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ABSTRACT: The alterations caused by different surfactants in
the permeability of liposomes formed by a lipid mixture that
models the stratum corneum (SC) composition (40% ceramides,
25% cholesterol, 25% palmitic acid, and 10% cholesteryl sul-
fate) were investigated. The surfactant/lipid molar ratios (Re)
and the bilayer/aqueous phase surfactant partition coefficients
(K) were determined at two sublytic levels. The selected surfac-
tants were sodium dodecyl sulfate (SDS); sodium dodecyl ether
sulfate (SDES) to assess the influence of the ethylene oxide
groups on the anionic surfactant's behavior; Triton X-100
(OP-10EO) and dodecyl betaine (D-Bet) as representatives of
nonionic and amphoteric surfactants. Permeability alterations
were determined by monitoring the increase in the fluorescence
intensity of liposomes due to the 5(6) carboxyfluorescein (CF)
released from the interior of vesicles. The SC liposomes/surfac-
tant sublytic interactions were mainly ruled by the action of sur-
factant monomers. OP-10EO showed the highest ability to alter
the permeability of bilayers and the highest affinity with these
structures, whereas D-Bet showed the lowest tendencies. Al-
though SDS and SDES exhibited similar activity at 50% CF re-
lease (similar Re values), SDES appeared to be more active at
100% CF release, its affinity with bilayers being also increased.
The different ability exhibited by SDS, SDES, and D-Bet (same
alkyl chainlength) to alter the permeability of SC liposomes em-
phasizes the role played by the polar part of these surfactants in
this interaction. Different trends in the evolution of Re and K
were observed when comparing the results with those reported
for phosphatidylcholine (PC) liposomes. Thus, whereas SC lipo-
somes appeared to be more resistant to the action of surfactants,
the surfactant affinity with SC bilayers was always greater than
that reported for PC bilayers.
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Surfactants are indispensable reagents in the solubilization
and reconstitution of membrane proteins (1-3). The need to
find effective and predictable means to solubilize and recon-
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stitute these membranes, and to scale the reconstitution pro-
tocols for biological research or pharmacological applica-
tions, is one reason for interest in the nuances of mem-
brane—surfactant interactions. A number of studies have been
devoted to the understanding of the principles that govern the
interaction of surfactants with simplified membrane models
as phospholipid bilayers (4—7). This interaction leads to the
breakdown of lamellar structures and the formation of
lipid—surfactant mixed micelles. A significant contribution in
this area has been made by Lichtenberg (8), who postulated
that the critical effective surfactant/lipid molar ratio (Re) pro-
ducing saturation and solubilization depends on the surfac-
tant critical micellar concentration (CMC) and on the bi-
layer/aqueous medium distribution coefficients (K) rather
than on the nature of the surfactants.

The stratum corneum (SC), the outermost layer of mam-
malian epidermis, consists of flat cells (corneocytes) that are
separated by an intercellular matrix mainly composed of
lipids. These lipids are organized into bilayers that have been
postulated both to account for the permeability properties of
SC and to ensure the cohesiveness between corneocytes
(9,10). The analytical composition of lipids and proteins that
form the SC has been extensively investigated (11-14).

To find out whether SC lipids could form bilayers, Wertz
et al. (15,16) and Abraham et al. (17) prepared liposomes
from lipid mixtures that approximate the composition of SC
lipids at physiological pH. These authors also investigated the
interaction of these bilayer structures with the anionic surfac-
tant sodium dodecyl sulfate (SDS) to study the deleterious ef-
fect of this surfactant on human skin (18). Furthermore,
Blume et al. (19) reported that mixing phosphatidylcholine
(PC) liposomes with lipid model mixtures for SC lipids could
be one mechanism to contribute to the enhancement of the
permeability of the skin to lipid vesicles.

In recent papers, we have studied the interactions of dif-
ferent surfactants and surfactant mixtures with simplified
membrane models, such as PC liposomes (20-22), as well as
the formation and characterization of liposomes formed with
different mixtures of four commercially available synthetic
lipids that approximate the composition of SC (23). In the
present work, we seek to extend these investigations by char-
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acterizing the surfactant-to-lipid molar ratios and the parti-
tion coefficients of different surfactants between these bilay-
ers and the aqueous medium. The selected surfactants were
SDS as a typical anionic surfactant; sodium dodecyl ether sul-
fate (SDES) to assess the influence of the ethylene oxide (EO)
groups on the anionic surfactant’s behavior; octyl phenol
ethoxylated with 10 EO units, Triton X-100, as a representa-
tive nonionic surfactant, which is widely used in membrane
studies (24-26); and dodecyl betaine as a representative am-
photeric surfactant. The results obtained in this study provide
new information about the effect caused by these surfactants
on the permeability of SC bilayers taking into account the dif-
ferent physicochemical characteristics of the amphiphilic
compounds tested.

MATERIALS AND METHODS

SDS was obtained from Merck (Darmstadt, Germany) and
further purified by a column chromatographic method (27).
SDES was supplied by Tenneco S.A.(Barcelona, Spain). The
latter was a commercial-grade product with an active matter
of 28.8%, 2.5 average in EO 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),
octyl phenol ethoxylated with 10 units of EO, as 100% active
matter was purchased from Rohm and Haas (Lyon, France).
The amphoteric surfactant N-dodecyl-N, N-dimethylbetaine
(D-Bet) was specially prepared by Albright and Wilson, Ltd.
(Warley, West Midlands, United Kingdom); the active matter
was 30% in aqueous solution, and the amino free contents
was 0.20%. Piperazine-1,4-bis(2-ethanesulfonic acid) (PIPES
buffer), obtained from Merck was prepared as 20 mM PIPES
buffer adjusted to pH 7.20 with NaOH, and contained 110
mM Na,SO,. Tris-(hydroxymethyl)aminomethane (TRIS
buffer), obtained from Merck, was prepared as 20.0 mM
TRIS adjusted to pH values ranging from 5.0 to 7.5 with HCI
and contained 110 mM Na,SO,.

5(6)-Carboxyfluorescein (CF) was obtained from Eastman
Kodak (Rochester, NY) and further purified by a column
chromatographic method (28). Polycarbonate membranes and
membrane holders were purchased from Nucleopore
(Pleasanton, CA). Reagent-grade organic solvents, ceramides
type III (Cer), and cholesterol (Chol) were supplied by Sigma
Chemical Co. (St Louis, MO), and palmitic acid (PA) (reagent
grade) was purchased from Merck. Cholesteryl sulfate (Chol-
sulf) was prepared by reaction of cholesterol with excess
chlorosulfonic acid in pyridine and was purified chromato-
graphically. The molecular weight of ceramides type III was
determined by low-resolution fast atom bombardment mass
spectrometry (FAB—-MS) with a Fisons VG Auto Spec Q
(Manchester, United Kingdom) and a cesium gun operating
at 20 Kv. The lipids of the highest-purity grade available were
stored in chloroform/methanol (2:1) under nitrogen at —20°C
until use.

Liposome preparation. Liposomes formed by a mixture of
lipids to model the composition of SC (40% Cer, 25% Chol,

JAOCS, Vol. 74, no. 1 (1997)

25% PA, and 10% Chol-sulf) were prepared by following the
method described by Wertz et al. (15). Individual lipids were
dissolved in chloroform/methanol (2:1), and appropriate vol-
umes were combined to obtain the aforementioned mixture.
The lipid mixture was then placed in a culture tube, and the
solvent was removed with a stream of nitrogen and then under
high vacuum at room temperature. Lipid mixture aqueous dis-
persions were then prepared by suspension in PIPES buffer
that contained 110 mM Na,SO, and supplemented with 10
mM 5(6)-carboxyfluorescein to provide a final lipid concen-
tration that ranged between 0.5 mM and 5.0 mM at pH 7.20.
The lipids were left to hydrate for 30 min under nitrogen with
occasional shaking. The suspensions were then sonicated in a
bath sonicator (514 ECT Selecta) at 60°C for about 15 min
until the suspensions became clear (23). Vesicles of defined
size (about 200 nm) were obtained by extrusion techniques
(VET). To this end, liposome suspensions were extruded
through 800-200 nm polycarbonate membranes at 60°C in a
thermobarrel extruder equipped with a thermoregulated cell
compartment (Lipex, Biomembranes Inc. Vancouver,
Canada). The preparations were then annealed at the same
temperature for 30 min and incubated at 37°C under nitrogen
atmosphere. Vesicles were freed of unencapsulated fluores-
cent dye by passage through Sephadex G-50 medium resin
(Pharmacia, Uppsala, Sweden) by column chromatography to
study the alterations in the bilayer permeability due to the
presence of different surfactants.

Analysis and phase transition temperature of bilayer lipid
mixture. The bilayer lipid composition after liposome prepa-
ration was determined by thin-layer chromatography (TLC)
coupled to an automated flame-ionization detection (FID)
system (latroscan MK-5; Iatron Lab. Inc. Tokyo, Japan) (29).
Liposome suspensions were directly spotted onto silica gel-
coated chromarods (type S-1II) in 0.5-, 1.0-, and 1.5-pL
aliquots from a SES 3202/IS-02 semiautomatic sample spot-
ter with a precision two-microliter syringe. The rods were de-
veloped for a distance of 10 cm with solvent mixture
n-hexane/ethyl ether/formic acid (50:20:0.3) to separate the
nonpolar lipids PA and Chol from the rest of the compounds.
A partial scan of 80% of the rods was performed to quantitate
and eliminate them. Redevelopment of the rods with chloro-
form/methanol/ammonia (58:10:2.5) of 7 cm leads to a good
separation of the polar lipids (Cer and Chol-sulf) from the
buffer, which remains at the spotting position. A total scan
was performed to quantitate Cer and Chol-sulf. The same pro-
cedure was applied to different standard solutions of these
lipids dissolved in chloroform/methanol (2:1) to obtain the
calibration curves for the quantitation of each compound.

To find out whether all mixture lipid components formed
liposomes, vesicular dispersions were analyzed for these
lipids (29). The dispersions were then spun at 140,000 X g at
37°C for 4 h to remove the vesicles (30). The supernatants
were tested again for these components. No lipids were de-
tected in any of the supernatants.

Analyses of proton nuclear magnetic resonance (‘H NMR)
were carried out at temperatures ranging from 25 to 90°C to
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determine the phase transition temperature of the lipid mix-
ture that forms liposomes. The 'H NMR spectra were
recorded on a Varian Unity of 300 MHz (Palo Alto, CA). The
NMR spectra were measured at intervals of 5°C. The line
widths of the CH, band at 1.3 ppm were measured and 1024
scans were accumulated each time. The different line widths
were plotted vs. the temperature, and the inflection point of
the curve was taken as a phase transition temperature, which
showed a value of 55-56°C.

Vesicle size distribution. The vesicle size distribution and
the polydispersity index (PI) of liposomes after preparation
were determined with dynamic light-scattering measurements
in a photon correlator spectrometer (Malvern Autosizer 4700c
PS/MV, Malvern, United Kingdom). The studies were made
by particle number measurement. The sample was adjusted to
the appropriate concentration range with PIPES buffer, and
the measurements were taken at 37°C at a reading angle of
90°. After preparation, the vesicle size distribution varied lit-
tle (lipid concentration from 0.5 to 5.0 mM) and showed in
all samples a similar value of about 200 nm (PI lower than
0.1), thereby indicating that the size distribution was homo-
geneous. The size of vesicles after the addition of equal vol-
umes of PIPES buffer and equilibration for 60 min showed in
all samples values similar to those obtained after preparation,
with a slight increase in PI (between 0.10 and 0.12). Hence,
the liposome preparations appeared to be reasonably stable in
the absence of surfactant under the experimental conditions
used in permeability studies.

Parameters involved in the interaction of surfactants with
SC liposomes. In the analysis of the equilibrium partition
model proposed by Schurtenberger er al. (31) for bile
salt/lecithin systems, Lichtenberg (8) and Almog et al. (30)
have shown that, for a mixing of lipids [at a lipid concentra-
tion L (mM)] and surfactant [at a concentration S, (mM)] in
dilute aqueous media, the distribution of surfactant between
lipid bilayers and aqueous media obeys a partition coefficient
K, given (in mM™") by

K=Sy/I(L+Sp " Sy [1]
where S is the concentration of surfactant in the bilayers
(mM) and Sy, is the surfactant concentration in the aqueous

medium (mM). For L >> S, the definition of K, as given by
Schurtenberger et al. (31), applies:

TABLE 1

K=Sy/(L"S,) = RelS,, 2]

where Re is the effective molar ratio of surfactant to lipid in
the bilayers (Re = Sg/L). Under any other conditions, Equa-
tion 2 has to be employed to define K; this yields:

K =Re/Sy, [1 + Re] [3]

This approach is consistent with the experimental data offered
by Lichtenberg (8) and Almog (30) for different surfac-
tant-lipid mixtures over wide ranges of Re values. Given that
the range of lipid concentrations used in the mixture is simi-
lar to that used by Almog et al. (30) to test his equilibrium
partition model, the K parameter has been determined from
this equation.

The determination of these parameters can be carried out
on the basis of the linear dependence that exists between the
surfactant concentrations required to achieve 50 and 100% of
CF release and the SC lipid concentration (SCL), which can
be described by the equations:

S7= Sy s0%ck + Resogcr - [SCLI (4]

ST/= SW,IOO%CF + RelOO%CF - [SCL] (5]

where Resyo cp Re | poace and the aqueous concentrations of
surfactant SWSO% CF and SW,]OO% CF are in each curve, the slope
and the ordinate at the origin (zero lipid concentration), re-
spectively.

Surfactant CMC. The surface tensions of buffered solu-
tions with increasing concentrations of surfactants were mea-
sured by the ring method (32) with a Kriiss tensiometer. The
CMC of the different surfactants was determined from the
abrupt change in the slope of the surface tension value vs. sur-
factant concentration. The CMC values obtained for each sur-
factant tested are given in Table 1.

Permeability alterations. The permeability changes caused
by the presence of different surfactants in SC liposomes were
determined quantitatively by monitoring the increase in the
fluorescence intensity of the liposome suspensions due to the
CF released from the interior of vesicles to the bulk aqueous
phase (22). Fluorescence measurements were made with a
spectrofluorophotometer, Shimadzu RF-540 (Kyoto, Japan),
equipped with a thermoregulated cell compartment. On exci-
tation at 495 nm, a fluorescence maximum emission of CF
was obtained at 515.4 nm. The fluorescence intensity mea-

Surfactant-to-Lipid Molar Ratios (Re), Partition Coefficients (K), and Surfactant Concentrations in the Aqueous Medium (S,,),
Resulting in the Subsolubilizing Interaction (50 and 100% of 5(6)-carboxyfluorescein release) of Triton X-100, Sodium Dodecyl Sulfate,
Sodium Dodecyl Ether Sulfate, and Dodecyl Betaine Surfactants with Stratum Corneum Liposomes?

eMC Sw,50%CF SW,100%FC Resgocr Reqoooucr Ksoo,cr Kio0%cr r r

(mM) (mM) (mM) mole/mole mole/mole (mM™ (mM™) (50%CF) (100%CF)
OP-10EO 0.15 0.039 0.089 0.190 0.448 4.09 3.47 0.993 0.994
SDS 0.50 0.083 0.289 0.350 1.0 3.12 1.70 0.994 0.996
SDES 0.12 0.086 0.105 0.351 0.733 3.02 3.99 0.995 0.993
D-Bet 1.25 0.418 0.838 0.653 0.756 0.95 0.51 0.997 0.995

“The regression coefficients of the straight lines obtained are also included.
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surements were taken at 37°C. The percentage of CF released
was calculated by means of the equation:

9%CF release = (I — 1,)/(I, — ;) - 100 [6]

where [ is the initial fluorescence intensity of CF-loaded li-
posome suspensions in the absence of surfactant, /, is the flu-
orescence intensity measured 60 min after adding the surfac-
tant solution to liposome suspensions. This interval was cho-
sen as the minimum period of time needed to achieve a
constant level of CF release for the lipid concentration range
used. The experimental determination of this interval is indi-
cated in the Results and Discussion section. I_, corresponds to
the fluorescence intensity that remains after the complete de-
struction of liposomes by the addition of OP-10EO [60 pL of
10% (vol/vol) aqueous solution] (22).

RESULTS AND DISCUSSION

Permeability studies. The ability of the SC lipids to form bi-
layers has been reported by Wertz et al. (15), who demon-
strated that these lipids form liposomes when hydrated at
80°C. The Cer type III used in this work is composed primar-
ily of simple sphingosines linked to largely monounsaturated
fatty acids. Therefore, it has a much lower bulk melting tem-
perature than SC ceramides, which contain only saturated
fatty acids, including hydroxy acids. In preliminary experi-
ments, we determined the suitable sonication temperature of
the investigated lipid mixture by preparing liposomes at tem-
peratures that approximated their phase transition tempera-
ture (55-56°C). It was found that temperatures exceeding this
temperature by more than 10°C caused noticeable alterations
in Cer and Chol-sulf. As a consequence, the lipid mixture was
sonicated at 60°C.

It is known that, in surfactant-lipid systems, complete
equilibrium may take several hours (6,8). However, in sub-
solubilizing interactions, a substantial part of the surfactant
effect takes place within approximately 30 min after its addi-
tion to the liposomes (26). To determine the time needed to
obtain a constant level of CF release of liposomes in the lipid
concentration range investigated, a kinetic study of the inter-
action of various surfactants with SC liposomes was carried
out. Liposomes were treated with a constant subsolubilizing
surfactant concentration (0.5 mM), and subsequent changes
in permeability were studied as a function of time. The results
obtained for two lipid concentrations (5.0 and 1.0 mM) are
shown in Figure 1, A and B, respectively. About 60 min was
needed to achieve a constant level of CF release in both sam-
ples. Hence, changes in permeability were studied 60 min
after addition of surfactants to the liposome suspensions at
37°C. This finding contrasts with that reported for the inter-
action of these surfactants with PC liposomes, where the time
needed to obtain a constant level of CF release was always
clearly lower (33). The CF release of SC liposomes in the ab-
sence of surfactant in this period of time was negligible.

To determine the Re and Sy, parameters at two sublytic lev-
els (50 and 100% CF release), a systematic investigation of
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FIG. 1. Time curves of the release of 5(6)-carboxyfluorescein (CF)
trapped into stratum corneum liposomes, caused by the addition of a
constant concentration (0.5 mM) of Triton X-100 (OP-10EO) (@),
sodium dodecy! sulfate (SDS) ({J), sodium dodecy! ether sulfate (SDES)
(O), and dodecyl betaine (D-Bet) (). The lipid concentration was (A)
5.0 mM and (B) 1.0 mM.

permeability changes, caused by the addition of different sur-
factants, was carried out for various SC lipid concentrations
(from 0.5 to 5.0 mM). The curves obtained for the anionic
surfactant SDS are given in Figure 2. The surfactant concen-
trations resulting in 50 and 100% of CF release for each sur-
factant tested were graphically obtained and plotted vs. lipid
concentration. An acceptable linear relationship was estab-
lished in each case. These results are plotted in Figure 3A
(50% CF release) and 3B (100% CF release), respectively.
The straight lines obtained corresponded to the aforemen-
tioned Equations 4 and 5 from which Re and Sy, were deter-
mined. These parameters, including the regression coeffi-
cients (r%) of the straight lines, are also given in Table 1.

The Sy, values increased as the CF release percentage rose,
although the values were smaller than those corresponding to
the surfactant CMC in all cases. This finding suggests that the
surfactant—liposome interaction is ruled mainly by the action
of surfactant monomers, unlike the behavior of surfactants in
solubilization of phospholipid bilayers, where micelle forma-
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FIG. 2. Percentage changes in CF release of stratum corneum lipo-
somes, (lipid concentration ranging from 0.5 to 5.0 mM), induced by
the presence of increasing concentrations of SDS. Lipid concentrations:
0.5 mM (©O), 1.0 mM (), 2.0 mM (A), 3.0 mM (i), 4.0 mM (VV), 5.0
mM (@). See Figure 1 for other abbreviations.

e OP-10EO o SDS A
o SDES = D-Bet

5

4
=
E
’g’ 3
=
v 2

1

1 2 3 4
Lipid (mM)
B

5

4
=
E
E 3
=5
©» 2

1

1 2 3 4
Lipid (mM)

FIG. 3. Surfactant concentrations resulting in (A) 50% of CF release and
(B) 100% of CF release vs. lipid concentration of liposome suspensions.
OP-10EO (@), SDS (1), SDES (O), and D-Bet (M). See Figure 1 for ab-
breviations.

tion plays an important role (8). These findings are in agree-
ment with those reported for subsolubilizing and solubilizing
interactions of these surfactants with PC unilamellar lipo-
somes in the same buffered working medium (33,34).

As for the Re parameter, this value increased as the CF re-
lease percentage rose, regardless of the chemical structure of
the surfactant tested. Bearing in mind that the surfactant ca-
pacity to alter the permeability of bilayers is inversely related
to the Re parameter, the maximum activity at 50% of CF re-
lease corresponded to the nonionic surfactant OP-10EO (low-
est Re values), and the minimum to the amphoteric D-Bet
(highest Re values), with the anionics SDS and SDES exhibit-
ing intermediate values. Similar behavior was detected at
100% CF release except for SDES, which exhibited higher
bilayer activity than SDS. This effect may be attributed to the
presence of 2.5 EO units in the SDES molecular structure,
given that this is the unique structural difference between
both anionic surfactants. The different activity of SDS, SDES,
and D-Bet, which contain the same alkyl chainlength (same
hydrophobicity), emphasizes the role played by the polar part
of these surfactants in their abilities to alter the permeability
of SC liposomes at the two investigated interaction levels.

Comparison of the Re values with those reported for the
interaction of these surfactants with PC unilamellar liposomes
(33) reveals that ability of these surfactants to alter the per-
meability of SC bilayers (50% CF release) appeared to be less
(higher Re values) than that reported for PC unilamellar lipo-
somes in all cases. Thus, SC bilayer structures appeared to be
more resistant to the surfactant perturbations at the sublytic
level.

The surfactant partition coefficients between SC bilayers
and aqueous medium, both at 50 and 100% of CF release, in-
dicate that OP-10EO molecules had the highest affinity with
bilayers (maximum K values), whereas the amphoteric sur-
factant D-Bet showed the lowest (minimum K values). As for
the nonionic surfactants, although at 50% of CF release SDS
showed higher affinity with bilayers than SDES, at 100% CF
release the affinity of these surfactants with SC liposomes ex-
hibited opposite tendencies. As discussed above, this effect
may be attributed to the presence of 2.5 EO units in the SDES
molecular structure. The different affinity of SDS, SDES, and
D-Bet (same hydrophobicity) with SC liposomes (premicel-
lar association leading to formation of mixed liposomes) at
the two interaction levels investigated also underlines the role
played by the polar part of these surfactants in these interac-
tions.

The fact that OP-10EO, SDS, and D-Bet showed lower K
values at 100% CF release than at 50% could be explained by
assuming that, at low Re (ca. in the interval of CF release be-
tween 30 and 60%), only the outer vesicle leaflet was avail-
able for interaction with surfactant molecules, while the bind-
ing of additional molecules to bilayers is being hampered at
slightly higher Re values. These findings are in agreement
with those reported by Schubert ez al. (35) for sodium cholate
and with our previous investigations that involved the overall
interaction of OP-10EO and SDS with PC liposomes (20,22).

JAOCS, Vol. 74, no. 1 (1997)
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This behavior contrasts with the increased bilayer affinity ex-
hibited by SDES at 100% CF release. This effect may be at-
tributed to the specific structure of this anionic surfactant,
which could affect the rate of flip-flop of surfactant molecules
(or permeabilization of the bilayers to surfactants), thus mak-
ing the inner monolayer available for the interaction of added
surfactant. Comparison of the K values obtained with those
reported for the interaction of these surfactants with PC lipo-
somes indicates that the surfactant affinity with SC bilayers
appeared to be greater than that for PC ones (20,22,33).

It is known that betaines (internally compensated quater-
nary ammonium compounds) with a carboxylate ion form ex-
ternal salts with acids, such as hydrochloric acid, which con-
fers to these type of surfactants a certain cationic character at
acidic pH. This characteristic may allow us to elucidate the
role played by the polar part of D-Bet in its low ability to alter
the permeability of SC bilayers with respect to that exhibited
by the surfactant SDS and SDES with the same alkyl chain-
length.

To clarify this aspect, a systematic investigation of perme-
ability changes, caused by D-Bet on SC liposomes (SC lipid
concentration also ranging from 0.5 to 5.0 mM), was carried
out at various pH constant values. To this end, a 5.0 mM TRIS
buffer solution, containing 100 mM NaCl and adjusted to dif-
ferent pH (pH values ranging from 5.0 to 7.5) with HCl, was
used (36). The results obtained (Table 2) showed that the abil-
ity of D-Bet to alter the permeability of SC liposomes at 50%
CF release increased as the pH of the buffered medium de-
creased (Re values diminished from 0.68 at pH 7.5 to 0.43 at
pH 5.0). A similar tendency was observed at the interaction
step of 100% CF release (Re values decreased from 0.79 at
pH 7.5 to 0.55 at pH 5.0). The free surfactant concentrations
Sw.s0%cr Sw100%CF) also decreased as the pH of the buffered
solution diminished.

As for the partition coefficients, these parameters also di-
minished as the pH of the buffered solution decreased (from
0.968 at pH 7.5 to 0.802 at pH 5.0, and from 0.526 at pH 7.5
to 0.473 at pH 5.0 for 50% and 100% of CF release, respec-
tively). This means that the affinity of this surfactant with the
SC lipids decreased with the pH in spite of the increased abil-
ity of this surfactant to alter the permeability of these bilayer

TABLE 2

structures at the two interaction levels investigated under the
same pH conditions. The relative cationic character of this
compound at acid pH appears to be responsible for these two
opposite tendencies, which may be attributed to electrostatic
interactions between the surfactant and the polar groups of
the lipids building the bilayer structures.

These findings explain the relative low activity detected
for D-Bet on SC liposomes with respect to the other com-
pounds tested at pH 7.20 (PIPES buffer) and underline the in-
fluence of the polar part of this surfactant in its capacity to
alter the permeability of SC liposomes. These results are also
in accordance with the more active properties reported for the
external salts of betaines that contain a carboxylate ion at
slightly acid pH solutions (37). It is interesting that the activ-
ity and affinity of SDS and SDES with respect to SC lipo-
somes was not significantly affected by the changes in the pH
of the buffered medium (TRIS buffer) in the same pH range
investigated for D-Bet.

In general terms, different trends in the interaction of these
surfactant with SC and PC liposomes may be observed at sub-
solubilizing levels. Thus, whereas SC liposomes appeared to
be more resistant to the action of surfactant monomers the
affinity of these compounds with SC structures appeared to
be greater than with PC. Thus, although a greater number of
surfactant molecules was needed to produce alterations in SC
bilayers, these molecules showed increased affinity with these
structures. This behavior is directly correlated with the lesser
free surfactant concentrations (Sws0%cE and Sw100%CF) ob-
tained in the interaction of these surfactants with SC lipo-
somes (20,22,33).

We are aware of the fact that the lipids used in this work
are not exactly the same as those existing in the SC. Never-
theless, our approach may be useful for studying the interac-
tion of different surfactants with these lipid structures and
comparing the surfactant-lipid molar ratios for different sub-
lytic interaction steps with those obtained for phospholipid li-
posomes. This comparison also could be useful in establish-
ing a criterion for the evaluation of the activity of these sur-
factants in human skin.

From these findings, we may conclude that surfactant—SC
liposome subsolubilizing interactions are mainly ruled by the

Surfactant-to-Lipid Molar Ratios (Re), Partition Coefficients (K) and Surfactant
Concentrations in the Aqueous Medium (S,,), Resulting in the Subsolubilizing
Interaction (50 and 100% of 5(6)-carboxyfluorescein release) of Dodecyl

Betaine Surfactants with Stratum Corneum Liposomes at Different pH?

Sw50%CF Swioo%rc  Resoucr Rejooscr Ksowcr  Kioowck

2

2

(mM) (mM) mole/mole  mole/mole  (mMM™)  (mM™") (50%CF) (100%CF)
7.5 0.418 0.838 0.68 0.79 0.968 0.526  0.994 0.994
7.0 0.411 0.810 0.61 0.72 0.921 0.516  0.996 0.992
6.5 0.405 0.785 0.54 0.66 0.865 0.506  0.992 0.998
6.0 0.395 0.760 0.49 0.61 0.832 0.498 0.996 0.994
5.5 0.385 0.753 0.45 0.57 0.806 0.482 0.994 0.996
5.0 0.375 0.750 0.43 0.55 0.802 0.473  0.997 0.995

“The regression coefficients of the straight lines obtained are also included.
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action of surfactant monomers, in agreement with the behav-
ior reported for the interaction of these surfactants with PC
unilamellar liposomes (33). The nonionic surfactant OP-
10EO showed the highest ability to alter the permeability of
SC bilayers (lowest Re values) and the highest affinity with
these structures (highest K values), whereas the amphoteric
surfactant D-Bet showed the lowest tendencies. The low ac-
tivity of D-Bet at pH 7.20 in PIPES buffer may be attributed
to the fact that, at this pH, this surfactant was structured as a
internally compensated quaternary ammonium compound in-
stead of a external salt with some cationic character. This fact
emphasizes the role played by the polar part of this surfac-
tants in its ability to alter the permeability of SC liposomes.
Although the anionic surfactants SDS and SDES showed, at
50% CF release, similar capacities to alter the permeability of
SC bilayer, the SDES appeared to be more active at 100% CF
release (low Re value), and the affinity of these surfactants
with SC bilayers follow similar tendencies. This effect can be
attributed to the presence of 2.5 EO units in the SDES molec-
ular structure. Different trends in the evolution of the interac-
tion of surfactant—SC liposomes with respect to those for sur-
factant—PC liposomes may be observed when comparing the
present Re and K parameters with those reported for the inter-
action of these surfactants with PC liposomes. Thus, whereas
SC liposomes appeared to be more resistant to the action of
surfactant monomers, the affinity of these compounds with
SC structures was always greater than with PC structures.
This finding is closely connected with the fact that the free
surfactant concentration for SC liposomes (Sy,50qcp and
Swi00%cp) Was always smaller than that reported for PC unil-
amellar liposomes in the same interaction steps.
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