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Purpose. To gain some mechanistic understanding of surfactant-
induced membrane permesabilization and identify a surfactant physical
property that can be used as a predictor for intestinal membrane perme-
ability enhancement.

Methods. The maximum surface pressures (cuc) of series of anionic
and non-ionic surfactants as indicators of surface activity were deter-
mined using a bubble surface tensiometer, and related to in vivo intesti-
nal membrane permeability and acute damage data of the same
surfactants from a previous work. Phospholipid bilayers with constant
surface pressures and monolayers with different surface pressures were
used as model membranes to systematically study membrane perme-
ability enhancement and membrane penetration of surfactants at differ-
ent concentrations.

Results. Surfactants that did not permeabilize or acutely damage the
intestinal wall generally exhibited aweyc < 25 dyne/cm. Permeability
enhancement and acute damage increased as ey increased beyond
25 dyne/cm. This critical threshold value at around 25 dynes/cm was
also observed with in vitro experiments using phospholipid vesicles
and monolayers. Data support the hypothesis that the threshold phe-
nomenon originates from the interfacial tension at the membrane/water
interface, which controls the surface adsorption process of surfactant
molecules onto the membrane.

Conclusions. For a surfactant to permeabilize and acutely damage the
intestinal wall, it must exhibit a surface pressure of greater than 25
dynes/cm. This threshold value is related to an intrinsic property,
surface pressure, of the phospholipid membranes. Since the surfactant
surface pressure is a property of the surfactant monomer, partition of
the surfactant monomer, not the micelle, into the membrane is an
obligate step in membrane permeabilization. Above the surfactant criti-
cal micelle concentration, CMC, micellesmay act asadepot to continu-
ously replace agueous surfactant monomers taken up by the membrane.
For some surfactants above CMC, sufficient number of monomers can
partition into the membrane to cause solubilization of membrane lipids
in surfactant micelles.

KEY WORDS: membrane permesability; surface pressure; liposome;
surface tension; phospholipid monolayer; bile salts; nonylphenoxy
polyoxyethylene; model membrane.

INTRODUCTION

The use of surface-active agentsto increase the permeabil-
ity of intestinal wall to drugs has been widely investigated,
although general use in human therapeutics has not occurred
yet (1-3). Swenson et al. have demonstrated that surfactant-
induced intestinal permeability enhancement is correlated with
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acute damage of the intestinal epithelium, when surfactants are
used at the concentrations above the critical micellar concentra-
tion (4,5). For the surfactants taurodeoxycholate (TDC) and
nonylphenoxy-polyoxyethylene-10.5(NPPOE-10.5), this epi-
thelial damage undergoes restitution within a few hours or less
(4). Thus the detection of the presence or absence of epithelial
damage may depend upon the time of observation relative to
the last dosing of the permeability enhancer. The safety of
chronic dosing of permeability-enhancing surfactantsis not well
understood (6).

The physical chemical aspects of surfactant-induced mem-
brane permeability enhancement and acute toxicity have not
been extensively investigated in detail. It is not clear, for exam-
ple, why some surfactants are permeability enhancers, while
others are not. In general, non-ionic surfactants must possess
ahydrophile/lipophile balance (HLB) which islower than some
threshold, with the specific threshold value dependent upon
surfactant structure (7). For example, nonyl phenoxy-polyoxye-
thylenes have been shown to require an HLB less than 17 to
exhibit intestinal permeability enhancement and acute mucosal
damage (5). Florence and his co workers have demonstrated
that, for the non-ionic surfactants, an intermediate HLB value
was optimal for permeability enhancement, therefore perme-
ability enhancement did not appear to be related to surfactant
properties such as HLB or ethylene oxide chain length over a
broad range (1,8). Similarly, Swenson et al. (4,5) using agroup
of ionic and non-ionic surfactants and isolated rat intestine
have shown that some surfactants were effective permeability
enhancers and some were not, even though al the surfactants
were used above their CMC. These studies clearly indicate that
permeability enhancement cannot solely be explained by the
surfactant’s hydrophobic property as presented by HLB or CMC
values. In this study we used a physical parameter, surface
pressure, 1, to relate the surface activities of the surfactants to
their in vivo and in vitro membrane permeability enhancement
abilities as determined previously by Swenson et al. (5). Our
data showed that ineffective surfactants had maximum surface
pressures below 25 dynes/'cm where as, the maximum surface
pressures of effective permeability enhancers were aways
above 25 dynes/cm. The higher the surfactant surface activity
the more effective was the surfactant as permeability enhancer.
Themeaning of thethreshold value and the rel ationship between
the surface activity and the permeability enhancement property
of a surfactant was explained by studying the effects of the
surfactants on model membranes, phospholipid bilayers and
monolayers, under well-controlled in vitro conditions.

Our goalsin thiswork were to: (a) gain some mechanistic
understanding of surfactant-induced membrane permeabiliza-
tion, and (b) identify a simple physical parameter to be used
as a predictor for intestinal permeability enhancement and
acute damage.

MATERIALS AND METHODS

Materials

Non-ionic surfactants, nonylphenoxy polyoxyethylene,
NPPOE —9, —10.5, —20, —30, —50 and 100 were obtained
from Rhone-Poulenc Inc. (Princeton, NJ). These correspond to
the manufacturer’s designations Igepal CO-630, 710, 850, 880,
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970, and 990, respectively. These surfactants are polydisperse
and the numerical designations - 9, —10.5, etc. represent the
average number of POE groups per molecule. Non-ionic surfac-
tant, polysorbate-80 was from Ruger Chem. Co. (Irving NJ).
Anionic surfactants, sodium taurocholate (TC), sodium tauro-
deoxycholate (TDC), sodium cholate (C), sodium deoxycholate
(DC) and sodium lauryl sulfate (SDS) were purchased from
Sigma Chem. Co. (St. Louis, MO). Egg-phosphatidylcholine
(EPC) and cholesterol (Chol) were aso obtained from Sigma
Chem. Co (St. Louis, MO). 1,2-dipa mitoyl-sn-glycerol -3-phos-
phocholine (DPPC), and sodium 1,2-dipal mitoyl-sn-glycerol-
3-phospho glycerol (DPPG) were purchased from Sygenal Ltd.
(Eichenwegl, Switzerland). 5(6)-carboxyfluorescein (CF) was
from Eastman Chem. Co. (Rochester, NY).

Surface Tension and Surface Pressure Deter minations

Surface tensions of surfactant solutions were determined
using Sensadyne 6000 Surface Tensiometer (Chem-Dyne
Research Corp., Milwaukee, WI), as described before (9). This
method measures the pressure difference (AP) between nitrogen
bubbles formed at the end of two immersed probes of different
diameters (R, and Ry). Therelationship between surface tension
(y) and bubble pressure is described by the Young-Laplace
equation: AP = v (/R; + 1/Ry). The nitrogen gas pressure
was maintained at 60 psi. The bubble frequency was set at 1
sec™tin reference to phosphate buffer solution, which was slow
enough for the system to reach equilibrium for the surfactants
used. Each surface tension value was the mean of twenty read-
ings. Standard deviation varied from 0.1 to 0.2 dyne/cm. Surfac-
tants were dissolved in a 66 mM phosphate buffer (pH 6.5)
containing 72 mM Na,SO, and measurements were made at
37°C. These conditions were comparable to the in vivo data of
Swenson et al. (4,5). Surface tensions of the same surfactant
solutions were also measured at 20 = 0.5°C in 10mM isotonic
phosphate buffer (pH 7.5) to correlate in vitro experiments with
phospholipid surface monolayers performed a room
temperature.

The maximum surface pressure of a surfactant was deter-
mined by the difference between the surface tension measure-
ments of buffer in the absence and presence of the surfactant
above CMC. Even though surface pressure, 7, changed insignif-
icantly after CMC, in this study we used mcyc and ryy, to
represents the maximum surface activity effect of a particular
surfactant at the air/water interface just after CMC and at 1%
concentration, respectively.

Preparation of Carboxyfluorescein (CF) Containing
Phospholipid Vesicles

Liposomeswere prepared by the reverse phase evaporation
(REV) method as described (10). The lipids, EPC:Chol: DPPG,
4:3.3:1in molar ratios, were dissolved in chloroform and mixed
with isotonic CF aqueous solution (2.72% w/v, pH 7.4) at
an organic to aqueous volume ratio of 3:1. Gentle sonication
(Bransonic Ultrasonic Corp. Goleta, CT) led to the formation
of a W/O type emulsion. The sample was moved to a rotary
evaporator (Labconco, Kansas City, MI) to evaporate the
organic solvent under argon gas at reduced pressure and 55°C.
Unilamellar liposomes were formed after careful evaporation
of the organic solvent. Unentrapped CF was removed from the
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liposomal suspension by washing with buffer and centrifuging.
The mean size and size distribution of liposomeswere measured
by quasielastic light-scattering (Nicomp, Model 270, Pacific
Scientic Corp.) Liposomes were sealed in avial under nitrogen
gas and stored at 4°C condition. The same batch of liposomes,
mean size 700 nm, was used for all the studied surfactants in
order to eliminate any batch to batch variation in size and
morphology of liposomes.

Monitoring the Release of Carboxyfluorescein from
Phospholipid Vesicles

The amount of CF released from liposomes was deter-
mined by the fluorescence self-quenching method. The method
was based on the loss of fluorescence efficiency due to self-
quenching at high concentration inside liposomes and increased
efficiency if CF is released and diluted into the surrounding
medium. Experiments were carried out at room temperature
(20 = 1.0°C). A 0.01 ml aiquot of liposome suspension (~0.03
wmole total phospholipids) was introduced into 1.99 ml surfac-
tant solution, either below or dightly above CMC, in a2 ml
semi-micro spectrophotometer cuvette. The concentration of CF
in the dispersion medium wasdetermined by afluorophotometer
(FM-2 Ocular Fluorophotometer, Coherent, Palo Alto CA), at
given timeintervals. The amount of CF released was calculated
according to the equation:

% CF released = 100 X (C, — C)/(Cr — CJ)

where C; is the total concentration of CF after al liposomes
were dissolved by Triton X9 (fina concentration 0.2%). C,
and C, are the concentrations of CF in buffer alone (10 mM
Phosphate pH 7.4) and in surfactant solution respectively, at a
given time. Each data point represents the mean of triplicates
and an average of duplicate experiments.

Phospholipid Monolayer Film Experiments

Monolayer studies were performed using an apparatus
developedin our laboratory based on previously published stud-
ies (11). This consisted of a 6 X 8 X 4 cm glass container
with a volume of 150 ml and a movable plastic bar, which can
compressthe surfacefilm. A du Nouy Ring Surface Tensiometer
(Fisher Sci. Model 20. Pittsburgh, PA) was employed to measure
the surface pressures of the monolayer film. The subphase
consisted of isotonic phosphate buffer (10 mM, pH 7.4) with
or without the presence of a surfactant. The surface pressure
of the phospholipid (DPPC) monolayer film was determined
by surface tension measurements at room temperature. DPPC
was spread from a solution (1.0 mg/ml) of n-hexane:isopropyl
ether:ethyl alcohol (3.5:0.9:0.1 v/v/v) by means of a microsyr-
inge in an amount (~10-15u L) sufficient to produce the
desired initial surface pressure so that only a slight adjustment,
if necessary, with the movable bar was made. After evaporation
of the organic solvent (~15 min), the initial surface pressure
of the surface monolayer film was adjusted to the desired initial
surface pressure by dlightly condensing or expanding the surface
film with the movable bar. Surfactant solutions (10 ml) to give
concentrations either below (0.067% for non-ionic, and 0.5 mM
for ionic surfactants) or just above CMC (0.2% for nonionic,
and 2 mM for SDS, DC, TDC and 8 mM for TC, 10 mM for
C) were carefully introduced into the subphase (140 ml) with
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a glass pipette without disturbing the surface film. After equili-
bration (5 min) the surface pressure of the film was measured.
Each point is the mean of three experiments.

RESULTS

Surfactant Surface Pressure

Surface pressures determined just above CMC at 20°C
(TrCMC72O°C) and at 1% (W/V) at 37°C (1T1%737°(:) were almost
identical for ionic surfactants and only slightly higher surface
pressure values were obtained for non-ionic surfactants at 1%
concentrations. This indicated that the physical parameter used
in this study to represent surface activity of a surfactant, was
a property of the surfactant monomers at the interface and was
not dependent on the bulk concentration after CMC.

Surface pressure decreased as the number of polyoxyethy-
lene groups per molecule increased for NPPOE's. This decreas-
ing affinity of the surfactant to air-water interface is consistent
with increasing surfactant polarity as the POE/molecule
increases, and is typical for POE-containing non-ionic surfac-
tant series (12). The surface pressure values of the dihydroxy
bile acids DC and TDC were larger than for the trihydroxy bile
acids C and TC, respectively, consistent with the lower polarity
of the former.

Relationship Between Biological Data and Surface
Pressure

The biological data reported in this study and the experi-
mental details are described in Swenson et al. (4,5). Thein vivo
penetration enhancement effect of a surfactant isrepresented by
the systemic plasma phenol red (penetrant) concentration after
1 hr perfusion. Similarly, acute mucosal damageisdemonstrated
by the total lactate dehydrogenase (LDH) released into the
intestinal lumen during a one-hour perfusion. LDH isabiologi-
cal marker which was shown to correlate with intestinal wall
damage assessed histologicaly (4).

Surface Pressure Versus Penetration Enhancement

Figure 1 presents the relationship between 1y, _372c and
plasma phenol red concentration observed at the end of one
hour rat intestina coperfusion of surfactant and phenol red.
Thisfigure demonstrates that a surface pressure threshold exists
at around 25 dyne/cm, below which the plasma phenol red
concentration remains approximately equal to the control value.
Generally, there appears to be an approximately linear relation-
ship between surface pressure and plasma phenol red concentra-
tion above this critical surface pressure. However, NPPOE-9
(with the highest surface pressure of the series, 38.4 dyne/cm)
gives a lower plasma phenol red concentration level than the
next more hydrophilic non-ionic surfactant, NPPOE-10.5.
Being the most hydrophobic surfactant studied, NPPOE-9 is
likely to form aggregates more stable than micelles at the con-
centration used. This was aso indicated by the dightly turbid
appearence of NPPOE-9 solution. All the other surfactant solu-
tions used in this study were clear to the eye. The non-ionic
surfactants polysorbate-80 (TW-80), NPPOE-100,-50 and -30,
and the anionic surfactant TC exhibited similar and low surface
pressures, and they were not effective permeability enhancers.
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Fig. 1. Relationship between the surface pressures of 1% surfactant
solutionsand plasmaphenol red concentrations after one-hour intestinal
perfusion (Control, 66 mM phosphate buffer + 72 mM NaSO,, pH
6.5, 37°C).

Surface Pressure Versus Acute Membrane Damage

Figure 2 presents the rel ationshi p between surface pressure
and LDH released during perfusions with surfactants. For non-
ionic surfactants, it is clear that a threshold surface pressure
of ~25 dynes/cm is again observed, with TC as an apparent
exception. In this case, the units of LDH released were not
significantly different between NPPOE-10.5 and NPPOE-9. The
bile salt TC and TDC appeared to cause higher amounts of
LDH release even though surface pressures were relatively low.
However, the proportionality between LDH release and surface
pressureis consistent with the more hydrophaobic nature of TDC
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Fig. 2. Relationship between the surface pressures of 1% surfactant
solutions and total amounts of lactate dehydrogenase appeared in perfu-
sate after one-hour intestinal perfusion (Control, 66 mM phosphate
buffer + 72 mM Na,SO,, pH 6.5, 37°C).
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relative to TC. Similar results were obtained when another
acute toxicity marker, lipid phosphate release was related to
surface pressures of the surfactants (data not shown).

An important observation is that a threshold value at
around 25 dyne/cm was also indicated with the acute toxicity
experiments.

Surfactant Effect on Phospholipid Vesicle Bilayers

In order to study the effects of surfactants on membranes
in amore controlled fashion we prepared liposomes encapsul at-
ing amarker, carboxyfluorescein (CF), and followed the release
of the marker through phospholipid bilayers due to the effect
of surfactant molecules which were added into the externa
aqueous phase of the liposome dispersion.

Phospholipid bilayers have been previously used as model
membranes for cell lysis studies (13). Carboxyfluorescein is a
trivalent polar compound at neutral pH and poorly permeable
through phospholipid bilayers. An increase of CF released from
the inside agueous media of vesicles to the outside surfactant
solution indicates a change in the permeability of phospho-
lipid bilayers.

Figure 3 shows the profiles of %CF released from lipo-
somes with time after CF containing liposomeswere introduced
into surfactant solutions. The concentration of surfactants, 0.5
mM, was below CMC for al cases. The CF released from
liposomes either instantly or gradually depending on the surfac-
tant type, and reached a plateau for most cases after 30 minutes.
These release profiles are in good agreement with previously
observed results by others using similar technique and surfac-
tants (14).

Figure 4 is the plot of %CF released from liposomes after
one hour versus the corresponding surface pressures of the
surfactants obtained under similar in vitro experimental condi-
tions. Similar to the results of in vivo experiments, surfactants
with surface pressures below 25 dyne/cm showed no significant
influence on the CF permeability of phospholipid bilayer. Over
the threshold, permeation enhancement activity increased
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Fig. 3. Percentage of carboxyfluorescein released from liposomeswith
time in the media of 0.5 mM, below CMC surfactant solutions at room
temperature. (Control:10 mM phosphate buffer + 140 mM NaCl,
pH 7.4).
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Fig. 4. Relationship between the maximum surface pressure of surfac-
tants and percentage of carboxyfluorescein released from liposomes
with the effect of surfactants (0.5 mM) after 1 hour. (Control: 10 mM
phosphate buffer + 140 mM NaCl, pH 7.4, room temperature).

amost linearly with the surface pressure. The NPPOE-9 did
not deviate from the line as before, most probably due to its
lower concentration used in this case.

Interaction of Surfactants with Phospholipid Monolayers

In order to be ableto vary themembranerigidity or flexibil-
ity, which can not easily be done with liposome bilayers or
biological membranes, we prepared phospholipid monolayers
at the air/water interface and adjusted the membrane pressure
by controlling the number of phospholipid molecules per sur-
face area. According to studies that relate pressure to molecular
area, DPPC monolayers at 16—26 dyne/cm pressures was sug-
gested to be in a “condensed liquid” to “close packed solid”
state, and the surface area occupied by each DPPC molecule
is roughly 50—35 A (15). This type of film is considered to
be a two-dimensional crystalline phase which was studied first
by Langmuir and later used by others as a model for biological
membrane (11,15).

Figure5 presentsthe equilibrium surface pressure of DPPC
surface monolayers after surfactant introduction into the sub
phase. The initiad surface pressures of the pure DPPC films
were 16 dyne/cm and 26 dyne/cm. At low initia surface film
pressure each of the studied surfactants were effective to
increase the surface pressure of DPPC film. However, surfac-
tants with surface pressures less than 25 dyne/cm, such as TC,
C, NP-100 and NP-50, had no effect on the 26 dynes/cm film,
whereas the other surfactants further increased the surface pres-
sure. Figure 6 presents the rel ationship between the equilibrium
surface pressure (mg) of the DPPC/surfactant mixed surface
monolayer and the maximum surface pressure (wemc) of the
corresponding surfactant itself. There appears to be a close
relationship between g and wewc beyond 25 dynes/cm.

DISCUSSION
Surface Pressure of Permeability Enhancers

Membrane penetration enhancers are generaly surface
active agents and have the tendency to adsorb at interfaces. In



616

. - A
44 |
40
36
32
28

24

IT; of Surface Film (dyne/cm)

20

,ll

Fig. 5. The equilibrium surface pressures of surface filmsin the pres-
ence of surfactant molecules in the sub-phase. First two columns from
left for each surfactant are for 16 dynes/cm initial surface pressure,
last two columns are for 26 dynes/cm initial surface pressure. Darker
shades are for surfactant concentrations below CMC, lighter shades
are for concentrations above CMC.

16 -

order to show the penetration enhancement effect, the surfactant
first must go to the lipid membrane/aqueous medium interface.
In this study we determined the adsorption characteristics of a
group of surfactants at the air/water interface by determining
their surface pressures from simple surface tension measure-
ments, and related these values to their effects on membrane
permeability or acute damage. The extent of interaction of a
surfactant with amembraneis acomplex phenomenon and both
the properties of the membrane and the surfactant are involved.
The physical and chemical properties of a biomembrane are
somewhat constant and defined for a physiological condition.
Factors related to the surfactant include its affinity for the
membrane (or itstendency to escape from water), itsfree mono-
mer concentration in the aqueous environment adjacent to the
membrane, and its structure to accumul ate at a given membrane
surface area. The independent physical property of a surfactant,
surface pressure, used in this study encompasses al of these
factors.

Critical Surface Pressure for Membrane Permeability
Enhancement and Acute Damage

An important observation from this study is that a critical
surface pressure of around 25 dyne/cm must be exceeded to
cause membrane permeability enhancement or acute membrane
damage (Figs. 1, 2). The reason for this critical threshold is
believed to be related to the ability of the surfactant to partition
and accumulate on the membrane surface. It is likely that a
surfactant with a low surface pressure may not accumulate on
the membrane at sufficient quantities to disrupt the membrane.
Webelieve that acritical molar ratio of membrane lipids/surfac-
tant monomers needs to be locally reached in order to disrupt
membrane structure, asal so suggested by Small (16) for dissolu-
tion of lecithin bilayers by bile salts. Thiscritical ratio is differ-
ent for different surfactants. A recent study using alkyl sulfate
surfactants has shown that the surfactant chain length has a
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profound influence on the amount of surfactant needed for
solubilization of the lipid bilayer (17). LeCluyse et al. (18)
have demonstrated that, in order to promote drug absorption,
the enhancer (acylcarnitines) must partition to the membrane
at a sufficient amount that disorders more than 15 to 20% of
the membrane lipids. In another study we have shown that,
at the same concentration, the surfactant with higher surface
pressure showed more adsorption on a lipid surface (19).

Itisgeneraly believed that surfactant micellesarerequired
in order to cause membrane permeability enhancement and/
or solubilization of membrane lipids. However, permeability
enhancement does not necessarily involve solubilization of the
membrane lipid molecules by surfactant micelles. Our datawith
model membranes have demonstrated that even at surfactant
concentration below CMC the permeability enhancing effect
was observed (Fig. 3). Therefore, penetration enhancement
effect is due to monomers, not micelles. The role of micelles
in this processisto act asa“depot” rather than asan “invader”.
Micelles continuously supply additional monomersto the aque-
ousenvironment in order to reestablish theintermicellar concen-
tration after the association of initial monomers with the lipid
membrane. Further more, for surfactants with low surface pres-
sures such as, NPPOE-50, NPPOE-100, TC and C we did
not observe significant penetration enhancement effect even at
concentrations above CMC (data not shown). These results
suggest that micelle presence is not the primary requirement
for penetration enhancement. This situation can be utilized for
the safe delivery of insoluble drugs when solubilization in
micelles is desired without causing any damage to the mem-
brane; i.e. by using a surfactant with a surface pressure less
than 25 dynes/cm.

The rate at which the surfactant monomers escape from
its aggregates and the energy required for the aggregate to
break down are aso important for penetration enhancement
by surfactants. In fact, this study clearly showed that for the
surfactant, NPPOE-9, which most probably formed metastable
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liquid crystalline aggregates at high concentrations, the perme-
ability enhancement was not as high as it would be predicted
fromitssurface pressure. | sraglachvili et al. (20) have estimated
that the life-time of a surface active agent in amicelleis ~10~4
seconds, while the life-time in a bilayer which is a more stable
aggregate, is ~10* seconds. A recent study demonstrated that
surfactants in a free form caused high toxicity to the cells
however in niosomes, bilayer structure, had no effect on the
cell viability (21). Thus surfactants that form more orderly
structures like liquid crystalline phases may provide slower
penetration effect due to low monomer replenishment rates,
which are orders of magnitudes slower than thosefor surfactants
which form simple micellar phases.

Phospholipid Monolayer Studies

The complexity of the biological system complicates the
identification of theforcesinvolved at the biological membrane
surface. Phospholipid monolayers can be used to simplify this
situation. One attractive aspect of phospholipid monolayers is
that their pressure can be adjusted to the desired value. McDon-
ald and Simon (22) have suggested that the molecular packing
and lateral pressures of lipid bilayers and monolayers can be
closely related. Therefore, phospholipid monolayers with pres-
sures simulating biological membranes have been successfully
used to increase our understanding on the interactions of chemi-
cal compounds with phospholipid membranes (11,23).

If an insoluble monolayer is spread on an aqueous sub-
phase, and a solution of a water soluble surfactant is then
injected into the sub-phase, while the surface area and tempera-
ture kept constant, then the interaction of surfactant molecules
with surface monolayer will be reflected by an increase in
surface pressure. |n most cases, the increase of surface pressure
results from nonspecific reduction of the free energy of activity
of the surfactant molecules by their incorporation into the phos-
pholipid monolayer (24). Data obtained from this study indi-
cated that the penetration was apparently controlled by a
pressure difference between the initial pressure of the surface
film (m;) and the maximum surface pressure of the surfactant
(Teme). Therefore the surface pressure of the membrane is
also critical for surfactant/membrane interaction. A surfactant
showing interaction with one type of lipid membrane may
become inactive in the other. As can be seen from Fig. 5,
ineffective surfactants became effective when the initial pres-
sure of surface layer was lowered.

Our data with phospholipid membranes strongly suggest
that the physico-chemical basis of the threshold pressure value
of ~25 dyne/cm is closely related to the surface pressure of
the phospholipid membranes (Fig. 6). This vaue is believed
to be at the same level as the surface pressure of the intestinal
membrane. It is also close to the estimated surface pressure
value, 30 dyne/cm, reported for erythrocyte membrane (25).
From the thermodynamic point of view, the movement of a
surfactant moleculein asystemisdriven by its chemical poten-
tial. The process is spontaneous and in favor of minimizing the
chemical potential of the molecule as well as the total free
energy of the system. The surface pressure at an interface is
directly related to the level of interfacial free energy. If asurfac-
tant has higher surface activity than the surface pressure at
the interphase, it partitions into the membrane. Otherwise, the
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surfactant is not likely to accumulate in the membrane and
exhibit any penetration enhancement or acute damage effect.
The accumulation of surfactants on the membrane may
consegquently cause a change in the membrane function.
Depending on the magnitude of interaction, they may cause a
change in membrane permeability by alteration the lipid order,
orientation and fluidity, they may also cause an acute membrane
damage involving solubilization of membrane lipids. Other
studies using phospholipid monolayers as model membranes
have also shown the range of 25 to 30 dyne/cm to be critical.
For example, it was found that amphiphilic polypeptides with
surface pressures above 30 dyne/cm, bound to lipid membranes
(26) or interacted with lipid membranes to cause increased
membrane permeability to ions (27) and cell lysis (28).

CONCLUSIONS

The current work provides information on the surfactant
induced membrane permeability at a molecular level. The
results showed that asurfactant must exhibit amaximum surface
pressure of 25 dyne/cm or higher to exceed the surface pressure
of the biological membrane and cause permeability enhance-
ment and acute damage on a biological membrane. Subsequent
steps in permeation enhancement are not clear, however we
suggest that accumulation of surfactant monomersin the brush
border membrane is the first and necessary step to disrupt the
membrane. This study for the first time demonstrated by both
in vivo and in vitro studies that surface pressure, which is
an independent physical property of a surface active agent,
correlated with the ability of the surfactant to enhance the
membrane permeability and acutely damage the membrane.

It should be kept in mind that orally dosed surfactant will
mix with amphiphiles from bile and the diet. These may have
profound effect on the ability of the dosed surfactant to enhance
intestinal permeability (29). Also, since biological membranes
usualy carry a net negative charge, it is thus likely that the
interaction of cationic surfactantswith membranes may be more
complicated due to additional ionic forces.
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