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Abstract

The aim of this study was to compare the permeation enhancing potential and toxicity of simple bile salt and bile
salt:fatty acid mixed micellar systems using the CaCo-2 cell culture model. The effects of micellar systems of sodium
cholate, (NaC), and sodium taurocholate, (NaTC), on the permeability of the hydrophilic markers, mannitol (182)
and polyethylene glycols (PEGS) 900 and 4000, were assessed. Simple micelle systems of the unconjugated bile salt,
NaC, caused greater enhancement of the hydrophilic markers than the conjugated bile salt, NaTC. In the case of NaC
systems the enhancement was coincident with excess membrane disruption and toxicity as indicated by altered
TEERs, TEMs, MTT values, and, the lack of recovery following removal of the enhancer. In contrast, the NaTC
systems were less toxic, and, in the simple micelle form the likely mechanism of enhancement of the hydrophilic
markers is via a transient effect on the tight junctions. Formation of mixed micellar systems with linoleic acid (LA)
accentuated the toxic effects of NaC. In comparison, NaTC:LA mixed micelles showed superior permeability
enhancement versus simple micelles without increasing membrane toxicity. The mechanism of enhancement of
NaTC:LA appears more complex and involves a possible combination effect on both the paracellular and
transcellular routes. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction Conflicting results have been reported in the liter-
ature. Bile salts may decrease absorption by de-

The mechanism by which bile salts influence the creasing the thermodynamic activity of the drug
transfer of solutes across the gastrointestinal as a result of incorporation into micelles (Kakemi
membrane has been the subject of many studies. et al., 1970; Kimura et al., 1972; Feldman et al.,
1973; Amidon et al., 1982; Poelma, 1989; Poelma
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(Kakemi et al., 1970; Feldman et al., 1973; Mu-
ranishi, 1985; O’Reilly et al., 1994b), the mucus
layer (Martin et al., 1978; Lewin et al., 1979;
Poelma et al.,, 1990) or the paracellular route
(Yamashita et al., 1990; O’Reilly et al., 1994a;
Werner et al., 1996; Lane et al., 1996). The
mechanism of absorption enhancement by bile
salts appears to be complex, it also depends on
the physiochemical properties of the drug under
investigation and the interaction of the micelle
with the physiological environment.

In this study the CaCo-2 cell culture model
was used to study the absorption enhancement
potential of micellar systems of the trihydroxy
unconjugated bile salt, sodium cholate, (NaC),
(CMC =4 mM, Small (1971)) and the conju-
gated bile salt, sodium taurocholate, (NaTC),
(CMC =8 mM, Small (1971)). The effects of
simple bile salt micellar systems and mixed mi-
celles of bile salt:linoleic acid (LA), on the per-
meability of a range of hydrophilic markers of
different molecular weights, mannitol (MW182),
polyethylene glycol (PEG) 900 and PEG 4000
were compared. The potential mechanism of en-
hancement and the relative toxicities were ex-
plored using transepithelial electrical resistance
measurements, (TEER), and transmission elec-
tron microscopy, (TEM), and the MTT assay. In
addition, recovery experiments were carried out
to examine the reversibility of the absorption
enhancing effect following removal of the bile
salt micellar system.

2. Materials and methods
2.1. Materials

All tissue culture media and plastics were ob-
tained from Gibco (Biosciences, Ireland). *H
Mannitol was obtained from Sigma, St. Louis,
SH-PEG 900 from NEN and “C-PEG 4,000 was
obtained from Amersham International, UK. All
other chemicals were obtained from Sigma.

2.2. Cell culture

CaCo-2 cells (passage 30) were obtained from

ECACC (Porton Down, UK). Mycoplasma free
cells of passage 30-50 were used throughout.
The cells were cultivated in Dulbecco’s modified
Eagle’s medium supplemented with 10% v/v
foetal calf serum, 1% v/v nonessential amino
acids, 1% w/v L-glutamine, and gentamicin 100
mg/ml. The cells were maintained at 37°C in an
atmosphere of 5% CO, and 90% relative humid-
ity. For transport studies, CaCo-2 cells were
seeded at a density of 6.3 x 10* cells per cm?
(Hidalgo et al., 1989) on uncoated Transwell in-
serts (Costar, 0.4 pm pore size, 4.71 cm? surface
area).

2.3. Transport studies

On the days of the transport experiment, the
culture medium was replaced with Hank’s bal-
anced salt solution (HBSS) containing 25 mM
glucose and 10 mM HEPES buffer, pH 7.35
(transport medium) and the cell monolayers were
allowed to equilibrate for 30—60 min. The TEER
was measured following equilibration using a
voltmeter (EVOM, World Precision Instruments)
fitted with ‘chopstick’ electrodes. Transport ex-
periments were carried out after 18-21 days in
culture using established procedures (Hidalgo et
al., 1989). The amount of radionuclides trans-
ported at each time interval was determined by
liquid scintillation counting in a Packard Tri-
Carb 2500 TR liquid scintillation analyser.
Quench correction was carried out using the
method of external standardisation. The integrity
of the cell monolayers was checked at the end of
the transport studies by measuring the TEER
which was then expressed as a percentage of the
initial value.

Apparent permeability coefficients (P,,,) for
each marker molecule were calculated according
to the following equation:

do 1
aop = o 1
PP dr AC, )
where P, is the apparent permeability coeffi-

cient (cm/s), dQ/d¢ the steady state flux (mol/s),
A, the surface area of membrane (cm?), C, the
initial concentration in donor chamber (mol/
cm?).
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2.4. Electron microscopy

Cell monolayers grown on Transwell inserts
were rinsed with phosphate buffered saline and
fixed in 3% glutaraldehyde in 0.1 M sodium ca-
codylate buffer pH 7.4 containing 5% w/v sucrose
for 1 h at 25°C. Post-fixation was carried out in
2% osmium tetraoxide in 0.1 M sodium cacody-
late (pH 7.4) for 1-2 h at room temperature
followed by dehydration of the cell monolayers in
a graded series (10—100% v/v) ethanol. After de-
hydration TEM samples were embedded in Emix
resin, and thin sections were stained with uranyl
acetate and lead citrate and viewed using a Hi-
tachi 7000 electron microscope.

2.5. MTT assay

MTT is a tetrazolium salt that is cleaved by
mitochondrial dehydrogenase in living but not
dead cells to give a dark blue product (Mossman,
1983; Tada et al., 1986). Calibration experiments
showed that the dehydrogenase activity was lin-
early correlated with cell number in the range
5000-50000 cells per well (data not shown). A
cell concentration of 35000 cells per well was used
in all experiments. CaCo-2 cells were seeded in
DMEM maintenance medium onto 96 well plates
and cultured for 24-48 h. Subsequently 100 pl of
the test substance in HBSS was added to the wells
and incubated for 10 min at 37°C, 20 pl of MTT
solution (5 mg/ml in PBS) was then added to each
well and the cells were incubated for a further 4 h
at 37°C. The reaction product was then solu-
bilised with 100 pl of 10% sodium dodecyl sul-
phate in 0.01 N HCI overnight before quantifying
the colour of the reaction product using a Dy-
natec plate reader at 590 nm. The concentration
of reagent that produced a 50% inhibition of the
dehydrogenase enzyme activity was obtained from
the concentration—absorbance curves.

2.6. Recovery experiments

Initially the monolayers were exposed to HBSS
for 20—60 min containing the radiolabelled mark-
ers. The medium was then changed to HBSS
containing the test system and radiolabelled

markers for 20 min. Finally, the medium was
replaced by DMEM containing 10% v/v foetal
calf serum, 1% v/v non-essential amino acids,
penicillin (100 U/ml)/streptomycin (100 mg/ml),
and 10 mM HEPES.

The apparent permeability of the marker
molecules was measured throughout the experi-
ments. Similar experiments without the addition
of the bile salt system were used as controls.

2.7. Statistics

Unpaired Student’s z-test (two-tailed) was used
to test the significance of the difference between
two mean values. ANOVA was used where more
than two means were compared.

3. Results
3.1. Transport of hydrophilic markers

Control experiments indicated that the P,,, x
10~ ¢ cm/s of mannitol (1.13), PEG 900 (0.55) and
PEG 4000 (0.05) across CaCo-2 monolayers de-
creased with increasing molecular weight. Initial
transport studies were carried out with a range of
concentrations, above the CMC, of NaC (5-30
mM) to determine the concentration that resulted
in increased transport without excessive damage
to the cell monolayer. These experiments revealed
that the effect of NaC on the transport of the
marker molecules, mannitol and PEG 4000 was
dependent on concentration and time (Fig. 1a and
b). The time dependence was studied by determin-
ing P,,, values at consecutive time intervals dur-
ing exposure to NaC. At 5 and 8§ mM NaC
concentrations no significant effect (P > 0.05) on
marker permeability relative to the control was
observed. However, at 10 mM and higher concen-
trations significant (P < 0.05) time dependent ef-
fects were observed. Between 20 and 40 min
exposure to NaC 10 mM, the P,,, value for
mannitol (6.7 + 0.4 x 10~% cm/s) and PEG 4000
(0.6 x 10~° cm/s) had increased by approximately
6- and 12-fold, respectively, relative to the con-
trol. During the 40—-60 min time period the P,,,
of mannitol and PEG 4000 increased by 19- and
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43-fold, respectively. For the NaC systems an
average P,,, 0-60 was calculated from the values
at consecutive time intervals. The absorption en-
hancements in P,,, 0-60 relative to control for
mannitol, PEG 900 and PEG 4000 in the presence
of NaC and NaTC micellar systems are shown in
Fig. 2a and b.

With NaTC systems (10—20 mM) a concentra-
tion dependent effect on marker transport was
observed. However, in contrast to the NaC sys-
tems a steady absorption rate was obtained and
maintained over 4 h. Exposure to 10 mM NaTC
did not result in a statistically significant (P >
0.05) increase in marker permeability. However,
following exposure to 20 mM NaTC for 4 h the
P,,, of mannitol, PEG 900 and PEG 4000 were
enhanced by a factor of 1.4, 9 and 7, respectively,
relative to the control (Fig. 2b) with the latter two
being statistically significant (P < 0.05). With the
simple micellar systems of NaC and NaTC the
order of absorption enhancement was PEG 900 >
PEG 4000 > mannitol.
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Fig. 1. Concentration and time dependent effects of NaC on
the permeability of (a) mannitol and (b) PEG 4000 across
CaCo-2 monolayers.
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Fig. 2. Absorption enhancement (P,,, 0-60) relative to con-
trol for mannitol, PEG 900 and PEG 4000 by (a) NaC and
NaC:LA mixed micellar systems and (b) NaTC and NaTC:LA
mixed micellar systems. Values represent mean + S.D. of at
least n =3 observations, *P < 0.05 vs. control).

Mixed micelles were formed by incorporating
varying amounts of the unsaturated long chain
fatty acid, linoleic acid, (C,g,), (LA) into NaC
and NaTC systems. In contrast to 8§ mM NaC
simple micelles, mixed micelle systems of NaC
with low fatty acid loading; 8:0.5, 8:1 significantly
(P <0.05) increased the absorption of mannitol,
PEG 900 and PEG 4000 relative to control. Fur-
ther enhancements were seen with NaC:LA 10:1
mM (Fig. 2a).

In the case of NaTC mixed micellar systems
consisting of NaTC:LA, 20:1, 10:1 and 10:0.5 mM
were prepared. Although the simple NaTC 10
mM micelles had no significant effect, the mixed
micellar system NaTC:LA 10:0.5 mM significantly
(P <0.05) increased the P,,, of mannitol, PEG
900 and PEG 4000 relative to control. The rank
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order of absorption enhancement observed with
the mixed micellar systems was PEG 4000 > man-
nitol > PEG 900 with the sole exception of the
NaC:LA 10:1 mM system.

3.2. TEER

As a qualitative measure of paracellular perme-
ability TEER was monitored during the transport
experiments. The simple micelles of NaC and
NaTC caused a dose dependent reduction in
TEER (Table 1). In the case of NaC this reduc-
tion was also time dependent. These changes in
TEER corresponded to the changes observed in
the marker permeability data. After exposure to
NaC 10 mM for 1 h extensive disruption was
caused to cell morphology as indicated by trans-
mission electron microscopy (Section 3.3). In con-
trast, the conjugated bile salt, sodium
taurocholate caused a significant reduction in
TEER only at the higher concentration of 20
mM.

Following exposure to the mixed micellar sys-
tems of NaC and NaTC, large variability in the
TEER data was observed. With the NaC:LA sys-
tems 8:0.5 and 8:1 mM, the TEER decreased
significantly (P < 0.05) relative to the NaC 8§ mM
simple micelle system. The decrease in TEER
increased with fatty acid loading. Although the
TEER value at 1 h for the NaC:LA 10:1 mM
system (50%) was higher relative to the 10 mM
simple micellar system (40%) both values were
extremely low relative to the control indicating
that the monolayer was in both cases severely
compromised and therefore non-viable. In con-

Table 1

trast, at the high fatty acid loading of 1 mM
mixed micellar systems of NaTC:LA did not re-
sult in significant changes (P > 0.05) in TEERs
relative to the simple micelles.

3.3. Transmission electron microscopy

The increased transport of the hydrophilic
markers together with the changes in TEER mea-
surements, in the presence of the micellar systems,
suggest an increase in paracellular permeability
due to an effect on the tight junction. Transmis-
sion electron microscopy (TEM) was used to com-
plement and extend these studies. Treatment with
NaC 10 mM for up to 20 min resulted in no
significant changes to the cell monolayer, however
after 1 h exposure severe disruption to the cell
monolayer occurred (Fig. 3a). In contrast, with
the conjugated bile salt NaTC exposure to a
higher concentration of 20 mM for up to 1 h
resulted only in slight dilatations at the tight
junction (Fig. 3b). With mixed micellar systems,
exposure to NaC:LA, 10:1 mM, for times up to
40 min resulted in significant loss of monolayer
structure (Fig. 3c). In contrast, following exposure
to the higher concentration of NaTC:LA (20:1
mM) mixed micellar systems for up to 1 h the cell
monolayer remained intact (Fig. 3d). Thus the
increased enhancement observed with this system
does not appear to be related to increased mem-
brane damage. This is consistent with the data
published by Muranishi (1985) which indicated no
damage to rat colon following exposure to
NaTC:oleic acid 40:40 mM mixed micelles.

The effects of exposure to simple and mixed micellar systems of NaC and NaTC for 1 h on the transepithelial electrical resistance

(TEER), across CaCo-2 cell monolayers®

NaC systems % TEER (+S.D.) (n)

NaTC systems % TEER (+S.D.) (n)

Control HBSS 98.8 4 6.8 (20)

NaC 8 mM 99.7+7.5 (7)
NaC:LA 8:0.5 mM 75.0 + 13.8 (7)**
NaC:LA 8:1 59.3 4 15.7 (7)**
NaC 10 mM 39.7+1.3 (3)*
NaC:LA 10:1 502+ 4.2 (4)

Control HBSS
NaTC 10 mM
NaTC:LA 10:0.5 mM
NaTC:LA 10:1.0 mM
NaTC 20 mM
NaTC:LA 20:1.0 mM

98.8 + 6.8 (20)
84.9+ 11.0 (10)
58.9+ 3.5 (3)**
78.5+ 18.7 (3)
61.8+11.9 (9)*
83.0+8.1 (7)

a* P<0.05 vs. control; **, P<0.05 vs. simple.
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Fig. 3. Transmission electron micrographs of CaCo-2 cell monolayers exposed to (a) NaC 10 mM for 1 h; (b) NaTC 20 mM for
1 h; (c) NaC:LA, 10:1 mM for 40 min and (d) NaTC:LA, 20:1 mM for 1 h.

In general, TEM indicated that micellar systems
of NaC caused significant changes in membrane
integrity at lower concentrations compared with
NaTC. These results are consistent with the
TEER data.

3.4. Intracellular enzyme activities

The effect of NaC and NaTC micellar systems
on mitochondrial dehydrogenase activity was de-
termined using the MTT method (Mossman,
1983; Tada et al., 1986). A dose dependent reduc-
tion was observed with both simple micellar sys-
tems. The concentration that inhibited 50% of the
enzyme activity (ICs,) was 6 mM for NaC and 10
mM for NaTC. The value for NaTC is in general
agreement with the value of 9 mM observed by
Anderberg et al. (1992).

The effect of mixed micellar systems of
NaC:LA and NaTC:LA on intracellular dehydro-
genase activity was also determined (Fig. 4). Ex-
posure to lower concentrations of the NaC:LA
mixed micelles produced a greater decrease in
intracellular dehydrogenase activity compared
with the NaTC:LA mixed micellar systems, indi-
cating that they are more toxic. Increasing the
proportion of fatty acid within the same concen-
tration of bile salt also tended to decrease intra-
cellular dehydrogenase activity, this effect was
greater for the NaC:LA systems.

3.5. Recovery experiments

Enhancers may increase permeability by affect-
ing membrane integrity. Consequently, the rever-
sibility of this effect is an important consideration
when screening penetration enhancers. The ability
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of the CaCo-2 cells to recover following exposure
to 10 mM NaC and 20 mM NaTC for 20 min was
investigated. Similar experiments in the absence of
bile salt used were used as controls. Recovery in
the CaCo-2 monolayers was assessed by monitor-
ing the transport of the hydrophilic markers,
mannitol and PEG 4000 and TEER measure-
ments during exposure and after removal of the
bile salt. The absorption enhancement was
quantified by calculating the area under the curve
(AUCQC) with the trapezoidal rule (Eq. (2)) (Ander-
berg et al., 1993) where ¢ is the exposure time (s):
AUC=P, 1 2)

app

Following exposure to NaC 10 mM for 20 min
no recovery in the permeability of mannitol or
PEG 4000 was observed for up to 6 h (data not
shown). In this experiment, P,,, continued to
increase rapidly for at least 2 h following removal
of the NaC. From 2 to 6 h following exposure the
P,,, plateaued at 14 x 107 ° cm/s for mannitol
and at 2.6 x 10~° cm/s for PEG 4000. However,
the permeabilities remained below that of the
markers across the filter alone indicating that the
cell monolayer was still contributing resistance to
the transport of the hydrophilic markers.

In the case of the conjugated bile salt, following
exposure to 20 mM NaTC for 20 min, recovery
was observed in the monolayers within 6 h after
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Fig. 4. Effect of simple and mixed micellar systems of NaC,
and NaTC on intracellular dehydrogenase activity in CaCo-2
cells.
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Fig. 5. Recovery of (a) the P,,, of mannitol and (b) P,,, of
PEG 4000 across CaCo-2 monolayers after 20-min exposure to
NaTC 20 mM. The arrows indicate the time during which the
cells were exposed to the bile salts.

exposure (Fig. 5a and b). The transport of manni-
tol was enhanced by a factor of 1.2 relative to the
control (P > 0.05), for PEG 4000 a larger relative
enhancement of 11-fold (P < 0.05) was observed.

The TEER was monitored throughout the re-
covery experiments. In the 10 mM NaC system
the TEER was approximately 57% of its original
value 6 h after exposure. Following exposure to
20 mM NaTC for 20 min the TEER dropped to
77.7 +7.8% of its original value after exposure.
However, after a further 6 h, the TEER had been
restored to 88.1 +9.3% of its original value. These
results are consistent with the marker transport
data.

4. Discussion

Initial studies carried out to compare the per-
meation enhancing potential of the unconjugated,
NaC, and the conjugated, NaTC, trihydroxy bile
salts revealed that simple micellar systems of both
bile salts enhanced the transport of the hy-
drophilic markers, mannitol (MW182), PEG 900
and PEG 4000 across CaCo-2 monolayers in a
concentration dependent manner. The larger per-
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meation enhancing capacity of NaC compared
with NaTC appears to be associated with in-
creased membrane damage and toxicity, as indi-
cated by the TEM, TEER and MTT results. This
is in agreement with Martin et al. (1992) who
observed that NaC was more toxic than the con-
jugated NaTC to the epithelial cell membrane
using erythrocyte haemolysis as a model parame-
ter. In addition, the contact time between bile salt
and erythrocyte appeared to be of greater signifi-
cance in the NaC system. This is consistent with
our results which indicate that the effect of NaC
was time dependent. The difference in polarity
between the unconjugated NaC and the conju-
gated NaTC may account for the greater damage
observed after exposure to NaC systems. Conju-
gation reduces the overall hydrophobicity of the
bile salt and Murakami et al. (1984) observed that
the absorption-promoting efficacy of bile salts in
rats increased with hydrophobicity.

Formation of mixed micellar systems with NaC
and the fatty acid, linoleic acid caused additional
increases in the P,,, of the hydrophilic markers,
relative to the simple micellar systems. However,
the potential benefit of the fatty acid in these
systems is compromised by the further increase in
toxicity.

In contrast, more promising results were ob-
tained with the NaTC mixed micellar systems.
The CaCo-2 monolayers recovered following ex-
posure to the simple micellar 20 mM NaTC for 20
min. This is in agreement with Werner et al.
(1996) who also observed, using TEER measure-
ments and actin staining, that exposure to concen-
trations of up to 20 mM NaTC resulted in
reversible changes in tight junction structure.
Werner et al. (1996) reported that systems consist-
ing of NaTC and oleic acid caused permeation
enhancement without causing significant damage
to the CaCo-2 cell monolayer as indicated by the
MTT and LDH assays. Only the TEER was
affected by exposure to these mixed systems.
However, Werner et al. (1996) used much lower
concentrations of NaTC (0.25-1 mM) compared
with our study. These concentrations are well
below the reported concentrations required for
micelle formation (Small, 1971). In our study,
exposure to the mixed micellar system NaTC:LA

20:1 mM resulted in significant permeation en-
hancement of the hydrophilic markers (mannitol
and PEG 4000) relative to the simple NaTC 20
mM micellar system. There appeared to be no
increased toxicity associated with this enhance-
ment, as indicated by the TEER and TEM results.
The TEM indicated no adverse effects on mem-
brane integrity following exposure to NaTC:LA,
20:1 mM for 1 h. This suggests that the increased
permeability is not a consequence of increased
transcellular transport of the hydrophilic markers
resulting from excessive membrane damage or
wounds in the monolayer, which can be visualised
by TEM.

Transport of hydrophilic compounds via the
paracellular route is influenced by the size and
shape of the solutes. In the control monolayer the
permeabilities of the markers decreased with in-
creasing molecular weight. Cross sectional diame-
ters have previously been reported for mannitol
(6.3 A), PEG 900 (8.3 A) and PEG 4000 (12 A)
(Lane et al., 1996). As the P,,, and the molecular
radii are known, by using the Renkin function
and a process of successive approximation (Adson
et al., 1994) with all three markers, an apparent
radius of the junctional pore in the CaCo-2 model
was estimated as 8.43 A +1.4 S.D. This value
compares well with the value of 12.0 A+19SD.
previously reported by Adson et al. (1994).

With the simple NaTC 20 mM micellar system
the relative enhancements for both the larger
molecules PEG 900 and PEG 4000 are of similar
order of magnitude, and both were enhanced to a
greater extent relative to the smaller molecule
mannitol (MW 182). This is consistent with an
effect on the paracellular route. In the control
monolayer the smaller molecule mannitol was less
restricted by the pores than the larger molecules.
However, if larger pores were produced by the
enhancer then a greater relative increase in perme-
ability would be expected for the bigger
molecules. This phenomenon has previously been
reported by Adson et al. (1994).

The pore radius for the perturbed monolayer in
the presence of NaTC 20 mM was therefore calcu-
lated using the P,,, of all three markers. The
value obtained was 15.3 A + 7.5 S.D., this repre-
sents an increase in the effective pore radius of
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1.8-fold. Applying the same approach to similar
hydrophilic markers in a rat intestinal model,
Lane et al. (1996) predicted that simple and mixed
bile salt micellar systems caused between 1.2- and
1.8-fold increase in effective pore radius relative
to the control.

Attempts to calculate the average pore radius in
the presence of the NaTC:LA 20:1 mM mixed
micellar system using all three makers resulted in
an unrealistically high value. In addition, the rank
order of permeability enhancement with the
mixed micelles cannot be explained on the sole
basis of molecular diameter. These results may
indicate a different mechanism of action with the
mixed micellar systems which includes a combina-
tion effect on both the transcellular and paracellu-
lar routes. In a previous study NaTC:LA, 20:1
mM increased the permeability of the lipophilic
compound dextropropoxyphene across CaCo-2
monolayers, in contrast, no enhancement was ob-
served with the simple NaTC 20 mM micellar
system (Meaney and O’Driscoll, 1999). The pas-
sive transcellular transport of hydrophilic macro-
molecules, including dextrans with molecular
weights upto 40 kDa, in the presence of fatty acid
mixed micellar systems has previously been re-
ported (Muranishi, 1985, 1989). The proposed
mechanism of enhancement reported was an inter-
action between the mixed micelles, and, both the
membrane lipid and integrated proteins, thus
making the membrane more fluid and more per-
meable to both hydrophilic and lipophilic
compounds.

In conclusion, the stronger permeation en-
hancement achieved with the NaC micellar sys-
tems is directly linked to excessive membrane
damage. In contrast, with NaTC simple and
mixed micellar systems significant permeability
enhancement was reported without membrane
damage, making these systems potentially more
useful as safe enhancers.
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