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Material Property Characteristics for Lipid Bilayers Containing Lysolipid

Doncho V. Zhelev
Department of Mechanical Engineering and Materials Science, Duke University, Durham, North Carolina 27708 USA

ABSTRACT The apparent area expansion modulus and tensile strength of egg phosphatidylcholine (EPC) membranes are
measured in the presence of monooleoylphosphatidylcholine (MOPC). The apparent area expansion modulus decreases from
171 mN m~" for pure EPC membrane to 82 mN m~" for a membrane containing 30 mol % MOPC. This significant decrease
of the apparent area expansion modulus is attributed to the change of the membrane area due to the tension-dependent
exchange of MOPC between the bathing solution and the membrane. Similar to the apparent area expansion modulus, the
tensile strength of the membrane decreases with the increase of the molar concentration of MOPC in the membrane. The
tensile strength of pure EPC membrane is 9.4 mN m™~" whereas that for a membrane containing 30 mol % MOPC is only 1.8
mN m~", and for a membrane containing 50 mol % MOPC it is even smaller, on the order of 0.07 mN m~". The decrease of
the tensile strength is coupled with a decrease of the work for membrane breakdown, which changes from 4.3 x 1072 KT for
pure EPC membrane to 2 X 10~® kT for a membrane with 50 mol % MOPC. Overall, these results show that the decrease
of the apparent area expansion modulus in the presence of exchangeable molecules is a fundamental property for all
membranes and depends on the area occupied by these molecules. The method presented here provides a unique tool for
measuring the area occupied by an exchangeable molecule in the bilayer membrane.

INTRODUCTION

The strength of natural cell membranes is determined pri¢{McIntosh, 1978; Mcintosh et al., 1989; Simon et al., 1992)
marily by their lipid composition; however, it also dependsand the area expansion modulus and the tensile strength
on the presence of other molecules. For example, the pregNeedham and Nunn, 1990). The addition of cholesterol to
ence of cholesterol increases the membrane strength (Neeghe membrane increases membrane ordering and at the same
ham and Nunn, 1990), whereas the presence of micelleime increases both the area expansion modulus and the
forming molecules, such as the bile acids released from thgnsile strength.
gall bladder, decreases it (Evans et al., 1994). This decreaseThe primary goal of the present work is to establish the
of membrane strength in the presence of micelle-formingzomposition-property relation for the area expansion mod-
species has an important role in digestion and is also useglus of a bilayer membrane in the presence of a well
by some parasites, such &histosoma mansonivhich  characterized exchangeable species, the lysolipid monoo-
produce lysolipids as a means to attack target cells (Golan @oylphosphatidylcholine (MOPC). The secondary goal is to
al., 1986). measure the coupling between the area expansion modulus
Membrane strength is characterized by the maximal tenand membrane strength for membranes with different
sion that can be supported by the membrane before breakqopC concentrations and to characterize the work for
down (this maximal tension is also called the critical mem-membrane breakdown. MOPC is chosen as a test molecule
brane tension). Although the exact mechanism of membrangecayse of its similarity to egg phosphatidylcholine (EPC).
failure is unknown, it is widely observed that membraneThe two molecules are similar except in their hydrocarbon
strength is closely related to the membrane elasticity, charsy5in regions; EPC is a diacyl lipid and has two hydrocar-
acterized by the area expansion modulus. The measuremagi, chains, whereas MOPC is a lysolipid and has one chain.
of both mechanical characteristics shows that they changgaying a single hydrocarbon chain, the lysolipid has higher
simultaneously for a wide range of membrane comp05|t|on§0|ubi"ty in aqueous solution than the diacy! lipid and
(Evans and Needham, 1987; Needham, 1995), which estalje efore has a faster rate of exchange with the bathing
lishes their dependence on the membrane structure. Th&lution. The rate of exchange of MOPC with EPC mem-
dependence is confirmed by the comparison of the Changﬁranes is on the order of 0.3'5 (Needham and Zhelev,
of the ordering in the membrane hydrophobic regiqn in Fhe1995; Zhelev, 1996; Needham et al., 1997), whereas the
presence of cholesterol measured by x-ray dlﬁr‘"ﬂ:t'ondiacyl lipid is practically nonexchangeable. Structurally,
MOPC is very compatible with the bilayer and is positioned
such that its headgroup is in the same plane as the head-
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1994). Here, the area expansion modulus is considered t

have three components: one component related to the in- 12
trinsic area expansion modulus of EPC, another component
related to the intrinsic area expansion modulus of MOPC,

and a third component related to the number of exchangedz !
MOPC molecules. 1.0
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MATERIALS AND METHODS

Vesicle formation

0.8+

Giant unilamellar vesicles (5—-4@m in diameter) were made from either
EPC (Avanti Polar Lipids, Alabaster, AL) or EPC containing different
concentrations of monooleoylphosphatidylcholine (MOPC) (Avanti Polar
Lipids). The amount of MOPC for all preparations was 0.52 mg. The
desired molar ratio of EPC to MOPC was obtained by the addition of
different amounts of EPC. The lipids were dissolved in chloroform, the . T {
chloroform was then evaporated under nitrogen, and the formed lipid layers 0 10 20 30
were swollen overnight in 2 ml of 168 mOsm sucrose. The lipid prepara-
tion contained giant unilamellar vesicles as well as multilamellar struc-
tures. Only unilamellar vesicles were chosen for the experiments.

Because MOPC is exchanged between the membrane and the bathing 12
solution (Needham and Zhelev, 1995; Zhelev, 1996; Needham et al., 1997), <]
it was necessary for all suspending solutions to have the same concentra- o
tion of MOPC. Therefore, the experimental chamber was filled with
glucose solution containing MOPC (chamber solution). This solution was @ o ° )
prepared as described below. The same amounts of MOPC and EPC werg
used for preparing the chamber solution as in the preparation of vesicles£ 0.8+
The chloroform was evaporated under nitrogen, and the formed lipid layers&
were swollen overnight in 2 ml of 171 mOsm glucose. The swollen lipid &
was centrifuged, and the supernatant was collected and used to fill the§
experimental chamber. This procedure for vesicle and chamber solutioq§
preparation provided similar concentrations of MOPC for both the vesicle g
suspension and the solution used to fill the experimental chamber. Therel*_g
fore, the transfer of the vesicles to the experimental chamber did not induce$
change of the partitioning of MOPC into or out of the bilayer membrane.

Relative Intensity (arb. un:

0.6
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0.4+

Micromanipulation 0.0 T y r
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In the micromanipulation experiments, a single vesicle was manipulated Time (min)
with a micropipet. To minimize the interaction of the lipid membrane with

the pipet, the solutions used in the vesicle experiments usually containe . . ) .
Pip P y §IGURE 1 @) Fluorescence intensity profile of rhodamine-labeled al-

umin adsorbed on the surface of a glass pipet. The open arrows point to

the bulk MOPC concentration. To minimize possible concentrationthe internal surface of the pipet and the closed ones point to its outer

changes, the albumin was used to coat the pipet surface before the expg urface. The pipet fluorescence is obtained by averaging the intensity from

iments while the suspending solutions were albumin-free. Before thet e four peaks.B) Average relative fluorescence intensity versus time.

experiment, the pipet was incubated foh in 171mOsm glucose solution
that contained 1% bovine serum albumin (Sigma Chemical Co., St. Louis,
MO). After the incubation, the pipet was immersed in the experimentalto the inside and the outside surfaces of the pipet. The time dependence of
chamber and MOPC solution from the chamber was aspirated for 10 minthe measured fluorescence intensity is shown in Fi8. It is seen that for
This procedure was repeated for every pipet to wash the unbound albumitine solutions used and for the duration of one set of measurements (equal
from the pipet surface and to saturate the denatured bound albumin witto 1 h), the fluorescence from the adsorbed albumin does not change. This
MOPC. After the washing of the pipet, the vesicles were added to thesuggests that the albumin remains on the pipet surface throughout the
chamber and the mechanical tests were performed. The solution in theuration of the experiment.
chamber, as well as the pipet, were changed every hour. The manipulation of vesicles has been described elsewhere (Zhelev et
The adsorption of albumin to the pipet surface was characterized in al., 1994). Briefly, the vesicles were observed either in bright field using an
separate experiment. In this case, a pipet was incubated with rhodamin@verted Leitz microscope with a 1800il immersion objective or by a
labeled albumin (Sigma) under the same conditions as the ones used in tifmann modulation using an inverted Nikon microscope with & 30
experiments. After incubation, the pipet was washed with solution condong-distance objective. The microscope images were recorded using a
taining MOPC for more tha 1 h and the fluorescence from the rhodamine- Hamamatsu CCD camera (for the bright-field images) and a Hamamatsu
labeled albumin was measured. The time of illumination for every mea-SIT camera (for the fluorescence images). The experimental chamber was
surement was 10 s to minimize probe bleaching. FigA Shows the 3 mm thick and open at both sides for micromanipulation. A temperature-
measured intensity profile of a micropipet covered with a layer of rhodam-controlled chamber was used in which there was a flow of water between
ine-labeled albumin. The intensity profile has four maxima that correspondwo glass slides on the top of the chamber. In all experiments, the

albumin. However, because albumin binds strongly to lysolipids, there wa:
a concern that the addition of albumin to the bathing solution would chang
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temperature of the chamber was kept equal to 14°C, which was the demembrane tension was measured in three different sets of experiments,
point. Micropipets were made of glass capillary tubing (0.75 mm outsidewhere the applied tension was increased stepwise every 10, 30, and 120 s.
diameter) pulled to a fine point with a vertical pipet puller and cut to the The vesicles used in this experiment contained 10 mol % MOPC. After
desired tip diameter using a microforge. The pipet was filled with the sameexploring the time dependence of the critical membrane tension, the critical
solution as the one used in the chamber. The pipet was connected totansion was measured for 0, 10, 20, 30, and 50 mol % MOPC. The
manometer system that measured the pipet-chamber pressure usingcencentration dependence of the critical membrane tension was measured
transducer (DP15-24, Validyne, Northridge, CA) and also allowed thisby increasing the applied tension in a stepwise manner every 30 s, and the
pressure to be changed from 1 Pa to 4000 Pa. The measured pressures waiigcal membrane tension was recorded for the vesicles that broke 10 s
multiplexed onto the recorded images with a multiplexer (model 401, Vistaafter the last increase of the membrane tension. This procedure was chosen
Electronics, La Mesa, CA). to minimize the effect of waiting time on the measured data.

RESULTS

Apparent area expansion modulus

Measuring the area expansion modulus and
critical membrane tension

To determine the area expansion modulus it is necessary to apply a wi
defined membrane tension and to measure the corresponding change of
membrane area. The applied membrane tensjovas calculated using the
law of Laplace (Evans and Skalak, 1980):

ﬂ'ge procedure of measuring the area expansion modulus is
illustrated in Fig. 2. The pipet suction pressure is increased
in a stepwise manner every 2 min. Immediately after the
increase of the suction pressure the vesicle projection length
increases. After the instantaneous initial increase, the vesi-
cle projection length continues to increase in a slow process
whereAP was the applied suction pressuRy,;, was the pipet radius, and that_ takes ten_s_ of Secor_]d_s_ before_ it eventually reaCh_eS a
R, was the radius of the outside spherical portion of the vesicle. stationary position. The initial fast increase of the vesicle
The change in membrane area was calculated from the geometriprojection length and the subsequent slow increase are
characteristics of the vesicle: the vesicle projection length inside the pipeypserved after every increase of the suction pressure. The
(Ly), the radius of the outside part of the vesidig ), and the pipet radius  jnitia| area increase is determined mostly by the increase of

(Rpip)' . . . .
In micropipet experiments, the measured apparent relative area chanéQe area per molecule 'mmedlately after Increasing the

had two major contributions (Evans and Rawicz, 1994). One related to thén€mbrane tension, whereas the following slow area in-
increase of the vesicle area due to the decreased amplitudes of membrageease is determined by the rate of MOPC transport from the
thermal fluctuations after the application of membrane tension and another
related to the increase of the area per molecule in the membrane. Thermal
fluctuations had a measurable effect on the experimentally determined
relative area changes for tensions on the order of*..50"°> mN m™*

(Duwe et al., 1990; Faucon et al., 1989), up to 220 °mN m~* (Evans

and Rawicz, 1990; Zhelev et al., 1994). Above this threshold tension the
measured area changes essentially corresponded to the change of the area

AP = 2Ta<1 ! 1)

Riip Rou)

1
(1800)

per molecule in the membrane. In this range of tensions the dependence of
the relative area change on the applied tension was linear (Evans an@
Rawicz, 1990; Zhelev et al., 1994). In this case, the relationship betweenz
the relative area change and the applied tensjomas given by (Kwok and
Evans, 1981)

T -

[e3

Ky )

Projection Length

where 7, was the initial tensionK,, was the apparent area expansion

modulus, andx = AA/A, was the relative membrane area change, where
AA was the area increase aAgwas the extrapolated vesicle area at zero
membrane tension (see Zhelev et al., 1994).

In our experiments, the linear region of the above dependence was
observed only for membranes containing 30 mol % MOPC or less; there-
fore, we restricted our measurements to these MOPC concentrations.

There was a limitation for the use of Eq. 2 to determine the apparent
area expansion modulus of membranes containing MOPC. Because MOPC
was easily exchangeable between the membrane and the bathing solution,
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the vesicle area changed with time (Evans et al., 1994). This appare®IGURE 2 Measuring the vesicle projection length for different suction
relaxation of the membrane occurred with a characteristic time on the ordepressures of the holding pipet. The suction pressures are increased stepwise
of tens of seconds, which was consistent with the rate of MOPC desorptioevery 2 min. The projection length of the vesicle increases immediately
on the order of 0.3 s measured earlier (Needham and Zhelev, 1995; after the increase of the suction pressure and then continues to increase for
Zhelev, 1996; Needham et al., 1997). Therefore, the vesicle area used tens of seconds. Approximately 1 min after the increase of the suction
calculate the apparent area expansion modulus was measured at least 1 mnessure, the projection length reaches a stationary position. This projec-

after the application of the next tension.

tion length is used to calculate the apparent area expansion modulus. The

Membrane breakdown is a time-dependent process (Chernomordik ehaximal measured projection length is denoted by a star. This is the
al., 1985). Therefore, it was possible for the measured critical membranerojection length at which the vesicle broke down. The outside radius of
tensions to be time dependent. To explore this possibility, the criticalthe vesicle was 8.9m and the radius of the pipet was Zufn.
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bathing solution. The vesicle area at stationary projection 200

length is measured and used to determine the apparent area |
change. The applied membrane tension is then plotted

against the apparent vesicle area change (Fig. 3). The ap-
parent area expansion modulus is determined from the slope 150
of the linear region of the dependence of the applied tension T
on the apparent area change (see Eq. 2). -

The values of the apparent area expansion modulus fo%

different MOPC concentrations are shown in Fig. 4. It is § 190
seen from these data that the apparent area expansion mods
ulus decreases with increasing MOPC concentration. For &
membrane containing 30 mol % MOPC the apparent area

expansion modulus is approximately one-half of the area 4
expansion modulus of pure EPC membrane.

Model for the apparent area expansion modulus

The apparent area expansion modulus for an EPC mem- 00 10 2 30 40

brane containing MOPC is modeled in a similar way (see
Appendix Il) to the apparent area expansion modulus of

membranes containing bile salts (Evans etal, 1994)' ThEIGURE 4 Apparent area expansion modulus of EPC membranes con-
apparent area expansion modullg, is found by combin-  taining different amounts of MOPC. The experimental data are fitted using
ing Egs. All.2 and All.3: Eq. 4 assuming that the only unknown parameter is the intrinsic area
expansion modulus of MOPE'. The values of the known parameters are
1 abe (1 - n) a°\n as follows: area expansion modulus of ERC170 mN ni?; area per
K.~ \gpo) kb + 2@o/KT molecule of EPC= 65 A% area per molecule of MOPG- 35 A2
ap (3) temperaturd = 14°C. The values of the intrinsic area expansion modulus
a°\n al,O(T/Z) of MOPC are varied as shown: K} is equal to infinity, 2)K' = 200 mN
+ ( ) ( %I(T) — ) m~%, 3)K' = 100 mN m%, and 4)K' = 50 mN 2.

MOPC (mol %)

a?°r

12.5

wheren is the molar concentration of MOPC in the mem-
brane at zero membrane tensiaris the membrane tension
(@®°= (1 — n)a®°® + nd"°, wherea®°anda"° are the area
per EPC and MOPC molecule, respectively), &fdandK!'

are the intrinsic area expansion moduli of EPC and MOPC,
respectively.

In Eq. 3 the apparent area expansion modulus is consid-
ered to have three major components: one related to the
intrinsic area expansion modulus of EPC, another related to
the intrinsic area expansion modulus of MOPC, and the
third component related to the exchange of MOPC with the
membrane. The last term is of particular interest because it
represents the softening of the membrane due to MOPC
intercalation. The mechanical energy of this intercalation is
2 : : : given bya"°(7/2). When this energy is small compared with
0.00 0.02 0.04 0.06 0.08 the thermal energkT, the exponent in Eqg. 3 can be replaced
by the first two terms of its Taylor expansion. In this case,
the contribution of MOPC exchange to the apparent area
FIGURE 3 Membrane tensionversus relative area changeof indi-  expansion modulus becomes independent of the applied
vidual vesicles made of EPC and 0 mol % MORQ),(10 mol % MOPC  tensjon. This allows the two terms related to MOPC (namely,
(L), 20 mol % MOPC ©), and 30 mol % MOPCA). For calculation of  the jntrinsic area expansion modulus of MOPC and the

the area expansion modulus, data are used wéthual to 0.5 mN m* or h t to b bined int t
larger. In this case, the dependence of the relative area increase on change erm) 0 be combined Into an apparent area ex-

applied tension is linear (the data in this region are approximated by lines)p@nsion modulus for MOPC:
and the relative area increase represents the increase of the area per
molecule in the membrane (Evans and Rawicz, 1990). The apparent area 1 abo (1 -n) a-° 1 a°
expansion modulus is equal to the slope of the linear relationship between — = ( )b + < ) (l + ) ( )
Tanda as defined by Eq. 2. Kap K K 2KT,

10.0

7.5

7 (mN/m)

5.0

2.5

o
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where the first term gives the contribution of EPC and themodels of the bilayer membrane (see Appendix Ill). The
second term represents the apparent area expansion modaiculated intrinsic area expansion modulus of MOPC from
lus of MOPC. these models is on the order of 150 mN InTherefore, the

Equation 4 or 3 can be used to calculate the apparent areaea expansion modulus of MOPC is considered to be on the
expansion modulus when all other membrane characteristiceame order as the area expansion modulus of EPC.
are known or to find one of the unknown characteristics
from the measured apparent area expansion modulus. The
second pOSS|b|I|ty is compelling, because' fqr the bllayerCritical membrane tension and work for
membranes considered here, all characteristics are measur-

. membrane breakdown

able except the area expansion modulus of MOPC. How-
ever, because of the large standard deviation of the expeMembrane strength is characterized by the critical mem-
imental data and the large contribution of the exchange terrbrane tension that is measured at membrane breakdown.
(which is seen later) to the measured decrease of the appdBecause membrane breakdown is a statistical process, it is
ent area expansion modulus, the exact determination of thgossible for the critical membrane tension to depend on the
area expansion modulus of MOPC is not possible. Theretime of application of membrane stress. This dependence
fore, it is instructive to analyze the contribution of MOPC has been studied for black lipid membranes (Chernomordik
exchange to the membrane softening assuming that thet al., 1985), and it has been shown that the lifetime of black
intrinsic modulus of MOPC is an unknown. In this case, alllipid membranes decreases exponentially with increasing
characteristics except' are known from independent mea- applied stress. Because the considered dependence is expo-
surements and the intrinsic modulus of MOPC is variednential, it is possible for the critical membrane tensions to
from zero to infinity. show stronger dependence on the membrane composition

The values of the known characteristics are 170 mNtm than on time. As the composition of the membrane for
for the intrinsic area expansion modulus of EPC, 65fdc  different vesicles in the same liposome preparation may
the area per molecule of EPC (Mcintosh and Simon, 1986)yary, it is possible for the membrane tensions of the differ-
and 35 X for the area per molecule of MOPC (see Appen-ent vesicles to be substantially different. To explore these
dix ). (Note that the area per molecule is chosen equal tpossibilities, the critical membrane tension was measured
the area of the exposed hydrocarbon region for both EP@r membranes containing 10 mol % MOPC and the applied
and MOPC. This choice is made because during mechanicé¢nsion was increased in a stepwise manner using the pro-
deformation the membrane is considered incompressibleedure illustrated in Fig. 2. Three different experiments
(see Appendix I) and because the hydrocarbon region, beingere performed with three different waiting times: 1) wait-
“water free,” is considered to represent the incompressibléng time of 10 s, 2) waiting time of 30 s, and 3) waiting time
region of the membrane.) The maximal applied monolayeof 120 s. The increment of the membrane tension in each
tensions are equal to or less than one-half of the criticastep was on the order of 0.4 mNh The results from these
membrane tensions (see Fig. 6). Therefore, they are from Beasurements are shown in Fig. 5. It is seen that the average
mN m~* for the pure EPC membrane to 0.04 mN hfor  critical membrane tension decreases with the increase of the
the membrane containing 50 mol % MOPC. The mechaniwaiting time. However, the decrease is small compared with
cal energies, corresponding to these tensions are frorg 1.7 the difference of the critical membrane tension between
10 2*Jto 1.4X 10 22 J. These values are smaller than thedifferent vesicles in the same preparation (characterized by
thermal energy, which for the temperature used here is othe standard deviations). For the time intervals used in this
the order of 4.1x 10~ ?* J. Therefore, Eq. 4 is used to model study, the difference between the critical membrane tension
the data in Fig. 4. Curves 1 to 4 represent the values of thef the different vesicles is larger than the decrease of the
apparent area expansion modulus for different MOPC conaverage critical membrane tension with the waiting time.
centrations when the intrinsic modulus of MOPC is equal toTherefore, the critical membrane tension is considered in-
infinity (curve 1), 200 mN m* (curve 2), 100 mN m*  dependent of the time of membrane exposure to stress. (In
(curve 3), and 50 mN m* (curve 4). When the area expan- making this conclusion it is recognized that membranes that
sion modulus of MOPC is infinity, the apparent area changédreak at large membrane tensions have been exposed to low
is due only to the molecular exchange. The comparison ofensions much longer than the vesicles that break at these
the experimental data with the model curves shows that thlow tensions.) The weak dependence of the critical mem-
curve for the infinite area expansion modulus of MOPC isbrane tension on the time of exposure to stress suggests that
very close to the experimental data. This suggests that thidne measured critical membrane tension represents ade-
exchange of MOPC with the membrane is the major factoquately the strength of the membrane.
for the decrease of the apparent area expansion modulus. The presence of MOPC reduces membrane strength,

An estimate of the intrinsic area expansion modulus ofwhich is seen from the data in Fig. 6. As has been men-
MOPC is found from the data in Fig. 4. It is seen that thetioned earlier, the critical membrane tensions represent the
best fit for the experimental data is found figt from 200  maximal applied tensions before membrane breakdown.
mN m~* to infinity. Another estimate of the same area Therefore, the critical membrane tensions can be used to
expansion modulus is found from the Van der Waals gasletermine the maximal work before membrane breakdown
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6 be neglected. Then, the work for membrane breakdown is
found after combining Egs. 2 and 5 and, assuming that
there areN,, lipid molecules per unit area of a membrane
monolayer,

W
2N, 2K N, (6)

Wo

where 7, is the critical membrane tension amq,, is the
apparent area expansion modulus.

The critical membrane tension and the apparent area
expansion modulus are measured experimentally (see Figs.
4 and 6). The number of molecules per unit membrane area
is calculated from the molar concentration of MOPC and the
areas per molecule of EPC and MOPC, respectively (see
Appendix I). The calculated work for membrane breakdown
in KT units is shown in Fig. 7. It is seen that with increasing
MOPC concentration the work for breakdown decreases.
Wiaiting Time (s) The data in Fig. 7 are fitted with a logarithmic curve,
suggesting that the work for membrane breakdown has a

FIGURE 5 Critical membrane tension versus waiting time. The critical power law dependence on the MOPC concentration.
membrane tension is measured for different waiting times before the

suction pressure in the holding pipet is increased in a stepwise manner (see
Fig. 2). The increase of the membrane tension corresponding to eaChISCUSSION
pressure increase is on the order of 0.4 mN'm

Critical Membrane Tension (mN/m)
(%)

0 T T
10 30

Area expansion modulus

(or the work for membrane breakdown). This work is equalT "€ use of Eq. 4 for interpreting the data in Fig. 4 needs

to the maximal work per unit membrane anga discus_sion. The exch_ange of MOPQ with the membrane can
occur in monomer, oligomer, and micelle form (Needham et
W= ar (5) al., 1997). Also, there is no experimental evidence that

MOPC in the membrane is only in a monomer form. Fur-
thermore, the rate of exchange of the different MOPC
species with the membrane is different (Zhelev, 1996;
Needham et al., 1997), therefore, the exchange of MOPC
with the membrane generates a shift in the balance between

where « is the relative area change andis the critical
membrane tension.

Usually, the critical membrane tensiepis much larger
that the initial tensiorr, in Eq. 2, and the initial tension can
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FIGURE 7 Work for membrane breakdown calculated from Eq. 6. The
FIGURE 6 Critical membrane tension (or tension for membrane breakvalues for the critical membrane tension are the same as the ones shown in
down) of EPC membranes containing different molar concentrations ofFig. 6. The values for the apparent area expansion moduli are calculated
MOPC. from Eq. 4 assuming tha¢' is equal to 200 mN m* (see text).
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the different species in the bathing solution and in thelipid is partitioning in the membranes, and the amount of
membrane. This shift of the balance between the differenlysolipid lost in the bathing solution is neglected.

species will cause an exchange of MOPC between the The measured values of the apparent area expansion
existing pools of MOPC. Therefore, the complete balance ofnodulus of EPC:MOPC membranes are well described
MOPC between all pools of lysolipid needs to include allusing Eq. 4. The experimental data show that the major
chemical potentials. Such a complete model will have manyactor for the decrease of the apparent area expansion mod-
unknown parameters, which will compromise its use toulus is the exchange of MOPC. The replacement of some of
interpret experimental data. Therefore, a simplified model ighe EPC molecules by MOPC in a unit membrane area has
used here, where there is only one chemical potential for thenly a minor effect. Similar results are obtained by Evans et
bathing solution and one chemical potential for the mem-2al- (1994) for membranes containing readily exchangeable
brane. In addition to the unknowns related to the partitiondile salts (Evans et al., 1994). This suggests that the reduc-
ing of MOPC, there is also a concern about the equilibriumfion of the area expansion modulus in the presence of
of the system. In general, a true equilibrium is never reache§xchangeable molecules is a fundamental property for all
for a liposome system. However, because of the very [ownembranes. Overall, the data presented here show that the
rate of molecular desorption for the bilayer lipids (e.g.,aPParent area expansion modulus depends strongly on the
palmitoyloleoylphosphatidylcholine, which has a similar molar concentration of exchangeable molecules in thg
energy of association with the membrane as EPC, has a rafg€mbrane and on the area that these molecules occupy in
of desorption on the order of 16 s™* (Marsh, 1990)) the membraqe. Therefore, the'measurer'nent of the apparent
compared with the time necessary to measure the are€2 expansion modulus provides a unique tool for deter-
expansion modulus (usually on the order of minutes), purd"ning the area occupied in the membrane by exchangeable

bilayer membranes are considered quasi-equilibrium sysmolecules.

tems. When fast exchangeable molecules, such as MOPC,

are present, the equilibrium of the system changes during

the experiment. With this understanding, the measuremewWork for membrane breakdown

of the vesicle area corresponding to a given applied tension is instructive to discuss in more detail the work for
is performed when experimental stationary conditions are . .
reached. Therefore, in the results presented here, it is agr]emprane bregkdown. This work is calculated from Ed. 6
) : - and is proportional to the product of the square of the
sumed that semi-stationary conditions are reached that are. . . :
. S critical membrane tension and the inverse apparent area
close to the ones for true thermodynamic equilibrium. . . :
. . : : expansion modulus. It is seen from Eg. 4 that the inverse
Anoth-er concern in using Eq. 4. is the poncentrauon Ofapparent area expansion modulus has two major compo-
MOPC n th? membrane: There 'S No dlrgct methpd fornents: one related to the intrinsic moduli of EPC and MOPC
measuring this concentrat|or! forasingle v_eS|cIe. During theand another related to the exchange of MOPC. The work for
f:a}lculat|on of the concentrgt!on of .MOPC " the membr"’_‘nebreakdown depends on the inverse area expansion modulus
itis a;sumed 'Fhat the lysolipid partitions b_oth in the bathmgand, therefore, can also be divided into two components: an
SOIUt_'On and'ln t,he mgmbranes of all Ilposomes.. In theintrinsic component and an exchange component. The in-
bathing ?OIUt'On it p_artltlons as a monqmer, _a_n Ollgomer'trinsic component gives the maximal work for increasing
and a mlcellez and in the membranes it partmons equallfhe area per molecule in the membrane, whereas the ex-
among all vesicles. The amount of MOPC in the membranghange component gives the work for creating vacancies for
is determined from equilibrium measurements and fromye exchangeable molecules. Fitting the data in Fig. 4 sug-
measuring MOPC exchange. The maximal amount Ofyests that the intrinsic moduli of EPC and MOPC are
MOPC in EPC membrane is determined from equilibriumgjmijar. Therefore, it is expected that the intrinsic term of
lipid mixtures (Van Echteld et al., 1981) and is on the ordefihe work for membrane breakdown will be independent of
of 50 mol %. The study of the exchange of MOPC with EPCMOPC concentration. In this case, the exchange component
membranes (Needham and Zhelev, 1995) shows that thef the work for breakdown will increase with the increase of
uptake of MOPC from uM MOPC solution is on the order MOPC concentration, providing the membrane tension is
of 25 mol %. This value for the lysolipid molar concentra- kept constant. In addition to the dependence of the work for
tion in the membrane is close to the solubilization limit for preakdown on MOPC concentration, it also depends on the
MOPC. Therefore, it is expected that the bulk MOPC sat-ritical membrane tension. This dependence is the strongest
uration concentration, corresponding to 50 mol % MOPC inand determines the overall trend of decrease of the work for
the membrane, is in the micromolar range. The amount opreakdown with increasing MOPC concentration. There-
MOPC (MW 521) used for solution preparation is 0.52 mg,fore, the dependence of the critical membrane tension on
and this amount is dissolved in 2 ml of a water solution.MOPC concentration is the major factor determining the
This gives an apparent concentration of MOPC on the ordetendency of the overall work for breakdown to decrease
of 0.5 M. This concentration is well above the micromolar with the increase of MOPC concentration (Fig. 7).
concentration required for maximal loading of the vesicle The magnitude of the work for breakdown for pure EPC
membranes. Therefore, it is assumed that most of the lysanembrane is on the order of 0.045 kT (see Fig. 7). This
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value is~20 times smaller than kT, which suggests that thedensity profiles from the same study show that the addition of MOPC
process of membrane breakdown is not a single-moleculgauses a minor disordering of the central region of the bilayer. The authors
event but involves many molecules (see also the Discussioffi’e Suggested that the headgroup of MOPC is in the same plane as the
. . headgroups of the host bilayer and that its hydrocarbon chain is oriented in
in Needham and Nunn, 1990)' In this reQard’ membran?ne same direction as the chains of the host lipid. Therefore, as a first
breakdown is considered a first-order chemical reaction thafpproximation, the hydrocarbon chain of MOPC in EPC membranes is
involves many molecules. First-order chemical reactions areonsidered to occupy a cylinder with a volume equal to the volume of the
characterized by a change in the Gibbs energy in the trarfydrocarbon chain and a length equal to one-half the thickness of the

. S - embrane hydrocarbon region. The area per lipid molecule is defined as
sition from the initial state to the activated state (Often Caneﬂe area of its acyl chains in the hydrocarbon region of the membrane. The

barrier engrgy). The EXpe”mentS_ discussed here CanngFea per molecule is then calculated by dividing the volume of the hydro-

measure this total change of the Gibbs energy; however, th@rbon chain (or chains) by one-half of the thickness of the membrane’s
work for breakdown gives the change of the Gibbs energyydrocarbon region.

of the initial state before breakdown. The data in Fig. 6 are 'n the above calculation (to be completed below) of the area per

for similar membrane lifetimes: therefore, it can be assume olecule, it is assumed that the lipid hydrocarbon chains are incompress-

. . ... Ible. The incompressibility of the hydrophobic region of the bilayer mem-
that the change of the Gibbs energy du”ng the trans't":’r?)rane is suggested by a number of experiments where the membrane is

from the stressed initial state to the activated pore state isubjected to a mechanical stress (Evans and Simon, 1975; Parsegian et al.,
similar for all membranes. In this context, the work for 1979). Zhelev et al. (1988) and Needham and Hochmuth (1989) have

breakdown gives the difference of the barrier energies fophown that the membrane tension and the force of electrocompression are

membranes Containing different amounts of MOPC Theregomplementary factors for membrane stability. Their results show that,
) hen the work for creating a membrane defect is considered to be propor-

fore, the data from Fig. 7 indicate that the increase OfiAi/onal to the applied force, the same result is obtained regardless of the
MOPC concentration in the membrane decreases the actiiection of the applied stress (either by applying a membrane tension in
vation energy for membrane breakdown. The fact that thehe plane of the membrane or by applying an electrocompression in the
work for breakdown becomes equal to zero for MOPCtransverse direction). This result also suggests that the membrane hydro-

concentrations above 50 mol % suggests that the barrié:]arbon region is incompressible. Another result suggesting that the hydro-
carbon region of the bilayer membrane is incompressible is the comparison

energy for defect formation becomes very small and th%etween the area expansion modulus and the area compression modulus.
thermal fluctuations have enough energy to initiate mem-he area expansion modulus of EPC membranes measured with micropi-
brane breakdown. Therefore, an increase in the MOPQets is on the order of 131-167 mN th (Kwok and Evans, 1981;
concentration above 50 mol % will result in an apparentMclntosh etal., 1995), and the area compression modulus calculated from
disappearance of the spontaneously formed bilayer struét‘e x-ray data of Parsegian et al. (1979) is on the order of 110 mN m

d thei | b icell hich i The thickness of the hydrocarbon region then is found from the mem-
tures and their replacement by micellar structures, whic I$rane thicknesses measured by x-ray diffraction. Mcintosh and Simon

observed experimentally (Van Echteld et al., 1981). (1986) measured 37.8 A for the distance between the phosphates at the two
sides of EPC membrane. Simon and Mcintosh (1986) show that the
apparent interface of the membrane is near the carbonyl groups of the

CONCLUSION membrane lipids. Therefore, the distance of the phosphate to the apparent
interface of the hydrocarbon region is 4x51.25 A. This gives 26.6 A for

In conclusion, the addition of MOPC to vesicle membraneshe thicknesses of the hydrocarbon region. The length of the hydrocarbon

reduces their apparent area expanS|On modulus. In a Slm"&QlOn of a single EPC molecule is equal to one-half of this thickness. From

. value of the length of EPC chain and its area per molecule (taken to be
.manner.’ the tensile strength Of.the me_mbrane decre_ases erﬂ(fual to 65 & (McIntosh and Simon, 1986)) the calculated volume of the
increasing MOPC concentration. This decrease in MeMgnain of EPC is 865 A This value is close to the value of 876, Avhich
brane strength determines the substantial decrease in thethe volume of the hydrocarbon chain of DOPC (Tardieu et al., 1973),
work for membrane breakdown in the presence of MOPCwhich has approximately the same number of hydrocarbons as EPC. The
The data for the apparent area expansion modulus are wéhiCkh”eSS fIJf the hydrocarbon ffe%]ionl of tlhe_c'j\"OMP?EPE meTb(ffggesf)’ehpendS
. . n the molar concentration of the lysolipid. Mcintosh et al. ave
fitted W.Ith the proposed model, Whe_re the appar_er_lt_ are und that the thickness of a membrane containing 50 mol % MOPC
expansion modulus depends on the intrinsic elasticities C'(11‘0ecreases by 2 A. This corresponds to a decrease of the thickness of the
EPC and MOPC and the exchange of MOPC. The exchanggdrocarbon region of one monolayer of 1 A. The area of MOPC in EPC
of MOPC is the major contributor to the decrease of themembranes is calculated from the measured membrane thickness of (1:1)
measured membrane area expansion modulus. This dEPC:MOPC membranes and by assuming that the volume of the hydro-
crease depends on the molar concentration of MOPC anca:lrbon region of MOPC is one-half of the same volume of EPC. The

. . . calculated area per MOPC molecule is 35 A

the area occupied by a single MOPC molecule in the mem- The area per molecule of EPC in a pure EPC membrane and the area of
brane. Thus, the model and the procedures described he@®Pc in a (1:1) EPC:MOPC membrane can be estimated also from the
provide a unique method for measuring the area of amurface pressure of the molecules in the membrane surface. The surface

exchangeable molecule in the membrane. pressure in a membrane monolayer at zero membrane tension is (Evans and
Skalak, 1980)

APPENDIX | ckT

ﬁozm (All)

Apparent area per MOPC molecule

Mclintosh et al. (1995) have shown that the thickness of pure EPC memwhere, is the interfacial tension of the acyl chain in wat8g,is the area
branes$ 2 A less than that of (1:1) EPC:MOPC membranes. The electrorper molecule in the membrand,, is the excluded area equal to the
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cross-sectional area of the acyl chaiksjs Boltzmann constantT is area per EPC molecule, 2) fractional area change due to the increase in the
temperature, and is the number of acyl chains. area per MOPC molecule, and 3) fractional area change due to the ex-

7, IS calculated from the activation energy of transfer of a single change of MOPC. Taking into account these three components of the
hydrocarbon group from the membrane into water. This activation energyractional area change, the apparent area expansion madylis
is on the order of 0.68 kcal mot (Israelachvili, 1991). The cross-sectional bo Lo Lo
area of one acyl chain is 20 A (Ruocco and Shipley, 1982), and the length 1 _[a (1-n) a-\n a®\An, AllL3
of one hydrocarbon group is0.9 A. This gives a value of 33 mN ™ for Kf o KP + W’ W + T ( ' )
the apparent interfacial tension. For ERGs equal to 2 and\, is equal to
40 A2 (which is twice the value of the cross-sectional area of a single acywhere K® and K' are the area expansion moduli of EPC and MOPC,
chain). Then, the calculated area of the EPC molecule is%4Mis value  respectivelya®is the area per EPC molecub#?°is the average area per
is close to the value of 65 Adetermined from x-ray data (Mcintosh and molecule of EPC:MOPC membrane definedad§-°= (1 — n)a>° + na-°,
Simon, 1986). For MOPC, the corresponding parameters are as fotlows: andn is the concentration of MOPC in the membrane at zero membrane
is equal to 1 and\, is equal to 20 & Then, the area per MOPC molecule tension.
is 32 A2. This value is also close to the area of MOPC molecule calculated The formulae for calculating the apparent area expansion modulus is
from x-ray data. found by substituting\n, from Eq. All.2 into Eq. All.3.

The area of the MOPC molecule in EPC membranes calculated above
is smaller than the same area measured for pure MOPC membranes in t
L, tilted interdigitated phase. The latter area is 44— 455 MAattai and WPPENDIX n
Shipley, 1986; Hui an_d Huan_g, 1986) and is considered to_ represent fhealculating the intrinsic area expansion modulus
area of the phosphatidylcholine headgroup. Thus, MOPC in EPC mem-

. . P - of MOPC

branes partially covers the hydrocarbon region of its diacyl neighbors, as
suggested by Mcintosh et al. (1995). In the calculation of the apparent arefhe intrinsic area expansion modulus of MOPC is calculated using the Van

expansion modulus, the area per MOPC is considered equal to the exposggr Waals gas model of Evans and Skalak (1980) and that of MacDonald
hydrocarbon area (357as calculated above), because the hydrocarbonand Simon (1987). According to the model of Evans and Skalak (1980), the

a0

ap,o
ap a

region represented the incompressible region of the membrane. area expansion modulug, of a lipid molecule in the membrane is

Ky 2my 0 Alll.1
APPENDIX 1l 0= 77vo — A (AllLL)
Area expansion modulus of where 7, is the surface pressure at zero membrane tension (Evans and
EPC:MOPC membrane Skalak (1980) take for the value af, the interfacial tension of a lipid acyl

chain in water) A, is the area of a given membrane segment, Anig the
The area expansion modulus calculated from Eg. 2 is an apparent charagxcluded area of the lipid chains in this segment. The differeAge-(A,)
teristic, defined as the ratio of the change of the membrane tension to thgives the free space in the plane of the membrane, where molecular
fractional area change. The fractional area change depends on the deforff;ctuations take place.
ability of the molecules in the membrane as well as on the number of This model is first applied for pure EPC membrane in order to check its
molecules that are exchanged with the bathing solutions. A two-componenalidity. , is calculated in Appendix | and has a value of 33 mN'niThe
membrane is considered where only one of the components is exchanggreaA0 is chosen equal to the area occupied by a single EPC molecule,
able (in this case MOPC). For a fixed bathing solution concentration, theyhich is on the order of 65 A(Mclntosh and Simon, 1986). The exclusion
exchange of MOPC is triggered by a change in the membrane tension. area is on the order of 40°XRuocco and Shipley, 1982), which is twice
The number of exchanged molecules is determined from the depente cross-sectional area of a single acyl chain. The substitution of the above
dence of the Gibbs energy on the applied membrane tension. It is assume@|ues in Eq. Alll.1 gives a value of the area expansion modulus on the
that, when there is a membrane tension, only the molecules in the memyrder of 170 mN m™. This value is in very good agreement with the
brane experience a change of their Gibbs energy. At equilibrium, the Gibbseasured value of 167 mN ™ (Mclntosh et al., 1995) for the area
energies of the exchangeable molecules in the bathing solution and in thépansion modulus of pure EPC membrane. The area expansion modulus
membrane are equal: of MOPC is calculated using the same value 4gras in the case of EPC
membrane. The area occupied by a single MOPC molekyle equal to
o o Lol T 35 A2 (see Appendix 1) and the excluding aréa is 20 A2. Then, the
poy + KTIN(N,) = py + KTIn(n,) — & (2) (All.1) calculated intrinsic area expansion modulus for MOPC is 150 mN. m
In the model of MacDonald and Simon (1987), the Brownian motion of
wheren,, is the molar concentration of MOPC in the bathing solutia$), individual hydrocarbon groups is considered, as opposed to the Brownian
and 2, are the standard chemical potentials of MOPC in the bathingmotion of the whole chain considered in the model of Evans and Skalak
solution and in the membrane, respectived® is the area of MOPC  (1980). According to the model of MacDonald and Simon (1987), the
molecule in the membrane;/2 is the tension applied to one of the apparent surface pressuteof one of the membrane monolayers is given
membrane monolayers, andis the membrane concentration of MOPC at by
tensionr.

When the monolayer tension changes from zerg2othe Gibbs energy 7= Lm— (/-\Ill 2)
remains constant because the left side of Eq. All.1 is independent of the Ag’ '
applied stress. Thus, Eq. All.1 gives the dependence of the chemgef
MOPC in the membrane on the membrane tension: wherem is the number of hydrocarbons per acyl chain agglis the area
occupied by the chain.
a"°(7/2) Similar to Eqg. Alll.1, the surface pressure is proportional to the area
An, = n(exp(k_l_> — 1) (All.2) expansion modulus (Evans and Skalak, 1980). Thus, from Eq. Alll.2 the
ratio of the intrinsic area expansion moduli of EPC and MOPC can be
where n is the membrane concentration of MOPC at zero membranecalcmated'
tension. K 7 m AEh

As has already been mentioned, the fractional area change in Eq. 2 has S =—5= T
three major components: 1) fractional area change due to the increase in the K ™ mbAch

(Alll.3)
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Because the number of hydrocarbon groups in the acyl chains of EPC andarsh, D. 1990. Handbook of Lipid Bilayers. CRC Press, Boca Raton, FL.
MOPC is similar, the ratio of the intrinsic area expansion moduli is 281.

inversely proportional to the ratio of the areas per acyl chain. The area peMattai, J., and G. G. Shipley. 1986. The kinetics of formation and structure
acyl chain of EPC is 32.5 Aand that of the MOPC chain is 35?°AThis of the low-temperature phase of 1-stearoyl-lysophosphatidylcholine.
gives for the ratio of the intrinsic area expansion moduli a value on the Biochem. Biophys. Act#59:257-265.

order of 0.92. From this ratio, the calculated intrinsic area expansiorfMcintosh, T. J. 1978. The effect of cholesterol on the structure of phos-
modulus for MOPC is 153 mN nt. It is seen from both models that the ~ Phatidylcholine bilayersBiochim. Biophys. Act&13:43-58.

intrinsic area expansion modulus of MOPC is on the order of 150 mim ~ Mclintosh, T. J., S. Advani, R. E. Burton, D. V. Zhelev, D. Needham, and
S. A. Simon. 1995. Experimental tests for protrusion and undulation

pressures in phospholipid bilayeBiochemistry 34:8520—-8532.
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