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SUMMARY 

The transitionai stages resulting in the interaction of 
sodiuni dodecyl sulfate (SDS)lphosphatidylcholine 
liposomes were studied by means of light scattering 
and permeability changes. A linear correlation was 
observed between the surfactant/lipid molar ratio (Re) 
and the surfactant concentration throughout the 
process. However, the bilayerlaqueous phase partition 
coefficient ( K )  showed a maximum for 30% bilayer 
permeability (beginningof bilayer saturation). Hence, 
a preferential incorporation of surfactant moiecuies 
into liposomes governs the initial interaction steps. 
leading to the heginning of bilayer saturation with a 
free surfactant concentration that was lower than its 
critical micelle concentration (cmc). Additional 
surfactant amounts increased the free surfactant until 
reaching the cmc. after which solubilization started ta 
occur. A linear relationship was detected in the initial 
steps of tliis interaction between Re, the leakage of 
entiapped CI; and the growth of vesicles (Re up to 
0.lO). whereas in the Re interval 0.10-0.73 a 
inaximuin in the growth of vesicles (413 nm for Re 
0.43) coexisted with a progressive increase in the CI; 
release. In the Re range between 1.10 and 2.40 
(solubiliziiig levei) a linear dependence was also 
established between the decrease in both the 
surfactant-PC aggregate size and the static light- 
scattering of tliese systems and their composition 
(Re). This dependence was ilor observed in the la51 
solubilization steps (Re between 2.40 and 2.70) 
possibly due to the increased fornlation of mixed 

micelles in this interval. The fact that the free SDS 
concentration at subsolubilizing and solubilizing levels 
showed respectively lower and similar values than its 
cmc confirms that permeability alterations and 
solubilization were determined respectively by the 
action of surfactant monomer and by the formation of 
mixed micelles. 

INTRODUCTION 

Aikyl sulfate surfactants pruduce biochemical and 
toxicological effects in "in vivo" tests, the sodium 
dodecyl sulfate (SDS) being the most irritating (1). The 
toxic interaction of SDS with skin induces irritant 
dermatitis reactions, which lead tostructural changes in 
the epidermal surfaces. Thus, SDS has frequently been 
used as a model substance to study the irritant 
dermatitis (2-4) and its effect on the stratum corneum 
transcutaneous permeability barrier (5,6). As a 
consequence; a iiumber of investigations have been 
devoted to the understanding of the principles 
eovernine the interaction of SDS with sim~lified 

mixed sirfactant solutions (11). This 'Lnteraction in 
excess water leads to the breakdown of lamellar 
structures and to the formatioii of iipid-surfactant mixed 
micelles systems. A significant contribution to these 
investigations has been made by Lichtenberg (12) who 
postulated that thecritical effectivesurfactantllipidratio 
(Re) producing saturation and solubilization of 
liposomes depends on the surfactant critical micellar 
concentration (cinc) and on the bilayerlaqueous 
medium distribution coefficients (K) rather than on the 

1 
nature of the surfactants. The solubilization and 



reconstitution of lipid bilayers by surfactants have 
been the subject of a number of mechanistic 
speculations where open bilayer fragments appear as 
crucial intermediates both in the closure and 
solubilization processes (13-15). The mechanisms of 
this transition are far from unùerstood since a detailed 
description of the process lias yet to be given. 
In earlier papers we studied some parameters 
inplicated in the interaction of alkyl sulfate series 
(aikyl chain iength ranging between C,, and C,,) with 
phospholipid liposomes at subsolubilizing and 
solubilizing surfactant concentrations (16.17). III the 
present work we seek tu extend our investigations by 
characterizing in detail the overall process involved in 
the interaction of a SDS with phosphatidylcholine 
liposomes, at both subsolubilizing and solubilizing 
levels. The comparative study of the Re and K 
oarameters with some assemblv prooerties of the . .  . 
~D~i~hosphatid~lcholinea~~regates as, the ieakage of 
entrapped S(6)- carboxyfluorescein, the surfactant-PC 
aggr&ate s& and the scattered light of the system 
throughout the process may enhance our 
understanding of the compiex phenomenon involved 
in the lamellar tu micelle transition process of 
solubilization and reconstitution of phospholipid 
bilayers by this specific "biologicaliy active" 
surractant. 

EXPERIMENTAL 

Phosphatidylcholine (PC) was purified from egg 
lecithin (Merck, Darmstadt, Germany) according tu 
the method of Singleton (18) and was shown to be 
pure by thin-iayer chromatography TLC. The anionic 
surfactant sodium dedecyl sulfate (SDS) was 
purchased from Merck and further purified by a 
column chromatorraphic method (19). Triton X-100 
(octylphenol poly~th&xylated with 10 units of ethyiene 
oxide and active matter of 100%) was purchased from 
Rohm and Haas (Lyon, France). PiperLine-1.4 bis(2- 
ethanesulphonic acid) (PIPES buffer) obtained from 
Merck was prepared as 20 mM PIPES adjusted to pH 
7.20 with NaOH, containing llOmM N%SO,. 
Polycarbonate membranes and membrane holders 
were purchased from Nucleopore (Pieasanton, CA). 
The starting material S(6)-carboxy fluorescein, (CF) 
was obtained from Eastman Kodak (Rochester. NY) 
and further purified by a column chromatographic 

method (20) 

Unilamellar liposomes of a defined size (about 200 
nm.) were prepared by extrusion of large unilamellar 
vesicles previously obtained by reverse phase 
evaporation (16.21). To study the bilayer permeability 
changes, vesicles containing CF were freed of 
unencapsulated fluorescent dye by passage through 
Sephadex G-50 medium resin (Pharmacia, Uppsala, 
Sweden) by column chromatograpliy. The range of 
phospholipid concentration in liposomes was 0.5-5.0 
mM. This concentration was determiiied using Thiil- 
layer chromatography (TLC) coupled tu an automated 
flame ionizationdetection (FID) system (latroscan MK- 
5, Latran Lab. Inc. Tokyo, Japan) (22). 
The surface tensions of buffered solutions conrainine " 
increasing concentrations of SDS were ineasured by the 
ring method (23) usine the Krüss orocessor tensiometer 
K 12 (Krüss GMBH, Mamburg, ~e rmany) .  Thecritical 
micelle concentration (CMC) of tlie SDS was 
determined from the abrupt change in the slope of the 
surface tension values versus surfactant concentration 
showing a value of 0.50 niM. The fact chat surface 
tension curve did not show a minimuin in the vicinity 
of the surfactant CMC indicated the high purity level of 
this compound (24). 
Thevesiclesize distribution and polydispersity (P.I.) of 
liposomes after preparation and during the interaction 
with SDS was determined with a photon correlator 
spectrometer (Maivern Autosizer 4700c PSIMV) at 
25OC and with a lectureangleof90°. After preparation 
vesicle size distribution vdried very little showing 
always similar values of about 200 nm (P.I. lower than 
0.1), thereby indicating that tlie size distribution was 
very hoinogeneous. 

Solubilizing parameters 

In the analysis of the equilibrium partition model 
proposed by Schurtenberger (25) for bile saltliecithiii 
systems, Lichtenberg (12) and Almog et al. (26) have 
shown that for a mixing of lipids (al a concentration PL 
(mM)) and surfactant (at a concentration S r  (mM)), in 
dilute aqueous media, the distribution of surfactant 
between iipid bilayers and aqueous media obeys a 
partition coefficient K. given (in mM-') by: 



where SB is the concentration of surfactant in the 
bilayers (mM) and S, is the surfactant concentration in 
the aqueous medium (mM). For PL > > SB, the 
definition of K, as given by Schurtenberger, applies: 

where Re is the effective molar ratio of surfactant to 
phospholipid in the bilayer: (Re = S,IPL). Under any 
other conditions, eq 1 has to be employed to define K; 
this yields: 

K = Re/[S, (1 + Re)] i31 

This approach is consistent with the experimental data 
offered by Lichtenberg (12) and Almog (26) for 
different surfactant phospholipid mixtures over wide 
ranges of Re values. Given that the qnge  of 
phosphoiipid concentrations used in our investigation 
is similar to that used by AImog to test his 
equilibrium partition model, the K parameter has been 
determined using this equation. The determination of 
these parameters can be carried out on the basis of the 
iinear dependence existing between the surfactant 
concentrations required to achieve these parameters 
and the phospholipid concentration in liposomes. 
which can be described by the equation: 

S, = S, + Re [PL] [dl 

where the Re and the aqueous concentration of 
surfactant (S,) are in each curve respectively the 
slope and the ordinate at the origin (zero phospholipid 
concentration). 
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Permeabiiity alterations and solubilization of 
liposomes 

The permeability alterations caused by SDS were 
determined by monitoring the increase in the 
fluorescence intensity of the liposome suspensions due 
to tlie CF released from the interior of vesicles to the 
bulk aqueous phase (16,20). Fluorescence 
measurements were made with a Shiinadzu RF-540 
spectrofluorophotometer. On excitation at 495 nm,  a 
fluorescence manimum emission of CF  was obtained 
at 515,4 nm. The fluorescence intensity measurements 
were taken at 25OC. The percentage of CF released 
was calcuiated by means of the equation: 

%CF release = (1,-1,)/(1,-1,) 100 PI 

where I, is the initial fluorescence intensity of CF- 
ioaded liposome suspension in the absence of 
surfactant, 1, is the fluorescence intensity measured 40 
minutes after adding the surfactant solution to a 
liposome suspensions. 1, corresponds to the 
fluorescence intensity remaining after the complete 
destruction of liposomes by the addition of Triton X- 
100 aqueous solution (20). 
With regard to liposome solubilization, il has been 
previously demonstrated that static light-scattering 
constituted a very convenient technique for the 
quantitative study of the bilayer 'solubilization by 
surfactants (7.8.21). Accordingly, the solubiiizing 
perturbation produced by SDS in PC liposomes was 
monitored using this technique. The overall 
solubilization can be mainly characterized by two 
parameters termed Re,, and Re,,,. according to the 
nomenclature adopted by Lichtenberg (27) 
corresponding to the Re ratios at which light-scattering 
starts todecrease and shows no further decrease. These 
parameters corresponded to the SDSllipid inolar ratios 
at which the surfactant: (a) saturated liposomes and (b) 
led to a complete solubilization of these structures. 
Liposomes were adjusted to the adequate lipid 
concentration (from 1.0 to 10.0 mM). Equal volumes 
of the adequatesurfactant solutions were added to these 
liposomes and the resulting mixtures were left to 
equilibrate for 24 hours. This time was chosen as the 
optimum period needed to achieve a complete 
equilibrium surfactantlliposome for the lipid 
concentration range used. Light-scattering 
m e a s u r e m e n t s  w e r e  m a d e  u s i n g  t h e  
spectrofluorophotometer Shiinadzu RF-540 at 25OC 
with both monochromators adjusted to 500 nm. The 
assays were carried out in triplicate and the results 
given are the average of those obtained. 

RESULTS AND DISCUSSION 

Parameters  involved in  the  interaction 
SDSIliposomes 

It is known that, in surfactantllipid systems, complete 
equilibrium may take several hours (7.12). However, 
in subsolubilizing interactions a substantial part of the 
surfactant effect takes place within approximately 30 
minutes after its addition to the liposomes (9). 
To determine the time needed to obtain a constant rate 
of CF  release of liposomes in the range of the 
phospholipid concentration investigated (0.5 and 5.0 
mM), a kiiietic study of the interaction of SDS with 



liposomes was carried out. Liposomesuspensions were 
treated with a constant subsolubiliziiig SDS 
concentration (0.5 mM) and subsequent changes in 
permeability were studied as a funcrionof time (Figure .\ 
11. 
It may be seen that about 40 min was needed to 
achieve a constant level of CF release in al1 cases 
despite the fact that approximately the 65-75 % of CF  
release took place during the initial 10 min. Hence, 
changes in permeability were studied 40 min after 
addition of SDS to the liposomes at 25OC. The CF 
release of liposome suspensions in the absence of 
surfactant in this period of time was negligible. 
To determine the paxtition coefficients of SDS 
between aqueous media and lipid kilayers at 
subsolubilizing level, a systematic study of 
permeability changes caused by the addition of SDS 
to liposomes was carried out for various lipid 
concentrations (from 0.5 to 5.0 mM). Changes in the 
CF release were determined 40 minutes after 
surfactant addition at ?Soc. The results obtained for 
PC concentration 1 .O mM are plotted in Figure 2. 
The surfactant concentrations resulting in different 
percentages of CF release for each phospholipid 
concentration tested were eraohicallv obtained and 

W .  

plotted versus the phospholipid concentration. An 
acceotable linear relationshio was established in each 
case. The straight lines obtained correspond to the 
aforementioned equation 4 from which the Re and K 
parameters were determined. Tliese results including 
the free surfactant concentration S, and the regression 

'finie [min] 

FIGURE 1. Time curve of the release of CF rrrpprd in PC 
liposun,er eiiused by ihe addition of SDS (0.5 n a ) .  The 
piiorphoiipid conçenrrarion of liposomes were (PLI= 0.5 mM (el. 
]PLI= 1.0 iiiM (O), [PLI= 2.0 mM (A), [PLI= 3:0 inM (il, 
IPLI= 4.0 nM (a), [PLI= 5.0 mM ( a )  

coefficients of the straight lines are given in Table 1. 
An increasing tendency in both the Re and S, values 
was obsemed as the % of CF release rose. However. 
the K values reached a maximum when the CF  release 
was about 30%. Bearina in mirid that the SDS cmc 
experimentally obtained'was 0.50 niM, (niore than 
one order of maanitude lower than that for SDS in 
water due to the ibuffered solution used), the values 
were in al1 cases clearly lower than its cmc, thereby 
confirmiiig that permeability alterations were 
determined by the actioii of surfactant monomer. 
The solubilization orocess was studied throueh the 

- 
ilicreasing amounts of SDS. An initial iiicrease in the 
scattered intensity of the system was observed due to 
the incorporation of surfactant molecules into bilayers. 
Additioiial amounts of surfactant led to a fail in tliis 
intensity until a low constant value for bilayer 
solubilization. The arrows indicating S,,.,. aiid S,,,, 
corresponded respectively to the surfactant 
concentration for saturation and solubilizatioii OS 
liposomes. The surfactant concentrations produciiig 
differeot light-scattering percentages were obtaiiied by 

Surfactant [mMl 

FIGURE 2. Percenmgechrnges inCF ielersr(i ,) and scaiic iig~,t- 
scaireiing(e) ofuNlamrllar liposomes, (iipid conceniiaiios 1 .OiitM), 
induced bv Che niesrnçe of increasise conceniraiions of SDS. The . . 
iriows indicrring S,, aiid S,,,, (smiic ligi)~-sciilirii~lg ÇUIVC) 

coiie~ponded iïspectively ii> i h î  rurtnctoni coi,ïrntriirioii ti>i 
saturation and solubilizaiion of iiposonies 
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liner obüiined aie also included. 

graphical methods. Plotting the surfaçtantconcentratioii 
versus the lipid concentration, curves were obtained in 
which an acceptable linear relatioriship was also 
established in each case. The corresponding Re and K 
parameters were determined from these straight lines 
(equation 4) and are also given in Table 1 .  It should be 
noted that in solubilizing process the Re values 

increased as the static light-scattering % decreased. A 
similar tendency was observed for the K values 
showing almost aconstant value in the final solubilizing 
stages. This parameter during solubilization may be 
rerarded as a dvnamic equilibrium between the 
diFferent transitionitructural stages from lipid bilayers 
to mixed micelles. Furthermore, the Cree surfactant 
concentration (S,) was always similar to the SDS 
cmc. 
Figure 3 shows the variation in Re (Fig 3-A) and the 
K (Fig 3-B) parameters versus the surfactant 
concentration, throughout the interaction of SDS with 
Iipti,~,ii.c, ilic Iipid cul.~cciirdiioli rçindiniiip ronsraiir 
(5.0 m5l Tlis s<.ria:üir~i culiccntrariuii proJu;iiig 
s~ùioiuliii!,ii.$ dnd I U I \ L O I I I I I I I $  alttmt~uns dre a150 
indicated. 
lt is noteworthy that a linear correlation was obtained 
between the Re values and the surfactant concentration 
througliout the interaction, Le., the higher the 
surfaclant concentration in the system, the greater the 
concentration in the bilayers. As for the K parameter 
(Fig 3-8) a marked initial increase was observed as 
the SDS concentration rose, reaching a maximum for 
CF releasr. value of about 30%. Increasing surfactant 
conceiitrations resulted in a progressive fa11 in the K 
values uiitil the 100% of CF release. The 
extrapolation of this curve (diswntinuous line) led 
directly to the initial K value for solubilization (100% 
light-scattering). Additional amounü of surfactant 
resulted agaiii in a rise in K. despite showing almost 
a constant value in the vicinity of the total 
solubilization of liposomes. 
From the results of Figure 3-A, it may be assumed 
chat the molecular interaction SDSIPC appears to be 
independent of any possible s!ructural organization of 
both comooiients throuehout the orocess (bilaver . . 
structures ar  mixed miceies). Cornparison of Figures 
3-A and 3-B shows that a significant variation in the 
free surfactant concentration%, look place during the 
different stages of the interaction with respect to the 
amount of surfactant molecules incorporated in 
bilayers. Thus, the marked initial increase in K rnay 
be correlated with the larger tendency of surfaorant 
iiiolecules to be incorporated into bilayers with respect 
Io the aqueous phase. this tendency reaching the 
Ihighest point for approx 30% of CF release 
(maximum K value). This effect would be explained 
assuming that at low Re only the outer vesicle leaflet 
was available for interaction with SDS, in agreement 
with the results reported by Schubert et al. for sodium 
cholate (28). The opposite evolution of Re and K 
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parameters in the subsequent interaction steps (from 
40% to 100% of CF  release), shows that a 
preferential distribution of surfactant monomers in the 
aqueous phase with respect to the lipid bilayers 
governs the partition of SDS molecules during this 
interaction range. Hence, two simultaneous processes 
took place in these transitionai steps prior to bilayer 
solubilization. On the one hand, the linear 
incorporation of surfactant in bilayers (Figure 3-A), 
on the other hand the sharp increase in the free 
surfactant concentration S,. The 30% of CF  release 
ma" be correlated with the initial step of bilayer 
sariration and the transitional phases 30% CF rele&e 
- 100% light scattering corresponded to the interval in 
which surfactant saturated bilayen. Greater surfactant 
amounts than that for 100% of light-scattering again 
resulted in a gradua1 increase in K, Le., the main 
bulk of surfactant molecules was again incorporated 
into bilayers to form mixed micelles until total bilayer 
solubilization, the aqueous surfactant remaining almost 
constant with aconceniration similar to that of thecmc. 
'1 116 iariaiion in S,. vsrsus the surlaiiant ç,>iicziiiraiiuii 
ior tlie saiiiï lipid ;oncrnrmrion (5.0 iiihl) Ir plottcd i n  
Figure 4. It may be seen that in subsolubili~in~ stages. 
the S, increased gradually with surfactant 
concentration. Comparison of Figures 3-B and 4 shows 
that the initial step of bilayer saturation (approx 30% 
of CF release) was attained for S, values of 0.05 1 mM 
which was clearly lower than the surfactant cmc (0.50 
mM). The extrapolation of the S, values when 
increasing the surfactant concentration led :O the initial 
S,, value for bilaver solubilizaiion (100% lieht- " 

scattering), which was similar to the surfactant cmc. As 
discussed above. further additions of surfactant resulted 
in almost a constant value of S,. 
Thus, a preferential incorporation of surfactant 
molecules into liposomes governs the initial stages of 
this interaction, leading to the beginning of bilayer 
saturation for a surfactant concentration lower than its 
cmc. Additional amounts of surfactant increases the 
free surfactant until reaching similar values than the 
surfactant cmc. Solubilization starts to occur ar this 
moment. Thus, the Re,,., parameter (Figures 3 and 4) 
corresponds to the exact surfactantiphospholipid molar 
ratio needed for the initiation of tlie bilayer 
solubilization via mixed micelle formation. The 
surfactant concentration correspondine to this Re,.., - ",. , 
for each lipid bilayer concentration may be considered 
the cmc of the new surfactanti~hosoholioid mixed . . .  
system formed. The tendency observed in the 
extrapoiated curves of Figs 3 and 4, could shed some 
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FIGURE 4. Variation of fiee SDS concenrrarios(s,) versus iowi 
SDS concontrationduiirig ihe overali inrriacrioiiofSDS1PC iiyoroiiie 
suspensioiu. rite PC conc. ici bilnyer ienraiiiiig conriaiii (3.0 rnM) 

iight on the progressive trend existing in both the 
achievement of the complete bilayer saturation and the 
rise in the S, values until the surfactant cmc. 

Depencence of the C F  release, the static light 
scattering of the systems and the surfactant-PC 
aggregate size on Re. 

A systematic investigation based on dynamic light- 
scattering measurements of surfactant-PC aggregates 
was carried out throughout the interaction procoss ta 
eiucidate the dependencies between the size of these 
aggregates (vesicles or mixed micelles), the changes in 
the percentages of both the CF  release and the static 
light scattering of the system and the effective 
surfactantllipid molar ratio Re. The values obtained 
for 5.0 mM PC concentration are given in Table 2. A 
progressive growth of vesicles was detected as the 
percentage of CF  release rose, the maximum increase 
was attained for 80% CF reiease. The growth of 
vesicles occurred in a few seconds with not much 
change over a time scale of hours. As for static iight 
scattering variations, the 100% correspondiiig to the 
Re,,, (Re= 1.10) produced a fall in the vesicle size 
albeit with a monomodal distribution. When the light 
scattered by the system decreased, a sharp distribution 
curve appeared approx at 52 nm, which corresponded 

the overail inreiaciion of SDS wirli PC u"mellai liposomes: 

to a new particie size distribution (PC-surfactant mixed 
micelles). The curve for these smail particies rose until 
10 % of scattered light, exhibiting again at this point a 
monomodai distribution, which corresponded ta the 
surfactantlPC mixed micelles (particles of 52 nm). This 
increase was especially pronounced in the interval of 
static light-scatteringpercentages between 30 and 10%. 
Figure 5 shows the variation in both the percentage of 
~ F r e ~ e a s e  and the vesicie size of liposomi suspeGions 
versus Re at subsolubiiizing level. The increase in Re 



FIGURE 5. Variarion in the percrnmge of CF ieirase (. ) niid 
vesicle sire (.) of liposomes versus Re ôi suhsolubiliiisg l ïvr l  

ied initiaily Io a linear increase in both paramelers. 
However, Re values exceeding 0.10 (CF release higher 
than 20%) resulted in a lower growth of vesicles, 
which shows a maximum for 80% of CF release (413 
nm corresponding to the Re value of 0.43). 
Considering that approximately the 65.75% of the 
permeability alterations occurred in the initial 
interaction step (10 min, Figure 1) and that the 
growth of vesicles look place in a few seconds after 
the addition of surfactant to liposomes we rnay 
assume, in agreement with the results reported by 
Almog et al. for the nonionic surfactant octyl 
glucoside (26) that, for Re values up to 0.10 the 
growth of vesicles was dependent on the bilayer 
composition (Re) being also directly correlated with 
the ieakage of entrapped CF. 
1: is interesting to note that in the interval of CF 
rclease percentages between 30-100 (Re values 
between 0.16 aiid 0.73). a progressive increase in the 
permeability of bilayers coexisted with a maximum in 
the size of vesicles for Re 0.43 and. consequently, 
with an increase and subsequent decrease in the 
vesicle size without alteration in the bilayer 
architecture (monomodal distruibution, see Table 1). 
These findings may be explained bearing in mind that 
ai low Re values (Re up to 0.10), possibly only the 
outer vesicle leaflet was available for interaction with 
surfactant molecules (a linear increase in bath the 
vercentage of CF release and the size of vesicles). 
Ùoweve~, increasing Re values (Re higher than 0. IO), 

led ta ail increased rate of flip-flop of the surfactant 
inolecules. thus also making the innei rnonolayer 
available for interaction with added surfaciant. These 
fiiidiiigs are also in agreement with the those reported 
by Schubert et al. (27). 

Figure 6 shows the variation in the perceilrage of stat~c 
light scattering of the systems and the burfactant-PC 
aggregate &(average meati) versus Re at solubilizing 
level. The iiicrease in Re produced a linear decrease iii 

both paraneters. i.e., in the range of Re values 
between 1.10 and 2.40 a direct correlation between 
both parameters was established as well as wirli the 
composition of the surfactant-PC aggregates (Re)  The 
nonlinear dependence observed for higiier Rc values 
than 2.40 may be attributed to the fact that i n  this 
interval an abrupt increase iri the low particle size 
distribution (52 nm corresponding to the niixed micelle 
formation) took place. This variation is iiidicated in 
Figure 7, where the changes iti the perceiitage of the 
low varticle size distribution (52 nin) versus Re is 
plotted. 
The increased forinaiion of surfactatitiPC mixed 
micelles in the last interaction steps contrasts with the 
progressive formation of these structures during the 
initial steos of this solubilization orocess. The range of . 
Re values between 2.40 and 2.70 may be considered as 
a critical surfactantiPC molar ratio interval beariiig iri . 
inind the importanceof the mixed micelles formation i n  
this solubilizing interaction. 

Re 
FIGURE 6 .  Variation ici the percenrage of smiie lighi scairering 
(O) and suifacïini-PC aggiegare size (0 )  of suifacmni-PC 
aggiegares versur Re al rolubilizing level. 
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FIGURE 7. variation in  thr prmïniogr <if iow prticir  sizr 
disirihuiioo (niined niicelles formarion) versus Re rt roluhilizin& 
ievci. 

CONCLUSIONS 

From Our results we conclude that i n  the overall 
interaction of SDS with PC liposomes the Re parameter 
appears to be directly wrrelated with the surfactant 
concentration present in the system regardless of any 
possible structural organizatio~i involved in this 
interaction (lipid bilayer structures or mixed micelles). 
This finding emphasizes the importance of the 
rnolecular interaction of botli components in this 
process. However, given the nonlinear variation in the 
K parameter versus the surfactant concentration, we 
may assume that a significant variation in the free 
surfactant concentration takes place throughout the 
process. Thus, the initial increase in K may be 
correlated with the initial tendency of the surfactant 
inolecules to be incorporated into bilayers with respect 
to the surrounding aqueous phase. The initial step of 
bilayer saturation was attained when the system 
achieved approx 30% of CF release and also for free 
surfactant concentration smalier than the cmc. Further 
alnounts of surfactant resulted in a progressive 
saturation of bilayers together with a sharp increase in 
the free surfactant until reaching a Sw value similar to 
the surfactant cinc. Solubilization starts to occur at 
this moment. 
A direct relationship was established in the initial 
interaction steps (up to 20% CF release, 
corresponding to the Re values up to 0.10) between 

the leakage of entrapped CF. the growth of vesicles 
and the effective molar ratio of surfactant to 
pliospholipid in bilayers (Re). However. in the 
interval of CF release percentages between 30-100 
(Re values between 0.16 and 0.73). a maximum in the 
vesicle size (Re 0.43) coexisted with a progressive 
increase in the CF release. A similar relationship was 
establislied al solubilizing level in the range of Re 
values between 1.10 and 2.40, where the decrease in 
both the surfactant-PC aggregate size and the static 
light scattering also depended linearly on Re and 
lience. on the composition of these aggregates. The 
nonlinear dependence 0bse~ed  for higher Re values 
than 2.40 may be attributed to the fact that in this 
interval an abrupt increase in the low particle size 
distribution (52 nm) corresponding to the mixed 
micelle formation took place. The fact that the frec 
SDS concentration at subsolubilizing and solubilizing 
levels showed respectively lower and similar values 
than the SDS cmc indicates that permeability 
alterations and solubilization were determined 
respectively by the action of surfactant monomer and 
by the formation of mixed micelles. This finding 
supports the generally admitted assumption, that the 
concentration of free surfactant must reach the CMC 
for solubilization to occur. 
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