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Surfactants as Microbicidal Contraceptives: A Calorimetric Study of Partitioning
and Translocation in Model Membrane Systems
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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-oleoydn-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 these phases involves the consumption or release of heat and
can thus be followed by calorimetry. Isothermal titration
The amphiphilicity of surfactants leads not only to self- calorimetry (ITC) is a label-free technique that is widely
assembly in solution (such as the formation of micelles) but employed for affinity studies (binding or partitioniny.This
also to co-assembly with microstructures such as lipid mem- rejatively simple method allows one to determine the partition
branes. A large portion of the literature that has focused on coefficient as well as other thermodynamic parameters for the
surfactantmembrane interactions is dedicated to the membrane system. Moreover, through clever experimental de8i§FiC
solubilization process. This proceeds through several stéges. can also be used to study surfactant translocation between the
In the low surfactant concentration regime, the surfactants |eaflets of the membrane bilayer. In particular, one can determine
incorporate into the membrane without much change in the if surfactant “flip-flop” occurs during experimental time scales.
general structure of the bilayer. Above a cert{;lin surfactant | this work, we used ITC to study the membrane partitioning
concentration, mixed surfactanphospholipid micelles are ¢ g rfactants with current or promising applications in contra-
formed, and further addition of surfactant results in complete ception and as vaginal microbicides for STD prevention. Four
disassembly of the membrane. surfactants were considered: (1) nonoxynol-9 (N-9), a non-ionic
The incorporation of surfactant molecules into the lipid surfactant already widely used as a spermicidal a@éa;
membrane in the sub-lytic regime can alter the physical C31G, an amphoteric mixture of two surface-active molecules,
properties of the bilayer, leading, for example, to changes in C14 alkylamine oxide and C16 alkyl betait&3) benzalkonium
stability, permeability, and fusogenicity. Several biological and chloride (BZK), a cationic vaginal spermicideised worldwide;
biotechnological processes exploit surfactamembrane inter-  and (4) sodium dodecy! sulfate (SDS), an anionic surfactant
actions. For example, one of the simplest vaginal contraceptive with protein denaturing and antiviral activitiésVe performed
strategies involves the exposure of sperm cells to surfactants,a comprehensive and comparative study of the partitioning of
such as nonoxynol-9 (N-9), which is used in various commercial these surfactants into a single-component phospholipid mem-
spermicides. Although the exact mechanism is not known, brane and a multicomponent lipid membrane designed to model
evidence strongly suggests that sperm cells are inactivated as ghe plasma membrane of the sperm cell. As cholesterol is known
result of surfactant incorporation into the sperm plasma mem- to influence membrane propertisye also studied the impact
brane, with associated harmful consequences. Surfactant-basegf the membrane cholesterol content on surfactant partitioning.
disruption of membranes is also a method of choice for attacking Finally, we combined results from these studies with our prior
pathogens involved in different sexually transmitted diseases work on surfactant-induced membrane leakadtto elucidate

(STDs)*> A complete understanding of the surfactant  key features of the membrane perturbation process.
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 Materials. 1-Palmitoyl-2-oleoylsn-glycero-3-phosphocholine
the surfactant distributes between the lipid bilayer and the (POPC), brain sulfatide (SGC), 1-palmitoyl-2-docosahexaenoyl-
aqueous medium. The transfer of surfactant molecules betweersn-glycero-3-phosphocholine (16:@2:6 di-ester PC),1,2-di-
palmitoyl-sn-glycero-3-phosphoethanolamine (1616:0 PE),
1-palmitoyl-2-oleoylsn-glycero-3-[phospha-serine] (16:6-
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hydroxyethylene)-1-piperazinyl]-ethanesulphonic acid) were by integration of the peaks in the heat flow curve as determined

obtained from Sigma (St. Louis, MO). All were at the highest using MicroCal Origin software.

purity available. N-9 was a gift from Biosyn Corp., Philadelphia ~ Two types of experiments were performed: uptake and

PA (as Rhone-Poulenc’s Igepal CO-630 Special at a purity of release. For the uptake experiment, a highly concentrated

95%). C31G (equimolar mixture of C14 amine oxide and C16 solution of vesicles (typically 15 mM) was serially injected into

alkyl betaine at purities of 88.7 and 98.2%, respectively) was the surfactant solution at a concentration below its critical

also obtained from Biosyn (Philadelphia, PA). All surfactants micelle concentration (cmc). Heats of dilution were obtained

were used without further purification. All solutions were by injecting the vesicles into the surfactant-free external solution.

prepared using Millipore water. The idea of a release experiment is to begin with surfactant-
Surfactant and Buffer Solutions. Surfactant stock solutions  loaded vesicles and monitor heat effects as the surfactant leaves

(N-9, C31G, and BZK at 0.1 mM solutions and SDS at 10 mM) the membrane when the vesicles are injected into the biffer.

were prepared by dissolving the surfactant in 16.66 mM HEPES The injection syringe was loaded with vesicles that were

buffer containing 125 mM NaCl. The same buffer solution Pprepared by resuspending dry lipid film (typically 15 mM) in a

including salt was prepared in the absence of surfactant; we surfactant solution instead of in a buffer. This procedure ensures

refer to this in particular as the external solution from hereon. that the surfactant is incorporated into both membrane ledflets.

The pH of the solutions was adjusted to 7.4hw& M NaOH. The surfactant/lipid ratio in the syringeRsyr, is such that

Isoosmotic conditions of all solutions were assured by measuring practically all surfactant molecules are incorporated within the

osmolarity using a Fiske Micro osmometer model 210. The Vvesicles.

osmolarity was matched if needed to a value of 265 mOs by Partitioning Model. Schurtenberger et &.and otherg!* 19

the addition of NacCl. showed that surfactant partitioning into lipid membranes gener-
Vesicle Preparation and Characterization. Large unila- ally obeys a simple empirical relationship relating the surfactant

mellar vesicles (LUVs) were prepared using the following concentration in solutiorGy, to the ratio of surfactant to lipid

procedure. A chloroform solution of lipid(s) was transferred to in the membraneR,

a 25 mL round-bottomed flask. The lipid solution was dried

overnight in a vacuum oven. In those cases where membranes K = ﬁ 1)

with more than one component were created, the mixture was (ol

sonicated for 5 min before it was dried. The dried lipid film

was redissolved in buffer solution to yield a 30 mM lipid Here K is the so-called partition coefficient, arRb is given

solution. To make surfactant-loaded vesicles, the lipid film was p,,

redissolved in surfactant solution instead of in buffer. A

multilamellar vesicle dispersion was prepared via five cycles P
of vortex mixing followed by freezethawing (liquid nitrogen). — (2)
The dispersion was extruded (Lipex Biomembranes, Inc., n.

Vancouver, BC, Canada) 2 times through a 400 nm polycar- . _ _ o

bonate filter (Nucleopore Co., Pleasanton, CA) followed by 10 whereng is the amount of surfactant incorporated in the lipid

times through a 100-nm polycarbonate filter. bilayer, andn_ is the number of moles of lipid or, more
The phospholipid content of the vesicles was determined generally, all constituents that make up the membrane (e.g.,

according to the ascorbic acid spectrophotometric method for cholesterol is included). o o

total phosphorus assay,in a procedure made available by If the surfactant is charged, this simple partitioning model

Avanti Polar Lipids. The measurements were performed using MUst be adapted to account for electrostatic effects. Partitioning

a Genesys 2 spectrophotometer (Thermo Spectronic InstrumentsQf charged surfactant molecules into the lipid membrane will
Waltham, MA). be accompanied by the formation of a charged membrane

surface (with charge density), which gives rise to a surface

16 nm using dynamic light scattering (Brookhaven, Inc., San p_ot.ehtial,lpo. As a result, the surfactant conrscent.ratio_n i_n the
Antonio, TX, BI-200SM laser light scattering goniometer ViCinity of the surface of the membran€&g, which is in
equipped with solid-state laset [ 532.5 nm] and an ALV- equilibrium with the membrane-bound surfactant, will differ
5000 correlator). All measurements were performed at@s ~ from the surfactant bulk concentrati?ﬁg’. These two con-
under a scattering angle of @0The size distribution was  Centrations are related by Boltzmann's law
reasonably homogeneous (polydispersity lower than 0.06). JF

ITC. ITC measurements were performed using a MicroCal co=cCé eXF{ o’/}o)
MCS isothermal titration calorimeter (MicroCal, Inc., Northamp- RT

ton, MA). The sample cell (cell volume of 1.3626 mL) was . , .
filled with surfactant solution or external solution depending Wherezdenotes the valence, is Faraday's constanR is the

on the type of experiment as discussed next. The reference cel@aS constant, an”fhs_the temperature. The partition coefficient

was filled with the external solution. The injection syringe (250 'S then properly defined as

ulL) was loaded with the vesicle solution, and a series of aliquots R, R +2Fy

(4—10uL) was injected into the sample cell. The syringe was K=—2=_2@gx 0 0) (4)

rotated at constant speed (400 rpm) throughout the experiment. Cs C§ RT

All solutions were degassed under vacuum before use to avoid

air bubbles. Experiments were performed at@5Each titration  We note that if electrostatics is not taken into account, the

was repeated at least three times. partition coefficient defined as in eq 1 would decrease signifi-
At each injection during an ITC titration, surfactant molecules cantly as the surfactant concentration increases. This behavior

were incorporated into the membrane, leading to a characteristicresults from the build-up of surface charge, which provides

heat signal. The heat of reaction for each injection was calculatedresistance to the adsorption process.

The average vesicle diameter was determined to be4100

®3)
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Well-known Guoy-Chapman thed®?1can be used to relate  Table 1. Systems Studied!
surface potential to surface charge densityand the details -
need not be repeated here. As described by Tan and co- System
workers!8 the set of working equations is completed by relating N 0L
the surface charge density to the concentration of SUrfactant i’ (eme = 0.622 £ 0.004 mvt) oty O)(OCH: CHapOH
the membrane

C. Cs R,
(mM) (mM)

POPC 15 0.005,00145,0018
ZR, 30 0.018 Z
o= W & (5) 10 0.018 =
S Sperm mimic 15 0.0145,0.018 -
Here, g is the elementary electronic charge (%61071° C), POPC/N-9 15 = 0.08
A_ denotes the average surface area of the lipidggpc= 68 C31G (1:1 equimolar solution of CiaHaoN (CH:):0™, CisHaN (CH::COO ™

A2) 2223 gnd Ag is the surface area of a surfactant molecule. Ciamine oxide & Cy; betaine)
For SDS, we sefs = 30 A218We used the same value for the ~ (cme=0.020.001 mh1)

other charged surfactant used in this study, BZK, and note that Porc IS 0.005,0.0145,0018 -

the partition coefficients determined from the analysis were not  Sperm mimic 15 0.018 -

sensitive to the value ofs in the range of 2640 A2 POPC/C31G 15 - 0.08

The heat mefisure_d after thg injection of lipid vgsmles N0 pr— kol (RZK) @CH!N__(CHM P
surfactant solutiong, is proportional to the change m@ (eme = 0.25 = 0.01 mM)
R=C;zHj7 to CsHs7: Predominantly Cj2Hzs

q= AH°Ang + Qi (6) POPC 15 0.005,0.0145,0.018 =

. ) . Sperm mimic 15 0.018 -

where AH® is the molar enthalpy of surfactant incorporation  pope/pzi 15 g 0.15

into the membrane, angl; 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

Sodium dodecyl sulfate (SDS) CH3(CH2)110S0: Na®
(eme = 1.00 £ (.05 mM)

which vesicles are injected into a buffer. We performed both,  POP¢ 15 005,01,0.2,04,06 Z
and the results were consistent. T0% POPC / 30% cholesterol 15 0.05,0.1,02,04,0.6 -
Keller and co-workerd have developed a general fit function 60% POPC / 40% cholesterol 5 02,04 -
for both uptake and release assays that is derived by coupling  sperm mimic 5 04 =
the previous energy equation with the mass balances associate rpopcisps 15 - 0.3,0.43
with each injection. Fits to the data yield the partition coefficient  74e; popc 7 30% cholesterol / SDS 10, 15 _ 03

and the enthalpy of adsorption. The analysis takes into account

_the ability of Surfacta_nt molecules to translocate t?etween the for uptake experiments and as prepared for release experiments @jere
inner and the outer bilayer leaflets and also takes into accountis the molar ratio of surfactant/lipid as injected into buffer).

electrostatic effects due to incorporation of charged surfactants. ] ] o

As we used their method exactly (including a least-squares The first section centers on the main findings related to
nonlinear fitting program supplied by Keller), the reader is surfactant partitioning. The second section focuses on the issue
simply referred to the literature for all detafsAt least two of surfactant flip-flop. The last section compares and combines
initial guesses were always attempted to test for multiple the results of this study with our previous work on surfactant-
solutions. In most cases, fits converged to one unique solutioninduced membrane permeability.

(with excellent agreement between theory and experiment), and  Surfactant Partitioning. Uptake experiments were performed
the results were consistent across runs for a given surfactant for a variety of surfactants, surfactant concentrations, membrane

membrane pair. In rare cases where different initial guessescOmpositions, and vesicle concentrations as elaborated in Table
generated different solutions, we not only chose the one with 1. Lipid membranes varied from single-component to multi-
the besty? quality of fit but also retested runs from the same Ccomponent vesicles. As lipids of the phosphatidylcholine group
surfactantmembrane system to ensure that the original fit generally constitute the largest class of phospholipids found in
remained valid. We note that we also fit the data for uncharged Most plasma membranes, we chose POPC as our single-
surfactants using Stata, a statistical and data managemenfomponent system. Our multicomponent systems were com-
program, as based on operating equations derived by Heerk-Posed either of POPC/cholesterol mixtures or of a more complex
lotz.25 Results obtained by the two programs varied by at most lipid mixture that was found to represent both the composition

aListed under each surfactant are the vesicle compositions as prepared

1% where comparisons were available. and the behavior of the natural plasma membrane of sperm
Thermodynamic variables were determined from partition Cells** These sperm-mimic vesicles were made of the following
coefficients according to the following: components (numbers represent mol %): 1&@2Q:6 di-ester
PC (28%); cholesterol (28%); egg-SPH (15%); 161®:0 PE
AG°® = —RTIn(55.5 M K) (7) (12%); POPC (10%); SGC (5%); and 16:08:1 PS (2%).
Figure 1A shows the data obtained in a typical uptake
TAS = AH® — AG® (€ 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
Two types of experiments were performed in this study (as the amount of vesicles in the sample cell increases with recurrent
detailed in the previous section): uptake and release. The firstinjections, the amount of surfactant available for partitioning is
tracks the transfer of surfactant from solution into the membrane, reduced, and the heat of reaction decreases until it reaches a
and the second tracks the transfer of surfactant from the small constant value, the heat of dilution. All experiments were
membrane to solution. Results will be divided into three sections. performed at surfactant concentrations below the cmc so that

Results and Discussion
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_. 304 - A Table 2. Partition Coefficients and Other Thermodynamic Data for
® 3021 Surfactant—Lipid Membrane Systems Studied
0
® 30 AH° AG° TAS
::i. 298 A surfactant K(M™Y)  K*(M~1) (kcal/mol) (kcal/mol) (kcal/mol)
2 206 1 POPC Vesicles
T 594 | N-9  4.85x 10° 4.85x 10° 2.8 ~74 10.2
i 202 | C31G 1.16x 10* 1.16x 10* —0.5 -7.9 7.4
£ 7 BZK 1.63x 10* 1.63x 10 -1.3 —-8.1 6.8
SDS 7.96x 10" 7.96x 10* —-3.7 —-9.1 5.4
Sperm-Mimic Vesicles
N-9 1.04x 10° 1.45x 10° 6.4 —6.7 131
= B C31G 6.97x 10° 9.68x 1C° -2.7 -7.8 5.0
g BZK 1.01x 10 1.40x 1C® —-3.8 —6.7 2.8
= SDS 5.43x 10* 7.55x 10* —2.8 -9 6.2
8 SDS conc. )
3 00.05mM 70% POPC/30% Cholesterol Vesicles
© A0A MM SDS 5.13x 10* 7.33x 10* -29 -9 6.0
Q
< ©0.2mM 60% POPC/40% Cholesterol Vesicles
S SDS  4.22<10* 7.03x 10' 24 -9 6.6
§ aK, K*, and AH° reported are based on the average of all uptake and

release experiments for a particular surfactanembrane system. We note
that AH®, AG®, and TAS’ are based on membrane phospholipid content
only (i.e., are derived fronK*).

CL (mM)

Figure 1. ITC uptake experiment: (A) heat flow (raw data) recorded upon ; ;
fitration of 100 nm POPC vesicles (15 mM) into SDS (0.05 mM). Aliquots that is present in the other surfactant systems. Clearly, favorable

of 4 L of the vesicles solution were injected into the surfactant solution at Van der Waals interactions are strong enough to more than
6 min intervals. (B) Reaction heats per mol of lipid injected as integrated COmpensate for the unfavorable electrostatic interactions between
from the data shown in panel A (circles). The heat flows of two other charged surfactants.

experiments are also shown: 0.1 mM)(and 0.2 mM ©) SDS titrated : . e
with 15 mM POPC vesicles. The solid lines correspond to theoretical fits Of course, the hydrophobic effé%t(leadlng to positive

using eq 1. The fit parameters wefe= 7.96 x 10* M~ andAH = —3.7 entropy changes) provides a natural driving force for all
kcal/mol. surfactants to partition into the membrane. The anomalously
large binding entropy for N-9 may arise from both the
surfactant demicellization would not have to be considered. The hydrophobic effect as well as an increase in membrane disorder.
cmcs were previously determined in our laboraténysing a Comparing partition coefficients, that for N-9 is the smallest
method based on the spectrum change of pyrene that occursaind that for SDS is the largest. As seen in Table 2, the variations
when it associates with micelles. in AG® observed across the different surfactants are driven by
The heat of reaction for each injection can be calculated by the variations irAH° that overtake opposing variations A8’
integration of the peaks in the heat flow curve. Figure 1B shows (i-e., SDS has the most favorable free energy of partitioning
the reaction heats for the example presented in Figure 1A alongdespite the lowest gain in system entropy).
with heats associated with higher concentrations of surfactant As discussed previously, partitioning of charged surfactants
(titrations of 0.1 and 0.2 mM SDS with 15 mM POPC). The into the lipid membrane requires the inclusion of electrostatic
surfactant partition coefficientk, as well as the partition  effects in the analysis. Figure 2 shows the behavior of the
enthalpy, AH®, can be determined from a fit to these isotherms cationic surfactant BZK. In accordance with the partitioning
(shown as solid lines in Figure 1) as detailed by Keller é¢al. model (see eq 4), the amount of bound surfactdat, is
Partition coefficients for all systems studied, as well as derived proportional to the surface membrane concentration of the
thermodynamic parameters, are summarized in Table 2. charged surfactant (see Figure 2A) and is a non-linear function
As Figure 1B shows, the closeness of the fits to the of the bulk surfactant concentration (Figure 2B). The incorpora-
experimental data as taken across a range of different concentration of the cationic surfactant into the membrane creates a
tions establishes the validity of the mol ratio partitioning model positive surface charge density; the resulting surface potentials
for the systems studied herein. For a given surfaetapid are shown in Figure 2C. Our analysis assumes that the
system, the variation il between individual isotherms (cor- membranes originally bear no surface potential of their own,
responding to different surfactant and/or lipid concentrations) and we note that this is not strictly true. Electrokinetic data
is similar in magnitude (ca. 15%) to that which is observed just show that even simple POPC membranes can have non-
by repeating experiments. The variationARl° is about 9% at negligible negative surface potentials (our sperm-mimic mem-
most. branes contain a small amount of anion lipids and likely carry
We find that the enthalpy of surfactant partitioning at room a small negative charge). While we did not take into account
temperature follows trends reported in the literature. The these details, doing so would likely decrease the surface
partitioning of N-9 is endothermic, consistent with the behavior potentials derived for BZK-laden membranes and increase the
of many non-ionic surfactan. The partition enthalpy of  surface potentials for SDS-laden membranes.
zwitterionic molecules is often small but exotherrdi@nd the Among the systems studied herein, to the best of our
partitioning of charged surfactants is usually energetically knowledge, the partition behavior of SDS into POPC is the only
favorable!®28N-9, like most non-ionic surfactants, has a bulky behavior that was studied previously. Comparing our results to
headgroup. The other three surfactants have smaller headgroupshe work of Tan et al® (who used a different buffer and a
and their cross-sectional areas are of the same order as that oflightly different temperature), we find that our partition
their hydrocarbon chains. The larger headgroup of N-9 probably coefficient is slightly higher, by about a factor of 4 (our enthalpy
inhibits efficient packing of the surfactant in the membrane, of partitioning is lower, and our entropy is higher). Our partition
thus eliminating the energetic driving force for incorporation coefficient is about 50 times lower than the value determined
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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,, as a function of BZK surface concentration,

Cs. (B) Ry as a function of BZK concentration in the aqueous solu@gn

(C) Membrane surface potentialo, as a function ofCs. The solid lines
correspond to theoretical fits using eq 4.

50

by Keller et al** (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

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?14 Table 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 onlyK*, 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 octy|s-p-glucopyranoside into membranes
with varying cholesterol contents.

Although the amount of cholesterol seems not to dramatically
affect the partitioning of SDS (in terms d&f*, 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 membranésThese 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 increASadlue)
relative to a cholesterol-free system. While SDS partitioning
into membranes is relatively similar when expressed on a
cholesterol-free basis (in terms Kf, that is), this behavior is
not as closely followed by the other surfactants. In these other
three systemsK* 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

more complex membranes that are designed to mimic the Spermfirst _step is i_ncorporation into the (_)uter Ieaflet followed b_y flip-
plasma membrane. As described previously, these membranedlop into the inner leaflet. On experimental time scales (minutes),

contain approximately 30% cholesterol, as well as a large
fraction of sphingomyelin (15%). As shown in Table 2, in

the first step was found to be fa$tput the translocation step
can be fast or very slow depending on the system of st&idy.

comparison to those for the simple POPC membranes, thePrevious studies have shown that SDS does not flip-flop in

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-
hexatriené! These studies showed that these sperm-mimic

experimental time scales at room temperaftibait does so at
temperatures above60 °C.2* Flip-flop of the other surfactants
used in this study has not been previously determined.
Heerklotz et af developed a simple and elegant protocol for
determining the fraction of lipid accessible to the surfactant,
by combining standard surfactant uptake experiments with

membranes display a higher degree of order than either simpleadditional release experiments. In the release assay, the surfac-
POPC membranes or POPC/30% Chol membranes (effectivetant is loaded into the lipid bilayers during vesicle preparation.

DPH lipid order parameters spanned from 0.15 for POPC

These vesicles are then injected into buffer, and this dilution

membranes, to 0.56 for POPC/Chol membranes, to 0.7 for theprocess is accompanied by partitioning of surfactant out of the

sperm-mimic membranes). The more efficient lipid packing

lipid membrane into solution. All surfactant molecules will be

renders the membranes less receptive to surfactant incorporationieleased to the aqueous medium in the case of fast flip-flop.

consistent with the lower partition coefficients reported here.

Only those originally in the outer leaflet will be released if the
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flip-flop is slow. Simultaneous fitting of uptake and release data 0.000 0.001 °-°?2 0.003
yieldsK, AH®, andy (see Keller et al. for detait4). The value C surfuctant M)

of y is equal to 1 if flip-flop is fast and equal to 0.5 if flip-flop ~ Figure 4. Leakage response of POPC vesicles (lipid concentrationx4.6
is not occurring_ 103 mM) in the presence of different surfactants (N-9, C31G, BZK, and

Fi 3 t le of rel data for th DS). Extent of leakage aftd h is plotted versus (A) overall surfactant
Igure 5 presents an example ot release data 1or the Case Otgncentration and (B) bound surfactant concentration. The abscissa for SDS

SDS/POPC vesicles. The process is endothermic as expectee |ocated at the top.
(the corresponding exothermic update experiment was shown
in Figure 1A). The simultaneous fitting of uptake and release to surfactant attack as the bulk concentration of surfactant is
data yield the following parameter& = 7.96 x 10 M~%, AH® increased. The data from these experiments, however, do not
= —3.7 kcal/mol, and’ = 0.48. The negligible flip-flop of SDS  expose how leakage correlates with surfactant concentration in
we observe is consistent with two other translocation studies the membrane but rather just with overall surfactant concentra-
using an equilibrium dialysis-based metfbdr fluorescence  tion. de la Maza and co-workers have shown that it is possible
spectroscop¥ as well as being consistent with the calorimetric  to infer bound surfactant concentrations by carrying out a series
study of Keller and co-worker¥. of leakage experiments at different overall concentratfd st

All the other surfactants studied exhibited flip-flop € 1), calorimetric experiments such as the ones conducted here
regardless of membrane composition. The fast flip-flop of N-9 provide direct information on surfactant partitioning and can
was expected as similar molecules (alkyl ethoxy-ethers) were be readily combined with simple leakage experiments to reveal
reported to transfer rapidly across the bila§&The zwitterionic the connection between membrane perturbation and amount of
C31G surfactant also exhibits fast flip-flop. The general surfactant incorporation.
tendency is that uncharged surfactants are amenable to flip- Figure 4a compares the performance of the four surfactants
flop, consistent with our results, but we do note that one can in perturbing a POPC membrane. The extent of leakage (fraction
find examples in the literature of neutral surfactants that exhibit of encapsulated probe released from the vesicle interior)
slow flip-flop.®® As intuitively expected, the general tendency observed afte4 h ofvesicle incubation with surfactant solutions
is for charged surfactants not to flip-flop (consistent with SDS  at various concentrations is shown as a function of the total
behavior at room temperature). Hence, we were surprised tosurfactant concentration. By comparing the leakage responses
find that the cationic BZK translocates readily. As discussed shown in Figure 4a with the partition coefficients determined
next, surfactant flip-flop appears to be an important parameter in this work, we see no obvious correlation between partitioning
governing membrane perturbation. and membrane perturbation. On the other hand, knowledge of

Surfactant-Induced Membrane Perturbation: Compari- the partition coefficient allows one to recast the permeability
son of Permeability and Partitioning Trends. We have data into the form shown in Figure 4B, which plots extent of
previously studied the process of surfactant-induced membraneleakage as a function of the amount of membrane-bound
permeability!314The behavior of the different membranes was surfactant. Interestingly, the data for three surfactants (N-9,
examined using vesicle leakage assays in which encapsulatedC31G, and BZK) collapse onto one curve, and the leakage
5(6)-carboxyfluorescein (CF) permeated across the membraneresponse for SDS remains distinct from that of the others.
as a result of vesicle exposure to surfactant. A leakage responseéNotably, SDS is the only surfactant that does not translocate
curve reflects, generally speaking, the resistance of membranescross the membrane. An in vitro study comparing the sper-
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micidal and virucidal activities of SDS, N-9, and BZK shows also exhibited flip-flop, leaving SDS as the only surfactant that
SDS displaying the lowest potenéyindeed, SDS is almost  did not readily translocate. Finally, by bringing together
10-fold less spermicidal than N-9. Although it may just be a partitioning data with previous studies on surfactant-induced
coincidence, our work suggests that spermicial activity may well membrane permeabilization, we find that surfactant flip-flop is
be regulated by the ability of the surfactant to translocate to critical to the loss of barrier function. The results of our study
the inner leaflet of the sperm membrane. can provide useful guidelines for the design of microbicidal and
It makes sense that surfactant flip-flop is a critical step in spermicidal surface-active agents.

the membrane permeabilization process. The cooperation of
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