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The partition coef f i c i ent  at equil ibrium o f  di f ferent  
surfactants  be twe e n  the  aqueous  phase  and the  lipid 
bilayer o f  small  unilamellar ves ic le  (SUV) l iposome  
has  been  determined.  The re lease  o f  the f luorescent  
agent  5-(6) carboxyf luoresce in  from the interior o f  
l iposomes ,  induced by a nonionic  surfactant octyl- 
phenol  e thoxylated  with 10 units o f  e thylene  ox ide  
(Triton X-100), by two anionic surfactants  - -  sod ium 
dodecyl  sulphate  and sodium dodecyl  e ther  sulphate  
- -  and by an amphoteric  surfactant  dodecyl  beta ine  
was  studied at sub-solubi l iz ing concentrations.  The 
fol lowing increas ing order o f  the  partit ion coeffi-  
c ients  obtained for each surfactant can be observed:  
Triton X-100 ~ sodium dodecyl  ether  sulphate  
sodium dodecyl  sulphate  ~ dodecyl  betaine.  There was  
a strong posit ive  associat ion be tween  coef f i c i ent  o f  
partit ion and the abil ity o f  the di f ferent  surfactants  to 
modify  the permeabi l i ty  o f l i p o s o m e s .  The importance  
of  the presence  o f  e thylene  ox ide  units in the molecu- 
lar structure o f  the  surfactant in relat ion to alter the  
partit ion coef f ic ient  in front o f  SUV l iposomes  is 
indicated.  

KEY WORDS: Liposome-surfactants  interaction, parti- 
t ion coeff ic ients ,  permeabi l i ty  changes.  

Phospholipid vesicles or l iposomes are  interest ing struc-  
tures  which have rapid ly  come into widespread  use as 
models lbr biological membranes  and as delivery systems 
where  encapsula t ion and protect ion of subs tances  are 
required, such as drug delivery (1,2). 

Water  soluble amphiphi les  ( sur fae tan ts )  are common 
ly in use in membrane  research (3). tIowever, cer ta in  
aspects  of sur fac tan t  action at sublytic concent ra t ions  is 
poorly unders tood.  The area  of l iposome-sur fac tan t  
in teract ion is interest ing for two at  least  impor t an t  
reasons  - -  membrane  reconst i tu t ion and membrane  
fusion. As a consequence,  sur fac tan ts  have been used to 
p r epa re  large uni lamellar  vesicles using removal  methods  
so tha t  the physicochemical  proper t ies  of the lipid 
su r fac tan t  systems have been progressively invest igated 
(4-7).  On the other  hand, the in teract ions  of sur fac tan ts  
with phosphol ipid  vesicles have been extensively s tudied  
as a resul t  of the high interest  of the solubilization or 
permeabi l i ty  changes of biological membranes  (8-14). 

At sub-solubilizing concentrat ions,  sur fac tan ts  ineor 
pora te  into the phosphol ipidic  bilayers, where  they cause 
changes in its physical  proper t ies  (15,16). An obvious 
consequence of such per tu rba t ions  could be a change in 
membrane  permeabili ty.  At such concent ra t ions  it is 
generally accepted  tha t  equilibrium par t i t ion  of the  
sur fac tan t  between the bilayer and the aqueous medium 
governs the incorpora t ion  of su r fac tan t  into the bi layer 
(17). For a system containing PL (mM phosphol ip id)  and 
ST (raM surfac tant ) ,  a par t i t ion  coefficient can be defined 
a s :  

*To w h o m  c o r r e s p o n d e n c e  s h o u l d  be a d d r e s s e d .  

SB/PL 
K = -  

Sw 

where Sw and S B are concent ra t ions  of su r fae tan t  in the 
aqueous and bilayer, respectively. From the definition of 
an effective sur fac tan t  to phosphol ip id  ratio,  R ~  as: 

SB 
Reff = - -  

PL 

It follows that:  

Reff 
K -  

Sw 

In the presen t  work, the de te rmina t ion  of the par t i t ion  
coefficients of different sur fac tan ts  between lipid bilayer 
and aqueous medium in small  unflamellar  vesicles, direct-  
ly re la ted with its ability to modify the permeabi l i ty  of 
liposomes, has been car r ied  out through a series of 
exper iments  based on the measurements  of 5-(6) carbox-  
yfluorescein release from the interior  of l iposome vesicles. 

Fluorescence sel l :quenching (FSQ) methods  are based 
on the loss of f luorescence efficiency when f luorophore  
molecules are presen t  at  high concent ra t ion  (18). Thus, 
these molecules en t r apped  inside a l iposome may  emit 
only a few percent  of the fluorescence tha t  it would if 
released and diluted into the sur rounding  medium. The 
approach,  then, is to moni tor  the fluorescence of lipo- 
somes containing a concen t ra t ed  5-(6) carboxyfluores-  
cein solution. Almost  all of the fluorescence de tec ted  can 
be ascr ibed to this f luorescent  dye released from lipo- 
somes, and  to ta l  f luorescence is then de te rmined  after 
breaking up the remaining vesicles normal ly  with Triton 
X-100 (19,20). 

The selected sur fac tan ts  were sodium dodecyl su lphate  
as a typical  anionic su r fac tan t  widely used both in 
theore t ica l  s tudies  and prac t ica l  applicat ions;  a sodium 
dodecyl e ther  su lphate  to find the influence of the 
ethylene oxide groups on the anionic su r fac tan t  behavior; 
octyl phenole thoxi la ted  with 10 units of ethylene oxide 
(Triton X-100) as a represen ta t ive  nonionic surfactant ,  
used in the solubilization of phosphol ip id  membranes  
(21-25); and dodecyl betaine as a representa t ive  of 
amphoter ic  sur fac tan t  f requently used in cosmetic for- 
mulat ions  (26). When the sur fac tan t  concent ra t ions  tha t  
p romote  the half  release of carboxyfluorescein from 
liposomes are p lot ted  on the ord ina te  against  the phos- 
pholipid concent ra t ions  on abscise, a l inear re la t ionship 
is observed. This l inear dependence  could be descr ibed by 
the following equation: 

ST = Sw + R~ff. (PL) 

The K values obta ined by dividing the slope R,ff by the 
ord ina te  value Sw could allow es tabl ishment  of a criteri-  
mn lbr  the  evaluat ion of su r fac tan t  activity on phospho-  
lipid vesicles. 
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MATERIALS AND METHODS 

Phosphatidylcholine (PC) was purified from egg lecitin 
(Merck) according to the method of Singleton (27), and 
shown to be pure by thin-layer chromatography (TLC). 
The fatty acid composition of the PC, determined by gas- 
liquid chromatography (GLC), was as follows: palmitic 
acid (16:0), 37.7%; stearic acid, (18:0) 7.0%; oleic acid, 
(18:1) 36.4%; and linoleic acid (18:2), 17.5%. Phosphatidic 
acid (PA) from eggyolk lecitin was purchased from Sigma 
Chemical Co. (St. Louis, MO). Both lipids were stored in 
chloroform under nitrogen at -20~ until use. 

Sodium dodecyl sulphate (SDS) was obtained from 
Merck and sodium dodecyl ether sulphate (SDES) was 
supplied by Tenneco SA (Barcelona, Spain). The latter 
was a commercial grade product  with an active mat ter  of 
28.8%, 2.5 average in ethylene oxide units and the 
following average in alkyl chain: C-10, 3.9%; C-12, 68.1%; C- 
14, 22.2%; and C-16, 4.9%. Nonionic surfactant  Triton X- 
100 (OP-10EO), octylphenol ethoxylated with 10 units of 
ethylene oxide and an active mat ter  of 100% was used. 
The amphoteric surfactant  dodecyl betaine (D-Bet) was 
specially prepared by Albright and Wilson Ltd. (Warley, 
West Midlands, U.K.); the active matter  was 30% in 
aqueous solution and the amino free contents was 0.20%. 

Piperazine-l,4-bis(2-ethanesulphonic acid) (PIPES 
buffer) obtained from Merck was prepared as 20 mM 
PIPES adjusted to pH 7.2 with NaOH, containing 110 mM 
Na2SO4. Polycarbonate membranes and membrane 
holders were purchased from Nucleopore. 5-(6) Carbox- 
yfluorescein (CF), was obtained from Eastman Kodak 
(Rochester, NY) and further purified by a column chro- 
matographic method (28). 

Liposome preparation. Small unilamellar vesicles 
(SUV) were prepared by extrusion of large unilamellar 
vesicles, previously obtained by the reverse phase evapo- 
ration method (29,30) which was based on the earlier 
protocol described by Szoka and Papahadjopoulos (31). 
Briefly a chloroform solution containing egg phosphati- 
dylcholine and phosphatidic acid with a molar ratio of 9:l 
was evaporated. Then, a 3:1 v /v  mixture of ethyl ether/  
PIPES buffer containing 10 mM CF was added. Gentle 
sonication led to the formation of a W/O type emulsion. 
After evaporating the ethyl ether under reduced pres- 
sure, a viscous gel was formed. The elimination of the final 
traces of the organic solvent t ransformed the gel into a 
liposome suspension. Small unilamellar vesicles were 
obtained by extrusion of vesicle suspensions through 0.8, 
0.4, 0.2 and 0.1 #m polycarbonate membranes (Nucleo- 
pore, Pleasanton, CA) to obtain an uniform size distribu- 
tion (32). Vesicles were freed of unencapsulated material 
by separation through Sephadex G-50 (Pharmacia, 
Uppsala, Sweden) by column chromatography.  The range 
of phospholipid concentration in liposome suspension 
studied was 0.1-1.0 raM. 

Phosphorus estimation. Phospholipid concentration of 
the liposome vesicles was determined by Allen's method 
(33). 

Surface tension measurements. Surface tension values 
were measured by the ring method (34) with a Lauda 
tensiometer 7201. The apparent  values of surface tension 
were corrected using the Harking-Jordan factors. The 
critical micelle concentrat ion (CMC) of the surfactants in 
water  and PIPES buffer was determined, plotting these 
corrected surface tension values vs concentration. 

Quasielastic light scattering. The mean size and poly- 

dispersity of the liposome preparations obtained by the 
combination of reverse phase evaporation and extrusion 
through polycarbonate membranes were determined by a 
Photon Correlator Spectrometer (Malvern Autosizer IIc). 
The instrument consists of an optical unit with a 5 mW 
Laser of He-Ne ()~=623.8 nm), a temperature-controlled 
cell holder, a digital autocorrelator  (Multi-8 of 72 channel 
model 7032) and "on line" data  analysis performed by a 
computer. Samples were adjusted to the adequate con- 
centration range with PIPES buffer. The measurements 
were made at 25~ lecture angle of 90 ~ 

Monitoring the release of CF from liposomes. A suspen- 
sion of SUV liposomes containing concentrated CF in the 
interior hardly fluoresces, but fluorescence strongly 
increases upon liberation from the concentration 
quenching when CF is released from the interior to the 
bulk aqueous phase. Therefore, permeability changes of 
liposomal bilayers induced by surfactants can be deter- 
mined quantitatively by monitoring the increase in the 
fluorescence intensity of CF (8,19). 

Fluorescence measurements  were run on a Shimadzu 
RF-540 spectrof luorophotometer  (Shimadzu, Columbia, 
MD) equipped with a thermoregulated cell compar tment  
using an excitation wavelength at 495 nm and emission at 
515.4 nm. Small amounts  of the buffered solutions, 
containing different surfactant  concentrations, were 
added to quartz cuvettes filled with a liposome suspen- 
sion. The fluorescence intensity measurements were 
made at 25~ The total amount  of CF encapsulated in 
liposomes was determined by completely destroying the 
liposomes by the addition of 60 iLL of 10% v/v  Triton X- 100 
aqueous solution to 2.0 mL of liposome suspension (19). 

The amount  of released CF was calculated by means of 
the following equation (8): 

I t - I o 
% CF release = - -  X 100 

I ~  - Io 

where Io is the fluorescence intensity of CF-loaded lipo- 
some suspension at 515.4 rim in the-absence of any 
surfactant  at initial time, and I~ is the fluorescence 
intensity at 515.4 nm after destroying the liposomes by 
addition of Triton X-100, as mentioned above. I t c o r r e s -  
p o n d s  to the fluorescence intensity at the same wave- 
length measured at 40 min after adding the surfactant 
solution to a liposome suspension. 

RESULTS AND DISCUSSION 

Determination of particle size distribution of liposomes. 
The determination of particle size distribution of lipo- 
somes suspensions was carried out using a Malvern 
Autosizer IIc, as described earlier (35). 

Particle size of liposome suspension in the range of 
phospholipid concentrat ions from 0.165 mM to 0.990 mM 
varied little (Table 1). The index of polydispersity value is 
indicated for each liposome suspension. It c a n  be 
observed that  in all cases the particle size distribution 
shows a similar value around 100 mn, confirming that  
these liposomes were SUV. In addition, the polydispersity 
index values were lower than 0.1, indicating that  the size 
distribution was very homogeneous. 

Determination of the critical micette concentration. In 
the study of permeability changes caused by surfactants, 
it is useful to know the values of the CMC of these 
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TABLE 1 

Particle  Size Distr ibution of  Liposome S u s p en s ion s  and Po lyd i spers i ty  I n d ex  Values  for Dif ferent  
Phosphol ipid  Concentrat ions  
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(PL) 0.165 mM 0.330 mM 0.495 mM 0.660 mM 0.825 mM 0.990 mM 

Mean vesicle size (nm) 101 102 104 102 104 103 
Polydispersity index 0.091 0.091 0.090 0.087 0.088 0.090 

su r f ac t an t s  in the  aqueous  working  med ium.  The CMC 
resul ts  ob ta ined  for each s u r f a c t a n t  in the  buffered 
m e d i u m  a n d  in wa te r  are shown in Table 2. The CMC 
values for the  s tud ied  su r f ac t an t s  differ in the  PIPES 
buffer f rom those ob ta ined  in wa t e r  (except  for the  
non ion ic  s u r f a c t a n t  OP-10EO), p robab ly  due  to the 
higher ionic s t rength.  

TABLE 2 

CMC Values  Obtained at 25~ for OP-1OEO, SDS, SDES and D- 
Bet  in Water and PIPES Buffer  

CMC (raM) 

Surfactant Water PIPES buffer 

OI'-IOEO 0.18 0.15 
SDS 7.5 0.50 
SDES 2.0 0.12 
D-Bet 2.0 1.25 

Permeability studies. In  order  to de t e rmine  the  ra te  at  
which the  l iposome m e m b r a n e s  were permeabi l ized by 
su r f ac t an t s  a t ime cmwe of the changes  in CF fluores- 
cence were  car r ied  out  wi th  OP-10EO, SDS, SDES, and  D- 
Bet. For  these  tests  SUV liposome suspens ions  at two 
c o n c e n t r a t i o n s  of phosphol ip id  (0.1 mM and  1.0 mM) 
were t r ea t ed  with s u r f a e t a n t  (0.3mM), and  s u b s e q u e n t  
changes  in permeabi l i ty  were s tud ied  as a func t ion  of 
time. Measu remen t s  of CF release f rom l iposomes w e r e  
made  both  in p resence  a n d  in absence  of sur fac tan t s .  

The CF release values  shown  in Figures 1 a nd  2 are 
given as a difference be tween  CF released in p resence  a n d  
in absence  of sur fac tan t s ,  wi th  the  pu r pose  to shows only 
the  real  increase  of CF release caused  by su r fac tan t s .  The 
CF release of l iposome suspens ions  in absence  of surfac-  
t a n t s  after  40 min  shows values  be tween  0.5 a nd  1.2%. 

The pe rmeab i l i ty  kinetics for each s u r f a c t a n t  follows 
different  ways (Fig. 1). The s u r f a c t a n t  t ha t  stabil ized the  
pe rmeab i l i ty  ra te  ks OP-10EO for bo th  phospho l ip id  
concen t ra t ions .  It  requires  20 rain to ob ta in  a release 
equil ibrium. On the  contrary ,  the  anionic  su r f a c t an t s  SDS 
a nd  SDES need  40 min  to reach  the  equi l ibr ium, especially 
at  higher lipid c o n c e n t r a t i o n  in l iposomes (Fig. 1B). It can  
be seen t h a t  for a given sm' fac tant ,  CF release is h igher  
when  phosphol ip id  vesicle c o n c e n t r a t i o n  is lower (Fig. 
1A). As a consequence ,  the changes  in permeabi l i ty  were 
s tud ied  in all cases 40 rain af ter  the  add i t ion  of surfac 
t a n t s  to l iposomes at  25~ 

Cons ider ing  the  pe rmeab i l i ty  changes  caused by anio- 
nic su r fac tan t s ,  a rat io could be es tabl ished be tween  the  
t ime necessa ry  to obta in  a c o n s t a n t  value of permeabi l i ty  
a nd  the p re sence  of phospha t id ic  acid in phospho l ip id  
bilayers (mola r  rat io 9:1). Phospha t id ic  acid p romotes  
some e lec t ros ta t ic  repuls ion  between both  c o m p o u n d s  
which par t ia l ly  inhibi t  the in te rac t ion ,  ma in ly  in the  early 
stage of process.  

In order  to know the pa r t i t i on  coefficient o f s u r f a c t a n t s  
be tween  aqueous  med ia  and  lipid bilayers, a sys temat ic  
inves t iga t ion  of SUV l iposome pe rmeab i l i ty  aga ins t  each 
smTac tan t  was  car r ied  out  s tudying  the  changes  in CF 
release f rom 0.1 to 1.0 mM phosphol ip id  c o n c e n t r a t i o n  
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FIG. 1. Time curve of  the  re l ease  of  CF trapped in SEW l i p o s o m e s  caused  by OP-1OEO, 
SDS, SDES, and D-Bet surfactants  (0.3 mM).  The phosphol ip id  concentrat ions  of 
l iposome were  0.1 mM (A)  and 1.0 mM (B) .  
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FIG. 2. CF re lease  caused by surfactants  (A, OP-1OEO, B, SDS, C, SDES, and D, D-Bet), for suspens ions  ofSUV l iposomes  at  d i f ferent  
phosphol ip id  concentrat ions  (a, 0.165 mM; b, 0.330 mM; c, 0.495 mM; d, 0.660 raM; e, 0.825 mM; and f, 0.990 mM).  
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FIG. 3. Surfactant  concentrat ions  that  promote half maximal 
value  of CF re l ease  v s .  phosphol ip id  concentrat ion.  The regres-  
s ion  coe f f i c i ent s  o f  the straight  l ines  o f  each surfactant  are 
g i v e  n �9 

range. Percentage of CF release as a function of surfac- 
t an t  concent ra t ion  for different SUV liposome suspen- 
sions are p lot ted  in Figure 2. F rom these data,  the 
sur fac tan t  concent ra t ion  tha t  p romote  half-maximal  
value of CF release have been de te rmined  and represent-  
ed vs phosphol ipid  concent ra t ion  in Figure 3. A quite 
acceptable  l inear re la t ionship is es tabl ished in each case, 
the  graphs  corresponding,  as previously s ta ted  in the 
equation: 

ST = Sw + R~ff (PL) 

where  the effective su r fac tan t  to phosphol ip id  molar  
rat io  Reff and the aqueous concentra t ion  of sur fac tan t  Sw 
are the slope and the  ordinate  at  the  origin (zero 
phosphol ip id  concentra t ion) ,  respectively. These results  
are shown in Table 3. 

Table 2 shows tha t  all Sw values are always smaller  than  
the corresponding CMC values. Thus, SDS has a Sw value 
of 17.8% in respect  to  its CMC OP-10EO presents  a Sw 
value of 27.3% in respec t  to its CMC, and D-Bet and SDES 
show Sw values of 33.6% and 75% of thei r  corresponding 
CMCs, respectively�9 

These results  suggest  t ha t  sur fac tant - l iposome interac-  
t ions mus t  be ruled mainly by the act ion of sur fac tant  
monomers  on the lipid bilayers, unlike the behavior of the  
sur fac tan ts  in solubilization processes  (3,11), where  
micelle format ion plays a very impor t an t  role. 
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TABLE 3 

Partit ion Coe f f i c i en t s  (K)  o f  OP-1OEO, SDS, SDES, and D-Bet 
Be tween  Liposomes  and Aqueous  Medium 

S~ R~rr K 
Surfactant (mM) (mole/mole) (ram 1) 

OP-1OEO 0.041 0.050 3.65 
SDS 0.089 0.253 2.84 
SDES 0.090 0.272 3.03 
D-Bet 0.420 0.484 1.15 

C o n s i d e r i n g  t h e  Reff v a l u e s  , i t  c a n  be  s e e n  t h a t  D-Be t  is 
t h e  s u r f a c t a n t  w h o s e  m o n o m e r s  s h o w  t h e  g r e a t e s t  t e n -  
d e n c y  to  i n c o r p o r a t e  t h e m s e l v e s  o n t o  t h e  p h o s p h o l i p i d i c  
b i l ayers  (0 .484 m o l e / m o l e ) ,  w h i l e  t h e  n o n i o n i c  s u r f a c t a n t  
OP-10EO (0 .150 m o l e / m o l e )  s h o w s  t h e  s m a l l e s t  t e n d e n -  
cy. W h e n  t h e s e  t e n d e n c i e s  a r e  r e p o r t e d  a t  a g iven  
c o n c e n t r a t i o n  o f  s u r f a c t a n t  m o n o m e r s  in e q u i l i b r i u m  
w i t h  t h o s e  i n c o r p o r a t e d  in t h e  b i l aye r  it  c a n  be  o b t a i n e d  
t h e  p a r t i t i o n  c o e f f i c i e n t  K fo r  e a c h  s u r f a c t a n t .  F r o m  
t h e s e  d a t a  t h e  s u r f a c t a n t  t h a t  s h o w s  a h igh  K v a l u e  is t h e  
n o n i o n i c  s u r f a c t a n t  OP-10EO (3.65 m M  1) f o l l o w e d  b y t h e  
an ion i c  s u r f a c t a n t s  SDES (3.03 m M  1) a n d  SDS (2.84 
mM i). T h e  l o w e r  K v a l u e  o f  t h e  s u r f a c t a n t  t e s t e d  
c o r r e s p o n d s  to  t h e  a m p h o t e r i c  s u r f a c t a n t  D-Be t  (1 .15 
mM 1). C o m p a r i n g  t h e  r e s u l t s  o f  F i g u r e  1 w i t h  t h e  v a l u e s  
g iven  in Table  3 a p o s i t i v e  a s s o c i a t i o n  b e t w e e n  c o e f f i c i e n t  
o f  p a r t i t i o n  a n d  t h e  ab i l i ty  o f  t h e  d i f f e r e n t  s u r f a c t a n t s  to  
m o d i f y  t h e  p e r m e a b i l i t y  o f  l i p o s o m e s  c a n  be  e s t a b l i s h e d .  

In g e n e r a l  t e r m s ,  t h e  r e l a t i v e  i m p o r t a n c e  o f  t h e  p r e s -  
e n c e  of  e t h y l e n e  o x i d e  un i t s  in t h e  m o l e c u l a r  s t r u c t u r e  o f  
s u r f a c t a n t s  in r e l a t i o n  to  t h e  c h a n g e s  in t h e  p a r t i t i o n  
coe f f i c i en t  v a l u e s  c a n  be  ass igned .  In  th i s  sense ,  c o m p a r -  
ing  t h e  K v a l u e s  o f  t h e  t w o  a n i o n i c  s u r f a c t a n t  c o n s i d e r e d  
(SDS a n d  SDES) ,  t h e  i n c r e a s e  o f  t h e  K v a l u e  o f  t h e  SDES 
in f r o n t  o f  SDS c o u l d  be  a t t r i b u t a b l e  to  t h e  p r e s e n c e  o f  2.5 
e t h y l e n e  o x i d e  un i t s  in i ts  m o l e c u l a r  s t r u c t u r e ,  b e c a u s e  it  
is t h e  u n i q u e  s t r u c t u r a l  d i f f e r e n c e  e x i s t i n g  b e t w e e n  b o t h  
a n i o n i c  s u r f a c t a n t s .  T h o s e  e t h y l e n e  o x i d e  un i t s  i n c r e a s e  
t h e  h y d r o p h i l i c  c h a r a c t e r  o f  t h e  s u r f a c t a n t .  This  f a c t  
c o u l d  be  r e s p o n s i b l e  fo r  t h e  c h a n g e s  in K va lues .  On t h e  
o t h e r  h a n d ,  t h e  K v a l u e  o b t a i n e d  fo r  OP-10EO is c o m p a -  
rab le  w i t h  t h a t  r e p o r t e d  in t h e  l i t e r a t u r e  (36) ,  c o n f i r m i n g  
t h e  e f f e c t i v e n e s s  o f  t h i s  n o n i o n i c  s u r f a c t a n t  in t h e  i n t e r -  
a c t i o n  w i t h  l ip id ic  b i layers .  
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