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Surfactant partitioning into lipid vesicles was studied using isothermal titration calorimetry (ITC), comparing
the behavior of four surfactants with current or potential application in contraception and the prevention of
sexually transmitted diseases: nonoxynol-9 (N-9), the amphoteric mixture known as C31G, benzalkonium
chloride (BZK), and sodium dodecyl sulfate (SDS). Membranes varied in composition from a single-component
system, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine, to a complex lipid mixture that models the sperm
plasma membrane. The partitioning of N-9 into the membranes was found to be endothermic in contrast to
the other surfactants studied. For all four surfactants, the partition coefficient decreased as the membrane
cholesterol content increased. Surfactant translocation across the membrane leaflets was also determined,
with SDS being the only surfactant of the four not to exhibit “flip-flop” on experimental time scales. The
results of these studies shed light on the process of surfactant-induced membrane permeabilization.

Introduction

The amphiphilicity of surfactants leads not only to self-
assembly in solution (such as the formation of micelles) but
also to co-assembly with microstructures such as lipid mem-
branes. A large portion of the literature that has focused on
surfactant-membrane interactions is dedicated to the membrane
solubilization process. This proceeds through several stages.1,2

In the low surfactant concentration regime, the surfactants
incorporate into the membrane without much change in the
general structure of the bilayer. Above a certain surfactant
concentration, mixed surfactant-phospholipid micelles are
formed, and further addition of surfactant results in complete
disassembly of the membrane.

The incorporation of surfactant molecules into the lipid
membrane in the sub-lytic regime can alter the physical
properties of the bilayer, leading, for example, to changes in
stability, permeability, and fusogenicity. Several biological and
biotechnological processes exploit surfactant-membrane inter-
actions. For example, one of the simplest vaginal contraceptive
strategies involves the exposure of sperm cells to surfactants,
such as nonoxynol-9 (N-9), which is used in various commercial
spermicides.3 Although the exact mechanism is not known,
evidence strongly suggests that sperm cells are inactivated as a
result of surfactant incorporation into the sperm plasma mem-
brane, with associated harmful consequences. Surfactant-based
disruption of membranes is also a method of choice for attacking
pathogens involved in different sexually transmitted diseases
(STDs).4,5 A complete understanding of the surfactant-
membrane interactions is still lacking and continues to be of
fundamental and clinical interest.

It is generally accepted that the incorporation of surfactant
in the membrane obeys an equilibrium partitioning in which
the surfactant distributes between the lipid bilayer and the
aqueous medium. The transfer of surfactant molecules between

these phases involves the consumption or release of heat and
can thus be followed by calorimetry. Isothermal titration
calorimetry (ITC) is a label-free technique that is widely
employed for affinity studies (binding or partitioning).6,7 This
relatively simple method allows one to determine the partition
coefficient as well as other thermodynamic parameters for the
system. Moreover, through clever experimental design,8 ITC
can also be used to study surfactant translocation between the
leaflets of the membrane bilayer. In particular, one can determine
if surfactant “flip-flop” occurs during experimental time scales.

In this work, we used ITC to study the membrane partitioning
of surfactants with current or promising applications in contra-
ception and as vaginal microbicides for STD prevention. Four
surfactants were considered: (1) nonoxynol-9 (N-9), a non-ionic
surfactant already widely used as a spermicidal agent;9 (2)
C31G, an amphoteric mixture of two surface-active molecules,
C14 alkylamine oxide and C16 alkyl betaine;10 (3) benzalkonium
chloride (BZK), a cationic vaginal spermicide11 used worldwide;
and (4) sodium dodecyl sulfate (SDS), an anionic surfactant
with protein denaturing and antiviral activities.5 We performed
a comprehensive and comparative study of the partitioning of
these surfactants into a single-component phospholipid mem-
brane and a multicomponent lipid membrane designed to model
the plasma membrane of the sperm cell. As cholesterol is known
to influence membrane properties,12 we also studied the impact
of the membrane cholesterol content on surfactant partitioning.
Finally, we combined results from these studies with our prior
work on surfactant-induced membrane leakage13,14to elucidate
key features of the membrane perturbation process.

Materials and Methods

Materials. 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC), brain sulfatide (SGC), 1-palmitoyl-2-docosahexaenoyl-
sn-glycero-3-phosphocholine (16:0-22:6 di-ester PC),1,2-di-
palmitoyl-sn-glycero-3-phosphoethanolamine (16:0-16:0 PE),
1-palmitoyl-2-oleoyl-sn-glycero-3-[phospho-L-serine] (16:0-
18:1 PS), egg-sphingomyelin (egg-SPH), and cholesterol (Chol)
were obtained from Avanti Polar Lipids (Birmingham, AL).
BZK, SDS, sodium chloride (NaCl), and HEPES (2-[4-(2-
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hydroxyethylene)-1-piperazinyl]-ethanesulphonic acid) were
obtained from Sigma (St. Louis, MO). All were at the highest
purity available. N-9 was a gift from Biosyn Corp., Philadelphia
PA (as Rhone-Poulenc’s Igepal CO-630 Special at a purity of
95%). C31G (equimolar mixture of C14 amine oxide and C16
alkyl betaine at purities of 88.7 and 98.2%, respectively) was
also obtained from Biosyn (Philadelphia, PA). All surfactants
were used without further purification. All solutions were
prepared using Millipore water.

Surfactant and Buffer Solutions.Surfactant stock solutions
(N-9, C31G, and BZK at 0.1 mM solutions and SDS at 10 mM)
were prepared by dissolving the surfactant in 16.66 mM HEPES
buffer containing 125 mM NaCl. The same buffer solution
including salt was prepared in the absence of surfactant; we
refer to this in particular as the external solution from hereon.
The pH of the solutions was adjusted to 7.4 with 2 M NaOH.
Isoosmotic conditions of all solutions were assured by measuring
osmolarity using a Fiske Micro osmometer model 210. The
osmolarity was matched if needed to a value of 265 mOs by
the addition of NaCl.

Vesicle Preparation and Characterization. Large unila-
mellar vesicles (LUVs) were prepared using the following
procedure. A chloroform solution of lipid(s) was transferred to
a 25 mL round-bottomed flask. The lipid solution was dried
overnight in a vacuum oven. In those cases where membranes
with more than one component were created, the mixture was
sonicated for 5 min before it was dried. The dried lipid film
was redissolved in buffer solution to yield a 30 mM lipid
solution. To make surfactant-loaded vesicles, the lipid film was
redissolved in surfactant solution instead of in buffer. A
multilamellar vesicle dispersion was prepared via five cycles
of vortex mixing followed by freeze-thawing (liquid nitrogen).
The dispersion was extruded (Lipex Biomembranes, Inc.,
Vancouver, BC, Canada) 2 times through a 400 nm polycar-
bonate filter (Nucleopore Co., Pleasanton, CA) followed by 10
times through a 100-nm polycarbonate filter.

The phospholipid content of the vesicles was determined
according to the ascorbic acid spectrophotometric method for
total phosphorus assay,15 in a procedure made available by
Avanti Polar Lipids. The measurements were performed using
a Genesys 2 spectrophotometer (Thermo Spectronic Instruments,
Waltham, MA).

The average vesicle diameter was determined to be 100(
16 nm using dynamic light scattering (Brookhaven, Inc., San
Antonio, TX, BI-200SM laser light scattering goniometer
equipped with solid-state laser [λ ) 532.5 nm] and an ALV-
5000 correlator). All measurements were performed at 25°C
under a scattering angle of 90°. The size distribution was
reasonably homogeneous (polydispersity lower than 0.06).

ITC. ITC measurements were performed using a MicroCal
MCS isothermal titration calorimeter (MicroCal, Inc., Northamp-
ton, MA). The sample cell (cell volume of 1.3626 mL) was
filled with surfactant solution or external solution depending
on the type of experiment as discussed next. The reference cell
was filled with the external solution. The injection syringe (250
µL) was loaded with the vesicle solution, and a series of aliquots
(4-10 µL) was injected into the sample cell. The syringe was
rotated at constant speed (400 rpm) throughout the experiment.
All solutions were degassed under vacuum before use to avoid
air bubbles. Experiments were performed at 25°C. Each titration
was repeated at least three times.

At each injection during an ITC titration, surfactant molecules
were incorporated into the membrane, leading to a characteristic
heat signal. The heat of reaction for each injection was calculated

by integration of the peaks in the heat flow curve as determined
using MicroCal Origin software.

Two types of experiments were performed: uptake and
release. For the uptake experiment, a highly concentrated
solution of vesicles (typically 15 mM) was serially injected into
the surfactant solution at a concentration below its critical
micelle concentration (cmc). Heats of dilution were obtained
by injecting the vesicles into the surfactant-free external solution.
The idea of a release experiment is to begin with surfactant-
loaded vesicles and monitor heat effects as the surfactant leaves
the membrane when the vesicles are injected into the buffer.8

The injection syringe was loaded with vesicles that were
prepared by resuspending dry lipid film (typically 15 mM) in a
surfactant solution instead of in a buffer. This procedure ensures
that the surfactant is incorporated into both membrane leaflets.8

The surfactant/lipid ratio in the syringe,Rsyr, is such that
practically all surfactant molecules are incorporated within the
vesicles.

Partitioning Model. Schurtenberger et al.16 and others6,17-19

showed that surfactant partitioning into lipid membranes gener-
ally obeys a simple empirical relationship relating the surfactant
concentration in solution,CS

w, to the ratio of surfactant to lipid
in the membrane,Rb

Here,K is the so-called partition coefficient, andRb is given
by

wherenS
b is the amount of surfactant incorporated in the lipid

bilayer, andnL is the number of moles of lipid or, more
generally, all constituents that make up the membrane (e.g.,
cholesterol is included).

If the surfactant is charged, this simple partitioning model
must be adapted to account for electrostatic effects. Partitioning
of charged surfactant molecules into the lipid membrane will
be accompanied by the formation of a charged membrane
surface (with charge density,σ), which gives rise to a surface
potential,ψ0. As a result, the surfactant concentration in the
vicinity of the surface of the membrane,CS

m, which is in
equilibrium with the membrane-bound surfactant, will differ
from the surfactant bulk concentration,CS

w. These two con-
centrations are related by Boltzmann’s law

wherez denotes the valence,F0 is Faraday’s constant,R is the
gas constant, andT is the temperature. The partition coefficient
is then properly defined as

We note that if electrostatics is not taken into account, the
partition coefficient defined as in eq 1 would decrease signifi-
cantly as the surfactant concentration increases. This behavior
results from the build-up of surface charge, which provides
resistance to the adsorption process.

K )
Rb

CS
w

(1)

Rb )
nS

b

nL
(2)

CS
m ) CS

w exp(-zF0ψ0

RT ) (3)

K )
Rb

CS
m

)
Rb

CS
w

exp(+zF0ψ0

RT ) (4)

Ind. Eng. Chem. Res., Vol. 47, No. 10, 20083555



Well-known Guoy-Chapman theory20,21can be used to relate
surface potential to surface charge density,σ, and the details
need not be repeated here. As described by Tan and co-
workers,18 the set of working equations is completed by relating
the surface charge density to the concentration of surfactant in
the membrane

Here,e0 is the elementary electronic charge (1.6× 10-19 C),
AL denotes the average surface area of the lipids (AL,POPC) 68
Å2),22,23 and AS is the surface area of a surfactant molecule.
For SDS, we setAS ) 30 Å2.18 We used the same value for the
other charged surfactant used in this study, BZK, and note that
the partition coefficients determined from the analysis were not
sensitive to the value ofAS in the range of 20-40 Å2.

The heat measured after the injection of lipid vesicles into
surfactant solution,q, is proportional to the change innS

b

where∆H° is the molar enthalpy of surfactant incorporation
into the membrane, andqdil is the heat of dilution. The heat of
dilution is small and can either be treated as a fitting parameter
or estimated directly by running an additional experiment in
which vesicles are injected into a buffer. We performed both,
and the results were consistent.

Keller and co-workers24 have developed a general fit function
for both uptake and release assays that is derived by coupling
the previous energy equation with the mass balances associated
with each injection. Fits to the data yield the partition coefficient
and the enthalpy of adsorption. The analysis takes into account
the ability of surfactant molecules to translocate between the
inner and the outer bilayer leaflets and also takes into account
electrostatic effects due to incorporation of charged surfactants.
As we used their method exactly (including a least-squares
nonlinear fitting program supplied by Keller), the reader is
simply referred to the literature for all details.24 At least two
initial guesses were always attempted to test for multiple
solutions. In most cases, fits converged to one unique solution
(with excellent agreement between theory and experiment), and
the results were consistent across runs for a given surfactant-
membrane pair. In rare cases where different initial guesses
generated different solutions, we not only chose the one with
the bestø2 quality of fit but also retested runs from the same
surfactant-membrane system to ensure that the original fit
remained valid. We note that we also fit the data for uncharged
surfactants using Stata, a statistical and data management
program, as based on operating equations derived by Heerk-
lotz.25 Results obtained by the two programs varied by at most
1% where comparisons were available.

Thermodynamic variables were determined from partition
coefficients according to the following:

Results and Discussion

Two types of experiments were performed in this study (as
detailed in the previous section): uptake and release. The first
tracks the transfer of surfactant from solution into the membrane,
and the second tracks the transfer of surfactant from the
membrane to solution. Results will be divided into three sections.

The first section centers on the main findings related to
surfactant partitioning. The second section focuses on the issue
of surfactant flip-flop. The last section compares and combines
the results of this study with our previous work on surfactant-
induced membrane permeability.

Surfactant Partitioning. Uptake experiments were performed
for a variety of surfactants, surfactant concentrations, membrane
compositions, and vesicle concentrations as elaborated in Table
1. Lipid membranes varied from single-component to multi-
component vesicles. As lipids of the phosphatidylcholine group
generally constitute the largest class of phospholipids found in
most plasma membranes, we chose POPC as our single-
component system. Our multicomponent systems were com-
posed either of POPC/cholesterol mixtures or of a more complex
lipid mixture that was found to represent both the composition
and the behavior of the natural plasma membrane of sperm
cells.14 These sperm-mimic vesicles were made of the following
components (numbers represent mol %): 16:0-22:6 di-ester
PC (28%); cholesterol (28%); egg-SPH (15%); 16:0-16:0 PE
(12%); POPC (10%); SGC (5%); and 16:0-18:1 PS (2%).

Figure 1A shows the data obtained in a typical uptake
experiment (in this case, the titration of 0.05 mM SDS with 15
mM POPC vesicles). Each peak represents the heat transfer
associated with surfactant incorporation into the membrane. As
the amount of vesicles in the sample cell increases with recurrent
injections, the amount of surfactant available for partitioning is
reduced, and the heat of reaction decreases until it reaches a
small constant value, the heat of dilution. All experiments were
performed at surfactant concentrations below the cmc so that

σ )
zRb

AL + RbAS
e0 (5)

q ) ∆H°∆nS
b + qdil (6)

∆G° ) -RT ln(55.5 M K) (7)

T∆S° ) ∆H° - ∆G° (8)

Table 1. Systems Studieda

a Listed under each surfactant are the vesicle compositions as prepared
for uptake experiments and as prepared for release experiments (whereRsyr

is the molar ratio of surfactant/lipid as injected into buffer).
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surfactant demicellization would not have to be considered. The
cmcs were previously determined in our laboratory13 using a
method based on the spectrum change of pyrene that occurs
when it associates with micelles.

The heat of reaction for each injection can be calculated by
integration of the peaks in the heat flow curve. Figure 1B shows
the reaction heats for the example presented in Figure 1A along
with heats associated with higher concentrations of surfactant
(titrations of 0.1 and 0.2 mM SDS with 15 mM POPC). The
surfactant partition coefficient,K, as well as the partition
enthalpy,∆H°, can be determined from a fit to these isotherms
(shown as solid lines in Figure 1) as detailed by Keller et al.24

Partition coefficients for all systems studied, as well as derived
thermodynamic parameters, are summarized in Table 2.

As Figure 1B shows, the closeness of the fits to the
experimental data as taken across a range of different concentra-
tions establishes the validity of the mol ratio partitioning model
for the systems studied herein. For a given surfactant-lipid
system, the variation inK between individual isotherms (cor-
responding to different surfactant and/or lipid concentrations)
is similar in magnitude (ca. 15%) to that which is observed just
by repeating experiments. The variation in∆H° is about 9% at
most.

We find that the enthalpy of surfactant partitioning at room
temperature follows trends reported in the literature. The
partitioning of N-9 is endothermic, consistent with the behavior
of many non-ionic surfactants.26 The partition enthalpy of
zwitterionic molecules is often small but exothermic,27 and the
partitioning of charged surfactants is usually energetically
favorable.18,28N-9, like most non-ionic surfactants, has a bulky
headgroup. The other three surfactants have smaller headgroups,
and their cross-sectional areas are of the same order as that of
their hydrocarbon chains. The larger headgroup of N-9 probably
inhibits efficient packing of the surfactant in the membrane,
thus eliminating the energetic driving force for incorporation

that is present in the other surfactant systems. Clearly, favorable
van der Waals interactions are strong enough to more than
compensate for the unfavorable electrostatic interactions between
charged surfactants.

Of course, the hydrophobic effect29 (leading to positive
entropy changes) provides a natural driving force for all
surfactants to partition into the membrane. The anomalously
large binding entropy for N-9 may arise from both the
hydrophobic effect as well as an increase in membrane disorder.
Comparing partition coefficients, that for N-9 is the smallest
and that for SDS is the largest. As seen in Table 2, the variations
in ∆G° observed across the different surfactants are driven by
the variations in∆H° that overtake opposing variations in∆S°
(i.e., SDS has the most favorable free energy of partitioning
despite the lowest gain in system entropy).

As discussed previously, partitioning of charged surfactants
into the lipid membrane requires the inclusion of electrostatic
effects in the analysis. Figure 2 shows the behavior of the
cationic surfactant BZK. In accordance with the partitioning
model (see eq 4), the amount of bound surfactant,Rb, is
proportional to the surface membrane concentration of the
charged surfactant (see Figure 2A) and is a non-linear function
of the bulk surfactant concentration (Figure 2B). The incorpora-
tion of the cationic surfactant into the membrane creates a
positive surface charge density; the resulting surface potentials
are shown in Figure 2C. Our analysis assumes that the
membranes originally bear no surface potential of their own,
and we note that this is not strictly true. Electrokinetic data30

show that even simple POPC membranes can have non-
negligible negative surface potentials (our sperm-mimic mem-
branes contain a small amount of anion lipids and likely carry
a small negative charge). While we did not take into account
these details, doing so would likely decrease the surface
potentials derived for BZK-laden membranes and increase the
surface potentials for SDS-laden membranes.

Among the systems studied herein, to the best of our
knowledge, the partition behavior of SDS into POPC is the only
behavior that was studied previously. Comparing our results to
the work of Tan et al.18 (who used a different buffer and a
slightly different temperature), we find that our partition
coefficient is slightly higher, by about a factor of 4 (our enthalpy
of partitioning is lower, and our entropy is higher). Our partition
coefficient is about 50 times lower than the value determined

Figure 1. ITC uptake experiment: (A) heat flow (raw data) recorded upon
titration of 100 nm POPC vesicles (15 mM) into SDS (0.05 mM). Aliquots
of 4 µL of the vesicles solution were injected into the surfactant solution at
6 min intervals. (B) Reaction heats per mol of lipid injected as integrated
from the data shown in panel A (circles). The heat flows of two other
experiments are also shown: 0.1 mM (4) and 0.2 mM (]) SDS titrated
with 15 mM POPC vesicles. The solid lines correspond to theoretical fits
using eq 1. The fit parameters wereK ) 7.96× 104 M-1 and∆H ) -3.7
kcal/mol.

Table 2. Partition Coefficients and Other Thermodynamic Data for
Surfactant-Lipid Membrane Systems Studieda

surfactant K (M-1) K* (M -1)
∆H°

(kcal/mol)
∆G°

(kcal/mol)
T∆S°

(kcal/mol)

POPC Vesicles
N-9 4.85× 103 4.85× 103 2.8 -7.4 10.2
C31G 1.16× 104 1.16× 104 -0.5 -7.9 7.4
BZK 1.63× 104 1.63× 104 -1.3 -8.1 6.8
SDS 7.96× 104 7.96× 104 -3.7 -9.1 5.4

Sperm-Mimic Vesicles
N-9 1.04× 103 1.45× 103 6.4 -6.7 13.1
C31G 6.97× 103 9.68× 103 -2.7 -7.8 5.0
BZK 1.01× 103 1.40× 103 -3.8 -6.7 2.8
SDS 5.43× 104 7.55× 104 -2.8 -9 6.2

70% POPC/30% Cholesterol Vesicles
SDS 5.13× 104 7.33× 104 -2.9 -9 6.0

60% POPC/40% Cholesterol Vesicles
SDS 4.22× 104 7.03× 104 -2.4 -9 6.6

a K, K*, and ∆H° reported are based on the average of all uptake and
release experiments for a particular surfactant-membrane system. We note
that ∆H°, ∆G°, andT∆S° are based on membrane phospholipid content
only (i.e., are derived fromK*).
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by Keller et al.24 (who used a different buffer but same
temperature; our enthalpy of partitioning is lower, and our
entropy is higher).

We now compare the partitioning of all surfactants into the
more complex membranes that are designed to mimic the sperm
plasma membrane. As described previously, these membranes
contain approximately 30% cholesterol, as well as a large
fraction of sphingomyelin (15%). As shown in Table 2, in
comparison to those for the simple POPC membranes, the
partition coefficients are significantly lower. This is true for all
four surfactants studied.

We have recently characterized membrane lipid order (with
and without surfactant incorporation) using time-resolved
fluorescence analysis with the membrane probe diphenyl-
hexatriene.31 These studies showed that these sperm-mimic
membranes display a higher degree of order than either simple
POPC membranes or POPC/30% Chol membranes (effective
DPH lipid order parameters spanned from 0.15 for POPC
membranes, to 0.56 for POPC/Chol membranes, to 0.7 for the
sperm-mimic membranes). The more efficient lipid packing
renders the membranes less receptive to surfactant incorporation,
consistent with the lower partition coefficients reported here.

The fractional reduction of the partition coefficients is greatest
for BZK. This behavior may well reflect specific interactions
with certain components of the membrane and also surfactant
inhomogeneities as BZK includes chains of varying lengths.
More work is needed to resolve the origin of these differences.

Last, we also examined the specific effect of cholesterol on
surfactant partitioning, focusing our attention on one surfactant,
SDS, comparing its partitioning into cholesterol-laden
vesicles: POPC/30% Chol, POPC/40% Chol, and sperm-mimic
vesicles that contain ca. 30% Chol. Cholesterol is the major
sterol component of the plasma membrane and affects molecular
packing and various membrane properties such as permeability,
stability, and fusogenicity.12,14Table 2 shows that the partition
coefficients of SDS in the cholesterol-laden membranes are
lower than for the cholesterol-free (POPC) membrane. If,
however, the partition coefficient is calculated based on phos-
pholipid content only,K*, we see that the partition coefficients
are quite similar (only a small decrease with increasing
cholesterol content). A similar phenomenon was reported for
the partitioning of octyl-â-D-glucopyranoside into membranes
with varying cholesterol contents.17

Although the amount of cholesterol seems not to dramatically
affect the partitioning of SDS (in terms ofK*, that is), the
thermodynamic variables are impacted. Increasing the amount
of cholesterol reduces the energetic driving force and increases
the entropic driving force, leaving the free energy nearly constant
(see Table 2). Our recent fluorescence anisotropy studies showed
that SDS incorporation into lipid membranes containing cho-
lesterol led to a significant decrease in lipid order; in contrast,
there was little change in lipid order when SDS was incorporated
into simple POPC membranes.31 These findings are consistent
with results reported here that show that incorporation of SDS
into cholesterol-laden vesicles causes a more pronounced
decrease in membrane order (leading to an increased∆Svalue)
relative to a cholesterol-free system. While SDS partitioning
into membranes is relatively similar when expressed on a
cholesterol-free basis (in terms ofK*, that is), this behavior is
not as closely followed by the other surfactants. In these other
three systems,K* is noticeably lower for the complex sperm-
mimic membranes than for the simple POPC membranes. As
discussed previously, both cholesterol and sphingomyelin impart
significant lipid ordering to the sperm-mimic membranes, and
this is reflected in the diminished thermodynamic driving force
for surfactant adsorption.

Flip-Flop. When surfactants partition into a lipid bilayer, the
first step is incorporation into the outer leaflet followed by flip-
flop into the inner leaflet. On experimental time scales (minutes),
the first step was found to be fast,13 but the translocation step
can be fast or very slow depending on the system of study.32-35

Previous studies have shown that SDS does not flip-flop in
experimental time scales at room temperature18 but does so at
temperatures above∼60 °C.24 Flip-flop of the other surfactants
used in this study has not been previously determined.

Heerklotz et al.8 developed a simple and elegant protocol for
determining the fraction of lipid accessible to the surfactant,γ,
by combining standard surfactant uptake experiments with
additional release experiments. In the release assay, the surfac-
tant is loaded into the lipid bilayers during vesicle preparation.
These vesicles are then injected into buffer, and this dilution
process is accompanied by partitioning of surfactant out of the
lipid membrane into solution. All surfactant molecules will be
released to the aqueous medium in the case of fast flip-flop.
Only those originally in the outer leaflet will be released if the

Figure 2. Partition isotherms and membrane potentials correspond to the
titration of 100 nm POPC vesicles (15 mM) into BZK (0.05 mM). (A) Mol
ratio of surfactants bound,Rb, as a function of BZK surface concentration,
CS

m. (B) Rb as a function of BZK concentration in the aqueous solutionCS
w.

(C) Membrane surface potential,ψ0, as a function ofCS
w. The solid lines

correspond to theoretical fits using eq 4.
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flip-flop is slow. Simultaneous fitting of uptake and release data
yieldsK, ∆H°, andγ (see Keller et al. for details24). The value
of γ is equal to 1 if flip-flop is fast and equal to 0.5 if flip-flop
is not occurring.

Figure 3 presents an example of release data for the case of
SDS/POPC vesicles. The process is endothermic as expected
(the corresponding exothermic update experiment was shown
in Figure 1A). The simultaneous fitting of uptake and release
data yield the following parameters:K ) 7.96× 104 M-1, ∆H°
) -3.7 kcal/mol, andγ ) 0.48. The negligible flip-flop of SDS
we observe is consistent with two other translocation studies
using an equilibrium dialysis-based method34 or fluorescence
spectroscopy32 as well as being consistent with the calorimetric
study of Keller and co-workers.24

All the other surfactants studied exhibited flip-flop (γ ) 1),
regardless of membrane composition. The fast flip-flop of N-9
was expected as similar molecules (alkyl ethoxy-ethers) were
reported to transfer rapidly across the bilayer.8,34The zwitterionic
C31G surfactant also exhibits fast flip-flop. The general
tendency is that uncharged surfactants are amenable to flip-
flop, consistent with our results, but we do note that one can
find examples in the literature of neutral surfactants that exhibit
slow flip-flop.36 As intuitively expected, the general tendency
is for charged surfactants not to flip-flop (consistent with SDS
behavior at room temperature). Hence, we were surprised to
find that the cationic BZK translocates readily. As discussed
next, surfactant flip-flop appears to be an important parameter
governing membrane perturbation.

Surfactant-Induced Membrane Perturbation: Compari-
son of Permeability and Partitioning Trends. We have
previously studied the process of surfactant-induced membrane
permeability.13,14The behavior of the different membranes was
examined using vesicle leakage assays in which encapsulated
5(6)-carboxyfluorescein (CF) permeated across the membrane
as a result of vesicle exposure to surfactant. A leakage response
curve reflects, generally speaking, the resistance of membranes

to surfactant attack as the bulk concentration of surfactant is
increased. The data from these experiments, however, do not
expose how leakage correlates with surfactant concentration in
the membrane but rather just with overall surfactant concentra-
tion. de la Maza and co-workers have shown that it is possible
to infer bound surfactant concentrations by carrying out a series
of leakage experiments at different overall concentrations,37 but
calorimetric experiments such as the ones conducted here
provide direct information on surfactant partitioning and can
be readily combined with simple leakage experiments to reveal
the connection between membrane perturbation and amount of
surfactant incorporation.

Figure 4a compares the performance of the four surfactants
in perturbing a POPC membrane. The extent of leakage (fraction
of encapsulated probe released from the vesicle interior)
observed after 4 h ofvesicle incubation with surfactant solutions
at various concentrations is shown as a function of the total
surfactant concentration. By comparing the leakage responses
shown in Figure 4a with the partition coefficients determined
in this work, we see no obvious correlation between partitioning
and membrane perturbation. On the other hand, knowledge of
the partition coefficient allows one to recast the permeability
data into the form shown in Figure 4B, which plots extent of
leakage as a function of the amount of membrane-bound
surfactant. Interestingly, the data for three surfactants (N-9,
C31G, and BZK) collapse onto one curve, and the leakage
response for SDS remains distinct from that of the others.
Notably, SDS is the only surfactant that does not translocate
across the membrane. An in vitro study comparing the sper-

Figure 3. Surfactant release experiment: heat flow (A) and reaction heat
per mol of lipid injected (B) observed upon 10µL injections of SDS-laden
POPC vesicles (15 mM lipid concentration,Rsyr ) 0.3) into external solution.
The solid line is the fit to the data withK ) 7.96× 104 M-1, ∆H ) -3.7
kcal/mol, andγ ) 0.48.

Figure 4. Leakage response of POPC vesicles (lipid concentration 4.6×
10-3 mM) in the presence of different surfactants (N-9, C31G, BZK, and
SDS). Extent of leakage after 4 h is plotted versus (A) overall surfactant
concentration and (B) bound surfactant concentration. The abscissa for SDS
is located at the top.
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micidal and virucidal activities of SDS, N-9, and BZK shows
SDS displaying the lowest potency;38 indeed, SDS is almost
10-fold less spermicidal than N-9. Although it may just be a
coincidence, our work suggests that spermicial activity may well
be regulated by the ability of the surfactant to translocate to
the inner leaflet of the sperm membrane.

It makes sense that surfactant flip-flop is a critical step in
the membrane permeabilization process. The cooperation of
several surfactant molecules between the two bilayer leaflets
seems to be required for loss of barrier function. There are
several studies in the literature that suggest that pores or channels
are created by the surfactants, facilitating diffusion of solute
through the bilayer.39-41 Such transmembrane pores are stabi-
lized by the presence of surfactant that is ideally shaped for
high curvature microstructures. Surfactant availability in both
leaflets would be critical to mechanisms of pore formation, and
this may explain as to why our leakage data divide into two
groups (SDS vs others). Interestingly, our previous studies on
membrane leakage13 revealed a nonlinear dependence of the
kinetic rate constant on surfactant concentration consistent with
a highly cooperative mechanism that might be associated with
pore formation. Meanwhile, the mechanism for SDS-induced
leakage may simply be related to membrane strain as a result
of the incorporation of surfactant (indeed a significant amount,
as much as 1:1 surfactant/lipid ratio) in only the outer leaflet
of the membrane. Clearly, more work is required to test the
hypothesis that flip-flop is a critical determinant of spermicidal
activity, but our results suggest that this is worthy of study.

What our studies do directly show is that the membrane
permeability induced by the supposed pore forming surfactants
(N-9, C31G, and BZK) is mainly dictated by the amount of
bound surfactant and is only slightly sensitive to specific
chemical interactions. In the case of a more complex membrane
system (sperm-mimic vesicles), the leakage curves as a function
of bound surfactant do not overlap as perfectly as those for
POPC, but they are reasonably close together (data not shown).
Our studies therefore suggest that most uncharged surfactants
are good candidates for membrane permeabilization applications
(since most translocate), and one can choose simply by
considering the balance between price and single fundamental
variable, namely, the partition coefficient.

Conclusion

We have obtained membrane partitioning data for four
surfactants with current or potential application in contraception
and the prevention of STDs. Both energetic and entropic driving
forces are at play in determining the free energy of partitioning;
while there is always an entropic driving force for surfactant
incorporation, the energetic contribution is not always favorable
(exothermic). For example, the partitioning of the non-ionic
surfactant N-9 is considerably endothermic and can be related
to molecular packing effects. Meanwhile, energies of partitioning
can be quite favorable for charged surfactants (e.g., SDS) in
spite of charge repulsion. Indeed, of the four surfactants
examined, SDS exhibited the highest partition coefficient. As
compared to simple POPC membranes, we find that more
complex sperm-mimic membranes adsorb less surfactant (i.e.,
lower K values), even when renormalized to a cholesterol-free
basis (K*). This decrease is most likely related to the pronounced
effect cholesterol has on lipid packing, although other molecular
interactions can also contribute. We also used calorimetry to
determine the ability of these surfactants to “flip-flop”. Con-
sistent with many other uncharged surfactants, N-9 and C31G
exhibited flip-flop. Surprisingly, the cationic surfactant BZK

also exhibited flip-flop, leaving SDS as the only surfactant that
did not readily translocate. Finally, by bringing together
partitioning data with previous studies on surfactant-induced
membrane permeabilization, we find that surfactant flip-flop is
critical to the loss of barrier function. The results of our study
can provide useful guidelines for the design of microbicidal and
spermicidal surface-active agents.
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