mixed surfactant-phosph~ 
lipid miceUe formation (10). At sub-solubilizing concentra- 
tions, surfactants are incorporated into the phospholipid 
bilayers, where they bring about changes in physical pro- 
perties (11,12}, ag., bilayer permeability. At such concentra- 
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EXPERIMENTAL PROCEDURES 

Materials. Phosphatidylcholine (PC) was purified from egg 
lecithin (Merck, Darmstadt, Germany) according to the 
method of Singleton et al. (16) and was shown to be pure 
by thin-layer chromatography. Phosphatidic acid (PA) 
from egg yolk lecithin was purchased from Sigma Chemi- 
cal Co. {St. Louis, MO). Both lipids were stored in 
chloroform under nitrogen at -20°C until use. C12-Bet 
was specially prepared by Albright and Wilson, Ltd. 
(Warley, West Midlands, United Kingdom); the active mat- 
ter was 30% in aqueous solution, and the amino free con- 
tent was 0.20%. SDS was obtained from Merck and fur- 
ther purified by a column chromatographic method (17). 
Piperazine-l,4-bis(2-ethanesulfonic acid) (PIPES buffer), 
obtained from Merck, was prepared as 20 mM PIPES ad- 
justed to pH 7.2 with NaOH, containing 110 mM 
Na2SO4. Polycarbonate membranes and membrane 
holders were purchased from Nucleopore (Pleasanton, CA). 
5-(6)Carboxyfluorescein (CF) was obtained from Eastman 
Kodak (Rochester, NY) and further purified by a column 
chromatographic method (18). 

Preparation of unilamellar liposomes. Unilamellar vesi- 
cles of defined size (100 nm) were prepared by the extru- 
sion of large unilamellar vesicles obtained by the reverse- 
phase evaporation method {19,20) based on protocol de- 
scribed earlier by Szoka and Papahadjopoulos (21). A 
lipidic film was formed by removing the organic solvent 
by rotatory evaporation from a chloroform solution of egg 
PC and PA (9:1 molar ratio). 

The lipids were then redissolved in diethyl ether, after 
which the PIPES buffer containing 10 mM CF was added 
to the etheral solution of phospholipids. Gentle sonica- 
tion led to the formation of a water-in-oil (W/O)-type emul- 
sion. After evaporating the diethyl ether under reduced 
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pressure, a viscous gel was formed. Elimination of the final 
traces of organic solvent transformed the gel into a 
liposome suspension. 

Unilamellar vesicles (of a uniform size distribution) were 
obtained by successive extrusion of vesicle suspensions 
through 800, 400, 200 and 100 nm polycarbonate mem- 
branes (22). Vesicles were freed of unencapsulated material 
by separation through Sephadex G-50 (Pharmacia, Upp- 
sala, Sweden) by column chromatography. All liposomes 
were allowed to equilibrate for at least 1 h at room temper- 
ature. The range of phospholipid concentration in the 
liposome suspensions studied was 0.1-1.0 mM. 

Phosphorus estimation. The phospholipid concentration 
of the liposome vesicles was determined by the ascorbic 
acid spectrophotometric method for total phosphorus 
estimation (23). 

Surface tension measurements. Surface tension values 
were measured by the plate method (24) with a Krtiss ten- 
siometer (processor tensiometer K-12), which directly 
determines the real surface tension values at equilibrium. 
The critical micelle concentrations (CMC) of C~2-Bet/SDS 
mixed systems in PIPES buffer were determined by plot- 
ting surface tension values vs. the logarithm of surfac- 
tant concentrations. 

Quasi-elastic light scattering. The mean vesicle size and 
polydispersity of unilameUar liposome preparations were 
determined by a photon correlator spectrometer (Malvern 
Autosizer IIc, Malvern, England). Samples were adjusted 
to an adequate concentration range with PIPES buffer. 
The measurements were made at 25°C and at a scatter- 
ing angle of 90 ° 

Monitoring the release of CF from liposomes. Liposomes 
containing concentrated CF in the interior of the vesicles 
hardly fluoresce, but fluorescence strongly increases when 
CF is released from the interior into the bulk aqueous 
phase (25}. Therefore, permeability changes in liposomes 
induced by surfactants can be determined by monitoring 
the increase in the fluorescence intensity of the liposome 
preparations due to the CF liberated (26,27). Fluorescence 
measurements were run on a Shimadzu RF-540 spectro- 
fluorophotometer equipped with a thermoregulated cell 
compartment (Kyot~ Japan) at an excitation wavelength 
of 495 nm and emission of 515.4 nm. 

The general procedure to assess the effect of surfactants 
on the release of liposomal content consists of treating 
aliquots of liposomes in buffered medium (loaded with CF) 
with identical volumes of buffered solution containing dif- 
ferent concentrations of C~2-Bet/SDS mixed systems. 
Afterwards, the proportion of the fluorescent dye released 
is measured. The amount of released CF at the emission 
wavelength of 515.4 nm is calculated by means of the 
following equation (14): 

I t -- I o 
% CF release - - -  X 100 [1] 

I =  - I o 

where I o is the initial fluorescence intensity of the CF- 
loaded liposome suspension in the absence of surfactant, 
and I= is the fluorescence intensity after destroying the 
liposomes by addition of Triton X-100 (60 ~L of 10% vol/vol 
aqueous Triton X-100 solution to 2.0 mL of liposome sus- 
pension). I t corresponds to the fluorescence intensity at 
the same wavelength measured 40 min after adding the 
surfactant solution to the liposome suspension. 

Partition coefficients. To compare results from different 
mixed surfactant systems, a simple parameter is required. 
Throughout this study, we used a partition coefficient of 
surfactant between lipid bilayer and aqueous medium, 
defined as (11,13): 

SB/PL 
K -  

Sw 
[2] 

where Sw and SB are concentrations of surfactant in the 
aqueous medium and bilayer, respectively, for a system 
containing PL (mM phospholipids). Defining the effective 
ratio of surfactant to PL, Reff, as the ratio between sur- 
factant concentration into bilayers (SB) and the total PL 
concentration of liposomes (PL), it follows that: 

Reff 
K -  

Sw 
[3] 

Partition coefficients were determined experimentally 
by plotting surfactant concentrations resulting in a half- 
maximal value of CF release vs. liposome PL concentra- 
tion. A linear relationship is established, which can be 
described by the following equation: 

S T = S w -~- Ref f X (PL) [4] 

where the effective surfactant-to-PL molar ratio Reff and 
the aqueous concentration of surfactant Sw are, respec- 
tively, the slope and the ordinate at the origin (zero PL 
concentration). The ST parameter is the total surfactant 
concentration (mM). 

RESULTS AND DISCUSSION 

CMC. Figure 1 shows the surface tension as a function 
of total surfactant concentration for C,2-Bet/SDS mixed 
systems. The surface tension values for various molar frac- 
tions decrease with increasing total surfactant concentra- 
tion, but these systems show a minimum in the vicinity 
of the CMC. Such a minimum has also been reported (5,28) 
for zwitterionic-anionic mixed systems. The surface ten- 
sion at the CMC (TCMC) can be used as one of the criteria 
of surface activity (29), where the lower the YCMC, the 
higher the surface activity of the system. In the mixed 
surfactant system studied, the )'CMC value for a 0.4 molar 
fraction of zwitterionic surfactant is 25.4 mN m-L Fur- 
thermore, the reduction in surface tension is larger for the 
mixed systems than for the single surfactant. 

When plotting CMC values against the molar fraction 
of zwitterionic surfactant (Fig. 2), the CMC values of 
mixed systems decrease with increasing Xzwitte r and then 
show a minimum at X,wit~r = 0.4. The CMC values of 
each mixed system are given in Table 1. 

If the mixed micelle were ideal, the CMC values would 
fall on the line predicted by the relationship (30): 

1 X 1- -X 
- + - -  [ 5 ]  

C12 CI C2 

where C12 is the CMC for the mixed micelle system of 
surfactants 1 (C12-Bet) and 2 (SDS); C1 is the CMC of 
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FIG.  1. Plots  of surface tension against  to ta l  sur fac tan t  concentrat ion for different molar fractions of zwit- 
terionic sur fac tan t  in N-dodecyl-N,N-dimethylbetainelsodium dodecyl sulfate critical micelle concentration 
(C12-Bet/SDS) mixed systems. 
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FIG.  2. Relationship between the  critical micelle concentrat ion (CMC) values (raM) and 
different molar fractions of the  zwitterionic sur fac tan t  in N-dodecyl-N,N-dimethylbe- 
taine/sodium dodecyl sulfate mixed systems. 

JAOCS, Vol. 70, no. 7 (July 1993) 



688 

A. DE LA MAZA AND J.L. PARRA 

TABLE 1 

CMC Values at 25°C in Piperazine-l,4-bis(2 ethane sulfonic acid) 

Zwitterionic surfactant CMC S w Ref f K 
molar fraction X (mM) ( m M )  (mole/mole} (mM -1) 
0 0.500 0 . 0 8 9 0  0.2530 2.84 
0.2 0.220 0.0389 0.1611 4.14 
0.4 0.160 0.0261 0.1189 4.55 
0.6 0.210 0.0267 0.1133 4.24 
0.8 0.410 0 . 0 4 4 4  0.1356 3.05 
1.0 1.250 0.4200 0.4840 1.15 
aSW, surfactant concentration in aqueous medium; Reff, effective sur- 
factant to lipid ratio; K, partition coefficient values resulting in 50% 
carboxyfluorescein release for different molar fractions in N-dodecyl-N,N- 
dimethylbetaine/sodium dodecyl sulfate mixed systems; CMC, critical 
micelle concentration. 

surfactant 1; C2 is the CMC of surfactant 2 and X is the 
molar fraction of surfactant 1. 

The theoretical CMC values for each molar ratio thus 
calculated also have been indicated in Figure 2. The dif- 
ference between the experimental and theoretical CMC 
values shows that the binary system ClsBet/SDS has a 
negative derivation with respect to ideal behavior. A mix- 
ture of two surfactants usually forms mixed micelles in 
aqueous solution. It  has been reported {1,31} that the 
mixed CMC for two oppositely charged surfactants be- 
comes notably smaller than that of the individual surfac- 
tants due to association of the surfactants induced by elec- 

t r o s t a t i c  a t t r a c t i o n .  The  p r e s e n t  r e su l t s  can  also be  ex- 
p l a ine d  b y  a s s u m i n g  t h a t  a s s o c i a t i o n  of t h e  s u r f a c t a n t s  
occurs  ea s i l y  b y  e l e c t r o s t a t i c  a t t r a c t i o n  be tw e e n  the  ca- 
t ionic  p o r t i o n  of t he  b e t a i n e  and  t h e  dodecy l  su l fa te  ion 
in the  m i x e d  sys t ems .  

Particle size distribution of liposome preparations. The  
p a r t i c l e  s ize of l i posome  ves ic les  in t he  r a n g e  of s t a r t i n g  
P L  c o n c e n t r a t i o n s  f rom 0.1 m M  to 1.0 m M  va r i ed  l i t t l e  
and  was  a r o u n d  100 n m  in al l  cases.  In  add i t ion ,  t he  poly- 
d i s p e r s i t y  index  va lues  were lower t h a n  0.1, i n d i c a t i n g  
t h a t  t he  size d i s t r i b u t i o n  was  narrow. 

Permeability studies. I t  is  k n o w n  t h a t  in  l ipid/surfac-  
t a n t  s y s t e m s  reach ing  comple te  equi l ib r ium m a y  take  sev- 
era l  hours  {32,33}. However ,  a s u b s t a n t i a l  p a r t  of t he  sur- 
face effect  t a k e s  p lace  w i t h i n  a p p r o x i m a t e l y  30 min  a f te r  
i t s  a d d i t i o n  to  t he  l i p o s o m e s  {28}. 

To d e t e r m i n e  the  t i m e  n e e d e d  for a c o n s t a n t  r a t e  of C F  
release  for l iposomes  in t he  r ange  of t he  P L  concen t r a t i on  
i n v e s t i g a t e d  {0.165 m M  a n d  0.990 mM), a k ine t i c  s t u d y  
on the  i n t e r a c t i o n  of l i posomes  w i th  C12-Bet/SDS m i x e d  
s u r f a c t a n t  s y s t e m s  was  c a r r i e d  out.  U n i l a m e l l a r  l ipo- 
somes  10.165 m M  p h o s p h o l i p i d  concent ra t ion}  were 
t r e a t e d  w i t h  m i x e d  s y s t e m s  of s u r f a c t a n t s  a t  d i f ferent  
mola r  f r ac t ions  ( to ta l  s u r f a c t a n t  c onc e n t r a t i on  0.05 mM). 
The  s u b s e q u e n t  c ha nge s  in p e r m e a b i l i t y  were  s t u d i e d  as  
a func t ion  of t ime.  Re su l t s  are  shown in a th ree-d imen-  
s ional  p i c tu r e  in F i g u r e  3. I t  shows t h a t  t h e  p e r m e a b i l i t y  

/ 
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FIG. 3. Time curve of the release of carboxyfluorescein (CF) trapped in unilamellar Iiposomes (phospholipid concentration 0.165 mM), 
caused by different molar fractions of zwitterionic surfactant in N-dodecyl-N,N-dimethyl betaine/sodium dodecyl sulfate (C12-Bet/SDS) 
mixed systems (total surfactant concentration 0.05 mM). 
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kinetics are similar for each system tested: About 40 min 
is needed to achieve a CF release equilibrium. Also, the 
increase in CF release is larger for the mixed systems than 
for a single surfactant. Thus, the highest value is achieved 
in the range between 0.4 and 0.6 for the molar fraction 
of zwitterionic surfactant (Xzwit~) with the lowest values 
for Xzwitte r = 1.0 ( 1 0 0 %  C12-Bet) and X~,it~ = 0 (100% 
SDS). As a consequence, changes in permeability were 
studied 40 min after addition of surfactants to the lipo- 
somes at 25°C. The CF release of liposome suspensions 
in the absence of surfactants 40 rain after preparation was 
negligible 

To determine the partition coefficient of surfactants be- 
tween aqueous media and lipid bilayers, a systematic in- 
vestigation of liposome permeability changes caused by 
the addition of surfactant was carried out. To this end, 
changes in CF released from liposomes (lipid concentra- 
tion from 0.165 mM to 0.990 mM) v s .  surfactant concen- 
tration were determined 40 min after surfactant addition. 
The surfactant concentrations resulting in a half-maximal 
value of CF release were determined from these data and 
are presented as function of PL concentrations in Figure 
4. A linear relationship was established in each case These 
graphs are in agreement with Equation 4. For these 
straight lines, the effective surfactant-to-PL molar ratio, 
Reff, and the aqueous concentration of surfactant, Sw, 
are, respectively, the slope and the ordinate at the origin 
(zero PL concentration). These results are given together 
with the CMC values in Table 1. 

The surfactant concentrations in the aqueous medium 
(Xw) were always smaller than the corresponding CMC 
values in buffered medium. These results suggest that 
mixed-system surfactant-liposome interactions are deter- 

mined mainly by the action of surfactant monomers on 
the lipid bilayers, unlike the behavior of the surfactants 
in solubilization processes {10,17}, where micelle forma- 
tion plays an important role. Likewise, both Sw and Reff 
values decrease as the molar fraction of zwitterionic sur- 
factant increases and show a minimum at X~witt~r = 0.4. 
When the Re~ values are related to the corresponding Sw 
values, partition coefficient K for each mixed surfactant 
system can be obtained {Table 1). These data show that 
the highest value is also obtained for a zwitterionic molar 
ratio of 0.4. Lower values are obtained for single surfac- 
tants. If the partition coefficient K for each mixed system 
is plotted as a function of its molar fraction, the graph 
shown in Figure 5 is obtained. The equation and the 
regression coefficient of the curve are: 

Y = 2 , 8 6 5  + 8 . 1 2 9 X  --  9 . 7 7 6  X 2 

r 2 = 0 . 9 9 0  

The curves of Figures 2 and 5 exhibit contrary tenden- 
cies, showing minimum CMC and maximum partition 
coefficient values for the same molar fraction of zwit- 
terionic surfactant {Xz~t~r ---- 0.4}. Likewise, the results of 
Figure 3 and the partition coefficient values for each 
Xzwit~r establish a positive association between K values 
and the ability of each mixed system to modify the per- 
meability of liposomes. 

In conclusion, changes in the physicochemical proper- 
ties (YCMC and CMC) of the mixed surfactant systems 
formed by C12-Bet/SDS, which affect their surface activi- 
ty, determine their capacity to alter the permeability of 
phospholipid vesicles. T h e  partition coefficient of the 
mixed systems between the lipid bilayer and the aqueous 
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FIG. 4. Surfactant concentrations resulting in a half-maximal value of carboxyfluores- 
cein release for different molar fractions of zwitterionic surfactant in N-dodecyl-N,N- 
dimethylbetalne/sodium dodecyl sulfate (C12-Bet/SDS) mixed sys tems  vs. phospholipid 
concentration. 
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FIG. 5. Relationship between partition coefficients (raM -1) and the molar fractions for 
different N-dodeeyl-N,N-dimethylbetalnelsodium dodeeyl sulfate mixed systems. 

phase is also affected by these physicochemical changes 
and exhibits a maximum when the molar fraction of zwit- 
terionic surfactant is 0.4. 
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