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ABSTRACT Spontaneous formation of giant unilamellar liposomes in a gentle hydration process, as well as the adhesion
energy between liposomal membranes, has been found to be dependent on the concentration of divalent alkali cations, Ca®*
or Mg?", in the medium. With electrically neutral phosphatidylcholine (PC), Ca®" or Mg®* at 1-30 mM greatly promoted
liposome formation compared to low yields in nonelectrolyte or potassium chloride solutions. When negatively charged
phosphatidylglycerol (PG) was mixed at 10%, the yield was high in nonelectrolytes but liposomes did not form at 3-10 mM
CaCl,. In the adhesion test with micropipette manipulation, liposomal membranes adhered to each other only in a certain
range of CaCl, concentrations, which agreed with the range where liposome did not form. The adhesion range shifted to
higher Ca®* concentrations as the amount of PG was increased. These results indicate that the divalent cations bind to and
add positive charges to the lipids, and that membranes are separated and stabilized in the form of unilamellar liposomes when
net charges on the membranes produce large enough electrostatic repulsion. Under the assumption that the maximum of
adhesion energy within an adhesive range corresponds to exact charge neutralization by added Ca®*, association constants
of PC and PG for Ca®" were estimated at 7.3 M~ and 86 M~ ", respectively, in good agreement with literature values.

INTRODUCTION

Giant unilamellar liposomes, which are readily observed The electrostatic interaction between lipid membranes is
and manipulated under a microscope, serve as useful cethodulated extrinsically by mobile ions in the surrounding
models (see, e.g., Hotani, 1984; Needham and Hochmuttmedium (Israelachvili, 1992). Divalent alkali cations such
1989; Itoh et al., 1990; Farge and Devaux, 1992; Miyata and@s C&" and Md", in particular, bind to phospholipids and
Kinosita, 1994; Stoicheva and Hui, 1994a, b; Evans et al.provide positive charges on membranes (Bangham and
1995; Lipowsky, 1995; Elbaum et al., 1996). Preparation of2awson, 1962; McLaughlin et al., 1978). Thus, if electro-
giant liposomes is apparently straightforward under no (oStatic repulsion is the key for membrane separation, the
low) salt conditions, where liposomes form spontaneousl)ﬂ_'valent cations may have significant effects on the forma-
upon hydration of lipid (Reeves and Dowben, 1969; Muel-tion of giant liposomes.

; +
ler et al., 1983; Needham and Evans, 1988). The spontane- In this paper we show tha_1t Ca a_nd Mgz_ greatly_
ous formation implies that lipid bilayers tend to separat romoted spontaneous formation of giant unilamellar lipo-
omes from electrically neutral phospholipids, as expected.

from each other under these conditions, and thus the men:- . . o

branes tend to be unilamellar. In the presence of salts however negatlvely charged I|p|d.s from Wh.'Ch. “.p osomes formed
i : . | ) teadily, C&" reduced the yield. The inhibitory effect was,

the yield of giant liposomes is often low or negligibly small

I I . kashi | however, reversed at higher concentrations of'Cauggest-
(e.g., Mueller et al., 1983). In a previous paper (Akashi et al.jng that the membranes acquired a net positive charge and

1996), we have shown that if a charged lipid such as phossence repelled each other. To confirm the interpretation in
phatidylglycerol (PG) is included, giant unilamellar liposomesierms of electrostatic repulsion, we measured the adhesive
with diameters of several tens of micrometers are formed b)énergy between two liposomes by the micropipette aspiration
the hydration method even in physiological salt solutions (e.9.method (Evans and Metcalfe, 1984). Adhesion occurred only
100 mM KCl plus 1 mM CaG). This last result points to the under those conditions where unilamellar liposomes failed to
importance of electrostatic repulsion in separating and keepinfprm. Thus, electrostatic repulsion is crucial both for separation
lipid membranes apart. of unilamellar membranes from amorphous lipid (liposome
formation) and for prevention of membrane adhesion. The
repulsive force derives from the net charge on the membranes,
, — o intrinsic charges of the lipid plus extrinsic charges conferred by
Received for publication 27 February 1997 and in final form 4 March divalent cations. The force is modulated by the concentration

1998. . . . .
. - __of divalent cations in the medium.
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line (egg-PC) and phosphatidylglycerol (egg-PG), all sealed in an ampuleTreatment of glass surface

were obtained from Avanti Polar Lipids Inc. (Alabaster, AL). Bovine

serum albumin (BSA) and polylysine (mol wt 3970) were from Sigma When an untreated coverslip constituted the bottom of the observation

Chemical Co. (St. Louis, MO). Nile Red was from Molecular Probes, Inc. chamber, liposomes tended to adhere to and collapse on the surface. To

(Eugene, OR)N-trimethoxysilylpropyIN,N,N-trimethylammonium chlo- ~ prevent this, the surface was coated with BSA, polysine, or TMA-

ride (TMA-silane) was from Chisso K. K. (Tokyo, Japan). Anhydrous Silane (positively charged). BSA and palylysine were dissolved in pure

chloroform was from Wako Chemical Co. (Tokyo, Japan), and anhydrougvater at 10 mg/ml, and the solution was spread on a coverslip. The solution

methanol from Dojindo Laboratories (Kumamoto, Japan). All other chem-was removed after 5 min and the surface was dried with argon, ga.

icals were of analytical grade. Deionized water (Mill-Q system, Millipore, For coating with TMA-silane, coverslips cleaned with a saturated solution

Tokyo, Japan) was used in all experiments. of KOH (Merck) were dipped in 1% aqueous solution of TMA-silane and
The lipids were used without further purification, after checking their then dried. The tips of micropipettes were coated with TMA-silane in the

purity as described (Akashi et al., 1996). Lipids that exhibited contaminanfame way.

spots, e.g., lyso compounds, in thin layer chromatography on silica gel with T0 Select an appropriate coat, we made fluorescent liposomes by mixing

chloroform/methanoliwater (65:25:4) as solvent were not used. The degrelile Red in the starting lipid solution (0.3 wt % of the lipid). In this way,

of lipid oxidation was estimated from UV absorbance (New, 1990); thecollapsed liposomes on the glass surface could be clearly observed under

ratio between the diene peak at 230 nm to the monoene peak around 2@ofluorescence microscope. We adopted the following coatings: yoly-

nm was typically~0.05 and lipids with a ratio>0.1 were not used. lysine or TMA-silane for PC liposomes in 1-30 mM Ca@r 1-30 mM

MgCl,, and BSA for all others. For PC liposomes in pure water, an

untreated glass surface was equally successful. In the adhesion test below,

untreated coverslips were used except £8% PG in> 1 mM CaC},

where coverslips were coated with TMA-silane, and for 10% PG with

BSA. Micropipettes were coated with TMA-silane for PC liposomes, BSA

The protocol described in Akashi et al. (1996) was slightly modified to for all others.

obtain a higher yield. Lipids were each dissolved at 7.5 mg/ml in chloro-

form/methanol (2:1 by volume) and stored under a blanket of argon at

—25°C. Eighty microliters of the solution (0.6 mg lipid) in a 10-ml glass Adhesion test

test tube (ID~1.5 cm) was dried at 45°C with a rotary evaporator to form

a thin lipid film on the bottom surface (2-3 cm high). The tube was

subsequently placed in vacuo for6é h to remove the last trace of the

organic solvent. The completely dried lipid film was then prehydrated at

45°C with water-saturated Nor 30—60 s until the film became transpar-

ent. Five milliliters of an aqueous solution containing 0.1 M sucrose an

appropriate salts, which had beeg-purged, was added gently to the tube.

Preparation of giant liposomes

To test whether the liposomes adhere to each other, two liposomes were
brought into contact by manipulating them independently with two sets of
the micropipette aspiration system described by Akashi et al. (1996). The
observation chamber in this experiment had two openings on opposite
dsides, allowing medium exchange and insertion of two micropipettes.
Liposomes were prepared in a medium that warranted a high yield (see Fig.
The tube was sealed under argon and incubated at 37°€Zdr, and then 5 Iegend),. and resuspeqded ina te§t solution in th? observation chamber.
To make liposomes sufficiently flaccid, the osmolarity of the test solution

gently rocked to disperse the lipid film uniformly in the solution. After . . A :
further overnight incubation at room temperature (22—-24°C), we found invas made slightly higher by adjusting the concentration of glucose. After

) L gentle but complete mixing with a pipette, two liposomes were aspirated by

successful cases, an almost transparent bulky white cloud floating in the . - )

. - . . - . . micropipettes and brought into contact. Subsequent release of the aspira-
middle of the solution, which contained giant liposomes. Otherwise, the. - . . .

. ; . tion pressure in one micropipette revealed whether the two liposomes
solution contained only small particles at the top.
adhered to each other.

When adhesion occurred, the adhesion eneygpetween the two

membranes was estimated from their contact angle using the Yound-Dupre

equation (Evans and Needham, 1987):

v = 7(1— cos#b,). (1)

Observation of liposomes

Liposomes were observed on an inverted phase-contrast microscope (ICM-
405, Qarl Zeis_s Inc._, Tokyo) as describec_i (Ak_ashi etal., 1996_). To estimatcf_'ere’ the strongly aspirated liposome was regarded as rigidy agpre-
the yield of giant liposomes, the materials in the preparation tube wWerggnic the tension in the membrane of the other liposome which was
gently dispersed to ensure unbiased sampling where the lipid concentrati rtially released. The contact angh, between the two membranes is
became 0.12 mg/ml in all samples, and then an appropriate amount (10, S{efined in Fig. 4A below. The tensior was calculated from the dimen-
or 100 ul) of the resulting liposome suspension was introduced into angjgng (Fig. 4A) of the released liposome as
observation chamber K1 cn? wide and 3 mm high) containing the same
medium as in the liposome suspension except that 0.1 M sucrose was T=P- Dp/4(1 — Dp- O (2)
replaced with 0.1 M glucose. The total volume in the chamber wag.800
The replacement with glucose allowed sedimentation of liposomes and alsehereC = [D,—D, cos@,/2)]/(D3—D?) is one-half the mean curvature of
enhanced the image contrast. After 20 min, when all liposomes settlethe unsupported portion of the partially released liposome (Evans, 1980),
down on the bottom surface, the whole area was scanned manually and tlaad P is the pressure difference between the external medium and the
number and sizes of giant unilamellar liposomes were scored. Here wenicropipette interior. For each pair of liposome, was measured at
define a “giant” liposome as one with a diameter (along a scale inserted ivarious aspiration pressurdy,andy was estimated from a slope ofrlvs.
the field of view) exceeding 2am as in the previous study (Akashi et al., (1—cos6,) (see Fig. 4C below).
1996). To prevent medium flow due to evaporation, the observation cham-
ber was covered with an inverted petri dish moistened with wet filter paper
so that most liposomes appeared almost circular in the image plane. RESULTS

The lamellarity of liposomes was estimated by eye in the phase-contrast . . .
images: those liposomes that showed the thinnest contour were judgdgormation of giant liposomes promoted by
unilamellar. The judgment by trained eye has been shown to be reliable idivalent cations
the previous study (Akashi et al., 1996). Of those judged unilamellar, a few . .
percent might be bilamellar, but none should be trilamellar or higher whosdN the presence of millimolar concentrations of CaGt
contrast clearly differs from the contrast of unilamellar ones. MgCl,, many giant unilamellar liposomes were formed



Akashi et al. Ca?*-Promoted Formation of Giant Liposomes 2975

from electrically neutral phospholipids. Fig. A shows a extended occasionally. Presence of 1-30 mM GaCthe
phase-contrast image of POPC liposomes prepared in 3 midreparation medium dramatically increased the yield of
CaCl,. To demonstrate the density of liposomes in a sucgiant liposomes by two orders of magnitude (Table 1 and
cessful preparation, this sample was taken directly from théig. 1 C). Binding of C&" to the neutral POPC and the
white cloud in the preparation tube and diluted & the  resultant electrostatic repulsion can account for the high
observation chamber. The bottom of the 3-mm high chamyjield. MgCl, at 1-30 mM also promoted the formation of
ber was fully crowded with giant liposomes. giant unilamellar liposomes (Fig. ; not shown in Table
The yields of liposomes prepared under various ionicyy | contrast to the case of CaClhe yield in MgCh was

conditions are summarized in Table 1. For unbiased Comhigher at 10 and 30 mM than at 1 mM. Potassium chloride
parison the contents of the preparation tube were disperse‘\lgas not effective and was rather inhibitory (FigELL With
uniformly, and then unilamellar liposomes exceeding 25

L 1-100 mM KCI, we found mainly lipid debris (and small
um in diameter were scored under the phase-contrast mli- 0SOMeS as rare excentions. e.q.. a fe unilamellar
croscope. Typical images for samples diluted & the P P €9, W0

observation chamber are shown in Fig.BLJ liposomes in some preparations at 1 and 10 mM KCI). No
With the neutral lipid POPC, preparation in the absencdPoSomes were found in 5 mM JSO,; the divalent anion

of salts yielded some, but not many, giant unilamellarSC:~ did not assist the formation of liposomes. Mere in-

liposomes (Fig. 1B). The yield was variable, and often no crease in the ionic strength, whether by monovalent KCI or

giant liposomes were found. Smaller liposomeslQ um) by divalent SG~, did not help, although the increase is

were more abundant. All preparations at no salts containegixpected to reduce the van der Waals attraction between

large lipid aggregates from which thin tubelike structuresmembranes (Israelachvili, 1992).

FIGURE 1 Phase-contrast images of giant liposomes prepared under different ionic conditions. Images were captured throogfeeti2é with a

CCD camera and contrast-enhanced (Inané Oldenbourg, 1995). Samples exceptAowrere taken from the preparation tube after careful mixing, and
diluted 3% in the observation chamber. FAr the white cloud in a preparation tube was diluted in the chamber in the same way. Lipid compositions and
ionic conditions in the preparation solution (all contained 0.1 M sucrose) &®QPC in 3 mM CaC} (B) POPC without salts (a rare, unilamellar giant
shown on the right);) POPC in 3 mM CaCl (D) POPC in 10 mM MgCJ; (E) POPC in 10 mM KCI (unsuccessful}) 90% POPC/10% POPG in 1

mM CaCl,; (G) 90% POPC/10% POPG in 3 mM CaGlinsuccessful);H) 90% POPC/10% POPG in 30 mM Caf{l) 90% POPC/10% POPG in 100

mM CaCl, (decoration with many lipid particles)JPOPC in 1 mM CaCl(the largest ever found)K) POPC in 3 mM CaClplus 10 mM KClI; ¢) POPC

in 3 mM CaCl, plus 30 mM KCI (unsuccessful). In general, a clean background, Bs iy G (andl, L), indicates that the lipid was not dispersed and

is therefore correlated with a low or negligible yield. Temperature;x22°C. Scale bars, 10am.
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TABLE 1 Yields of giant liposomes prepared under different ionic conditions

CaCl, (mM) KCI (mM)
Lipid 0 1 3 10 30 50 100 1 10 100
POPC 7+ 8(4) 1095+ 67 (2) 611+ 280 (5) 221+ 147 (6) 299+ 63 (2) 85+ 21(2) 0.5+ 0.7(2) 0(2) 0.1+ 0.3(4) 0(2)
POPC/POPG 2480 (1) 910+ 332 (2) 0(2) 0(2) 146- 62 (2) 56+ 0(2) 0.5+ 0.7 (2) 775(1) 391 343(2)

(9:1)

Numbers of unilamellar liposomes25 um in diameter in 5Qul of preparation suspension (0.12 mg lipid/ml) are listed. Values represent the averages and
standard deviations, over one to six preparations. The number of preparations is shown in the parentheses. For each preparation, repeatatesampling g
consistent results (withir-10%).

Inclusion of the negatively charged POPG in POPCliposomal yield. For the neutral phosphatidylcholines, bind-
greatly enhanced the liposomal yield at no salts (Table 1)ing of these cations produces a repulsive force. When the
Up to 100 mM KCl or up to 1 mM CaGl(Fig. 1F) did not  negatively charged phosphatidylglycerol is included, the
severely impair the yield, as in the previous report (Akashilipid by itself contributes to the electrostatic repulsion.
et al., 1996). However, CacCht 3 and 10 mM was totally Divalent cations at low concentrations cancel the negative
inhibitory. Samples prepared at these concentrations didharge and diminish the repulsion; at higher concentrations
contain liposomal structures, but they were small andhe cations render the membranes positively charged, and
formed aggregates (Fig. G). These aggregates were dis- repulsion ensues. The repulsion assists the formation of
tinguished from amorphous lipid debris in that liposomalunilamellar membranes and of unilamellar liposomes by
structures were evident at the edges of the aggregates. @ounteracting inherent attractive interactions such as the van
reasonable yield of giant unilamellar liposomes was recovder Waals and hydrophobic interactions (Bailey et al.,
ered at 30 mM CaGl(Fig. 1 H). 1990).

At >50 mM CacCl, the yield of giant liposomes became  To confirm this interpretation, we directly manipulated
lower irrespective of lipid composition, and liposomal two liposomes into contact and tested whether theshpues
membranes were often decorated with small lipid particles
(Fig. 1 1). At 100 mM CaCl, <100 giant unilamellar
liposomes were found per 5@ of the preparation suspen-
sion, and most were heavily contaminated with lipid parti-
cles. Dirty liposomes such as one in Fig. &re not counted
in Table 1. The lower yields at high Caltoncentrations
are accounted for by ionic shielding of the electrostatic
repulsion.

The preparations shown in Table 1 were made in unbuf-
fered solutions of the stated salts containing 0.1 M sucrose. PR I
The trend in Table 1 was not changed when 0.1 mM EDTA 0 100 200
was added to the CagChkolutions (buffered with 1 mM Diameter(1:m)
Tris/HCI at pH 7.2). Egg-PC and egg-PC/egg-PG gave B.
results similar to POPC and POPC/POPG, respectively. 40

Under conditions where many giant liposomes formed,
their diameters were distributed approximately exponen-
tially (Fig. 2 A). Of the giant unilamellar liposomes defined
here 25 um), 3—6% were>100 um. In favorable cases,
up to nine liposomes that were200 um were found in 50 |
wl of the final suspension. The largest ever observed mea- P ST R
sured 50Qum in diameter (Fig. 1). The average diameter, oA 1 10 100
determined as the exponential decay constant, is plotted in
Fig. 2 B for different preparation conditions. As seen, the CaClzor KCI (mM)
a"er"_ige dlameter’_ and thl_‘ls the size dIStrIbutIQn, was nQ—IIGURE 2 @) Size distribution of giant unilamellar liposomes,
sensitive to the ionic conditions (as long as the yield was Nopopc liposomes prepared in 1 mM Caghd 0.1 M sucrose®, POPC in
too low). lons affect the stability, but not the size, of 30 mM CaC} and 0.1 M sucros€i], POPC in 50 mM CaGland 0.1 M
unilamellar structures. sucrose. Solid lines show fit with an exponential functiGrexp(—D/M),

whereD is the diameterM its average, an€ a constant. B) Average

A ) A diameters of giant unilamellar liposomes prepared under different ionic
Direct evidence of the prevention of membrane conditions.O, POPC in 0.1 M sucrose plus indicated concentrations of

adhesion by divalent cations CaCl,; ®, POPC/POPG in 0.1 M sucrose plus CaGb, POPC in 0.2 M

. . sucrose plus 3 mM Caglx, POPC/POPG in 0.1 M sucrose plus 100 mM
Electrostatic repulsion between membranes, modulated byc|. The diameters were determined as the decay conskahir( the

binding of C&" or Mg?*, appears to be the key to a high exponential fit. Error bars indicate standard deviations for 2-3 determinations.
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adhere to each other. In Fig./A3 two POPC liposomes made came a thin lipid tether when the two liposomes were
in 3 mM CaCl, and 0.1 M sucrose were each held with amoved farther apart. Tether formation was also observed
micropipette and immersed in 3 mM CaGind 0.12 M su-  after forced contact (by pipettes) in the presence of'Ca
crose. After the suction pressure was reduced to allow relaFhe tether did not affect the basic adhesion characteristics:
tively free movement of the liposomes, as evidenced by theithe initial contact in the absence of the tether was always
Brownian motions, the two liposomes were brought into con4indistinguishable from later contacts, with a tether connect-
tact (Fig. 3B). The two membranes did not adhere to eaching the two, repeated under the same ionic conditions.
other and remained fluctuating. When?“Cawas diluted by These observations show that membranes composed of
exchanging the surrounding medium, the two liposomes madelectrically neutral phospholipids tend to adhere to each
extensive contact and stopped fluctuating, as seen in Fig. 3 other, that a proper amount of €aprevents the adhesion,
demonstrating the presence of an attractive interaction betweemd that the effect of G4 is reversible.
the two. The suction pressure was increased again to separate
the two liposomes (Fig. ®), and C&" was re-introduced;
then the two membranes no longer adhered to each other (Fi
3 E). When C&" was added without prior separation of two
adhering liposomes, the adhesive area shrank slowly from tH€o quantify the C&'-induced prevention of membrane
periphery, indicating that Ga should reach the membrane adhesion, we estimated the adhesion energy from the con-
surfaces to separate them. tact angle between two membranes. As shown in FigA 4
After the reintroduction of C&, there often remained a andB, two liposomes were allowed to adhere to each other
point of contact (Fig. &) between two liposomes. It be- head to head. The upper liposome was held with a high

Bstimation of the adhesion energy

FIGURE 3 The action of G4 upon liposomal membranes. Liposomes were prepared from POPC in 3 mM @aCD.1 M sucrose. The bottom
coverslip and the tips of micropipettes were coated with TMA-silane. The experiment was made as féljowso (nilamellar liposomes were held with

the micropipettes in 3 mM Caghnd 0.1 M glucose, at a sufficiently high suction pressure that allowed firm holding, and then the external medium was
replaced with 3 mM CaGland 0.12 M sucrose by flowing three volumes of the solution through the observation chamber (all medium changes below were
made in this way).B) The suction pressures were reduced and the liposomes were brought into contact. The membranes started to fluctuate, but the two
did not adhere to each othe€)(The suction pressures were increased again and the external medium was replaced with 0.12 M sucrose. When the two
liposomes were brought into contact and the suction pressures were reduced, the two adhered to edzhAthiecréase in the suction pressures resulted

in separation of the liposome<)(The medium was replaced with 3 mM Ca@hnd 0.12 M sucrose, whereupon the situatioB ivas restored.R) When

the two pipettes were moved apart in the same medium, a connection at a singular point remained. Further separation of the pipettes resultation the form
of a very thin tether between separated liposomes (not shown). Temperature222. Scale bar, 5@m.
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FIGURE 4 @) and B) Phase contrast images of giant unilamellar lipo-
somes under the adhesion test. The suction pressure for the lower liposo
was changed stepwise, while that for the upper one was kept high to for
a rigid surface. In4), the contact anglé, and parameters for the estima-
tion of the membrane tensian(Eq. 2) are shown. Values fa, measured
on opposite sides were averaged, the difference being at #&stThe
membrane tensiom was 0.06 dyn/cm forA) and 0.02 dyn/cm forg).
Temperature, 22= 2°C. Scale bar, 5am. (C) A typical relation between
the membrane tension and the contact anglé,. Closed circles were
obtained for decreasing tension and open circles for increasing tension
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FIGURE 5 @) Summary of the adhesion test. Each cross shows a
sample in which liposomes adhered to each other, and each circle a sample
in which adhesion was not observed. The adhesive regions are shaded. The
abscissa shows the Cg@lncentration in the test medium. For the POPG
content of 0% (pure POPC), three different lots of lipids were used and are
separately displayedi( b, andc). The liposomes were prepared in 0.1 M
sucrose solution containing CgCit the following concentrations: for 0%

PG, 0.5 or 1 mM, and for tests at30 mM CaCl, 30 mM; for 0.3% PG,

0.01 mM; for 1% PG and 3% PG, 0.1 mM; for 10% PG, 1 mM, and for
tests at>30 mM CaC}, 30 mM. B) The adhesion energy between
liposomal membranes at various Ca@bncentrationsx, 0% PG;[],

0.3% PG; ¢, 1% PG;A, 3% PG;®, 10% PG;O, 10% PG prepared in 30

mM CacCl. Plots indicate the average values and error bars standard
rTc%gviations for 2—6 samples. The solid curves were drawn freehand. Arrows
n|1ndicate peaks, judged by eye, from which the association constapts
andK,, were estimated as explained in text. Tests for the 10% PG prepared
in 30 mM CacC}, (O) were made at an osmolarity different from the others
and are ignored in drawing the solid line.

Each circle represents one sample in which adhesion was
not observed, and each cross a sample in which adhesion
occurred (the regions where adhesion occurred are indicated
as gray zones). With the increase in the POPG content, the

suction pressure so that it remained spherical, whereas thiegion of crosses (below 30 mM Caflmoves toward
pressure for the lower liposome was partially releasedhigher CaC} concentrations, which is consistent with the

When the pressure, and thus the membrane tensiorthe
lower liposome was decreased, the contact arfglén-
creased as seen in Fig. Bl (Evans and Metcalfe, 1984;
Evans, 1990). A linear relation betweern ahd (1-cos6,)
was obtained for I/ <~50 cm/dyn (Fig. 4C), from which
the adhesion energy was estimated (Eq. 1). The nonlin-

scenario that the adhesion resulted from the cancellation of
the negative charge of POPG by bouncfCa

The adhesion energy is plotted in Fig. 5B. Within the
adhesive region for each lipid compositionyaried sharply
with the CaC} concentration, as indicated by the solid lines.
If we assume that the attractive part of the intermembrane

earity at lowr may arise from membrane undulations thatforce does not vary significantly within each region, the

oppose adhesion (Servuss and Helfrich, 1989). At high
precise estimation of smal, was difficult. The case of no
adhesion was easily distinguished because the lower lip

change iny mainly represents Ga-induced variation in the
repulsive part. The repulsive force is minimal around the
arrows where, presumably, the net charge on the membrane

some exhibited fluctuation and because the edge of thbecame zero. At-40 mM CaCl}, y was too low to obtain

contact area remained round even when the two liposom
were pushed against each other (Fid3)3

dbe linear relation in Fig. £ (our system requiregt >0.002
erg/cnt), and therefore the highest measurement is shown.

Fig. 5A summarizes whether or not adhesion occurred a3 he increase iry in this region is ascribed to ionic shielding

a function of the lipid composition and Ca@oncentration.

of the electrostatic repulsion (see below).
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For 10% POPG, the nonadhesive ranges in Fig. 5 agreg equals 2 at the arrows in Fig. B by assumptionsa) and
with the ranges of CagGlconcentration where the yield of (b). K,,,at these points are therefore given by
giant unilamellar liposomes was high (Table 1) and, in the
adhesive ranges, giant liposomes did not form. Good cor- Kapp = # 9)
respondence was also found for the case of pure POPC, [Ca']- (2~ B)
where liposomes formed and did not adhere at GaGh-  where, by assumptiorb), [Ca®"], equals the bulk concen-
centrations between 1 and 50 mM. The correspondence igation of C&* at the arrows. Experimental values Kf,,
expected, because spontaneous formation of giant unilamegiven by Eq. 9 for the four arrows in Fig.Bare plotted in
lar liposomes requires separation of membranes. The pureig. 6 in solid circles. In this figure, the lowegtof 0.3%
POPC liposomes adhered to each other below 1 mM £aChas been shifted to 0.4% to account for the probable pres-
but, at very low CaGl concentrations, adhesion was not ence of negatively charged impurities above (points for
observed. A probable explanation, deduced from Fi§y.i8  0.3% and 0.35% are also shown).
that our “pure” POPC contained negatively charged impu- On the other hand,,,at zero charge, given by Eq. 9, is
rities corresponding te-0.1% POPG. The lower and upper calculated as a function c}(pc, Kog and g by eliminating
borders of the adhesive region for the pure POPC wergCa?*], with the use of Egs. 4, 5, and 8:
slightly different depending on the lot (0% a, b, and c in Fig.
5 A), which also points to the possibility of impurities. K, :;[(2_ 3B)K,. + 28K
Correspondingly, one lot produced giant liposomes at 0.5 ®22-p) P P
mM CacCl, but others required 1 mM. The yield of giant am2e 2 o 2 _ > U
unilamellar liposomes at 0 mM Cagwhere C&*-induced @2 = 37K + 4BKog" + (128 — 108Kkl
repulsion is not expected, was quite variable, as already (10)

noted. We suspect that a significant yielgllat 0 mM Gagl By fitting the experimentaK,,,with Eq. 10 ¢hin solid line
owed to the presence of charged impurities. in Fig. 6), we obtained , = 7.3 M~ andK_ = 86 M~
. 6), pc . bg .

Because the positions of the arrows in Fig.BSwere
Association constants of phospholipids for Ca2* determined by eye, we also fitted experimerig],, esti-

mated at the lower and upper borders of the adhesion

From the results in Fig. B, we estimate the affinity of regions ppen circlesand dashed lines The association
POPC and POPG for €a. We assume thas) POPG was  constants obtained are listed in Fig. 6 on the right. The

fully dissociated before binding éé (b) the net charge and jtting results are consistent with literature values oy, of
therefore the electrostatic potential on the membrane sub 5_15 \ 2 (Cevc and Marsh, 1987; Marra and Israelach-
face was zero at the arrows in FigB5and €) for simplic- - yjjj, 1985) and fork,,, of 8.5-100 M * (Lau et al., 1981;

ity, Ca¢* bound to phospholipids with the stoichiometry of Marra, 1986), indicating that the adhesion characteristics in

1:1. From () the association constants are defined as (Laitjg. 5 are the results of the binding of £ato phospholipids.
et al., 1981; Marra and Israelachvili, 1985)

[CaPQ Effect of ionic strength
Koe = f~2r1 TP 4 . .
e [C&" s+ [PC] @ Both for POPC and for POPC/POPG, increase in th&"Ca
[CaPG concentration beyond 30 mM reduced the yield of giant
Koo = te2m1 S TP (5)
P9 [Ca2 ]S [PG] 30 r lower Kpc=13
where [C&"].is the C&" concentration on the membrane : limit K, =202
surface, and [P, [PG], [CaPC], and [CaPG] are the '; 20 ! K =73
surface densities of free and €abound forms of POPC S B - p peak | oo
and POPG, respectively. For mixtures of POPC and POPG, & 10 i
we define an apparent association cons b - upper Ky.=1.3
pp wn, by 0 Era0rea@ v QT 1imit K:g=13
Ko [CaR a ) 0.001 0.01 0.1
wo[cal-[P] [CaT]-(1— ) PG/(PC+PG)
where [CaP]= [CaPC]+ [CaPGC], [R] = [PC] + [PG],

FIGURE 6 The apparent association constagy, as a function of the
POPG contenty. Closed circles show the experimenial,,values (Eq. 9
in text) calculated from the Cagtoncentrations at the arrows in FigB5

a = [CaP]/([CaH + [Pf]) (7) The datum for 0.3% PG was also recalculated as for 0.35% and 0.4%, and
. . " oy .. all three results are plotted in the figure. The thin solid curve shows a
is the fraction of C& 'b‘?und lipid in t_he total I|p|(.j.. least-square fit with Eq. 10 to data through 0.4% PG. The fit gave
If we denote the fraction of POPG in the total lipid By  association constant,,. andK,,, shown on the right. Experimentsl,,
values estimated at the borders of adhesion regions and corresponding fits

B= ([Can + [PG])/([CaH + [Pf]) (8) are also shown in open circles and dashed lines.

and



2980 Biophysical Journal Volume 74 June 1998

unilamellar liposomes (Table 1) and induced membrané his repulsive force must have played the major role in pre-

adhesion (Fig. 5), suggesting shielding of electrostatic reventing the adhesion of liposomes in our adhesion tests (Fig.
pulsion at high ionic strengths. To see the effect of ionic3). The role of intrinsic charges has been shown in the x-ray
strength more clearly, we tried to prepare giant liposomesneasurements by Cowley et al. (1978) where the inclusion of
(at least twice for each condition below) from POPC innegatively charged PG introduced repulsion between egg-PC
solutions of 3 mM CaGland 0.1 M sucrose containing, in membranes. Again, this result is consistent with our high yield

addition, KClI at 3, 10, 30, or 100 mM. Inclusion of KCl up of POPG-containing liposomes.

to 10 mM did not significantly affect liposome formation: at

10 mM, the yield of giant unilamellar liposomes was 510 . . . C
per 50 ul and 6% had a diameter100 um (Fig. 1 K). Modulation of electrostatic repulsion by intrinsic

Further increase of KCI reduced the yield, and most Iipo-am:I extrinsic charges

somes produced were either multilamellar or heavily condn this study we have further demonstrated an interplay
taminated with lipid particles (Fig. L for 30 mM KCI). The  between intrinsic and extrinsic charges in modulating the
effect of ionic strength was also manifest in the adhesiorelectrostatic interactions between membranes. With the
test. With liposomes prepared in 3 mM Ca@ind 0.1 M mixture of POPC and POPG, liposomes adhered to each
sucrose, adhesion occurred>at5 mM KCI (Fig. 7). These other in a certain range of €aconcentrations, in which no
effects of KCI are consistent with the importance of elec-giant liposomes formed spontaneously (Table 1 and Fig. 5).
trical repulsion in the formation of giant liposomes. Assuming that, within this range, the surface charge domi-
nated by the intrinsic negative charge of POPG was reversed
by binding of the extrinsic Ca, we estimated the association
constantK,; and K (Fig. 6). The successful fitting of four
Comparison with previous studies data points with the two association constants, with magni-
. . . . . tudes consistent with literature values, supports the contention
Modulation of intermembrane interactions by divalent cat- . .
. : that the adhesion occurred around charge reversal points where
ions has been documented. In x-ray studies (Inoko et al'électrostatic repulsion is expected to be minimal
1975; Lis et al., 1981a, 1981b; Ohshima et al., 1982), . |

Charge reversal has directly been demonstrated by Lau et

interlamellar distances in multilamellar phosphatldylcholmeaL (1981), where a negative zeta potential of PG membrane

were estimated at various concentrations of divalent Cation%ecame positive at the divalent cation concentrations of 0.1

For CaC}, below 1 mM, the lamellae were closely packed . 1 X
and the interlamellar distance was independent of tifé Ca 0.2 M. Their value fo'Kpf of 8.5M “in 0.1 M NaClis lower

. . 1
concentration. The distance, however, increased sharply gtlan our value of 86 M', but theirky,q increased to 17 M

~1mM CaCl, showing separaton of lamellae. Ator above giiye 0 SOORRCR 8 T RGeS
10-100 mM Cad], the distance gradually decreased toward g '

+ —1;
the no-salt value. MgGlrequired~fivefold higher concen- Kpg for Ca'™ of 1OQ M “in ~1 mM CaC} plus 1'.5 mM
. . 2 NaCl, closer to ours in the absence of monovalent ions.
trations to induce similar effects (Inoko et al., 1975). These : . LT
In Fig. 8, the average charge (disregarding its sign) per

results are basically in agreement with our finding that'Ca . . S
and Mg* at 1-30 mM greatly promoted the formation of lipid calculated fromK,,. andK,, (see Appendix) is plotted

giant unilamellar liposomes from POPC and that the best
yield was at~1 mM for C&" and ~10 mM for Mg?".

DISCUSSION

Direct measurement of forces between bilayers (Marraand@ ¢4 .
Israelachvili, 1985) showed that Cg@rr MgCl, introduced 3 - separation . z/{;
a long-range repulsive force between PC membranes and8 ¢ L state |30, 10% 0%*
the net interaction became repulsive at 1-30 mM, and that theg 0.4%1% /
force range became shorter at higher concentrations (shieldingE 0.001 Lo.4% adhesion
effect) indicating electrostatic nature of the repulsive force. & £ /\l/ v i{/ i{/ state
£ 0.0001 CN VNIV YL
0.02 0.01 0.1 1 10 100
< ®e (ionic strength)/3 (mM)
E’ Qep |0
> 0.01 o8 t". FIGURE 8 The average charge (without sign) per lipid calculated from
o 1 i. the association constants &f,. = 7.3 M™* andK,, = 86 M™*. The
> 0 L owombe abscissa is one-third of the ionic strength (which equals the Ledi-

centration). Percentage values show the POPG content. The charge reversal
10 100 1000 points are indicated with arrows, and the borders of adhesion regions with
[KCI}(mM) open circles (pure POPC data in Fig. 5 are interpreted as 0.1% POPG). The

curve labeled “0%*” is for POPC in 3 mM Cagplus KCI (the abscissa
FIGURE 7 The adhesion energybetween liposomal membranes in 3 corresponds to 3 mM plus a third of KCI concentration), and the closed
mM CaCl, plus KCI at indicated concentrations. Open circles show sam-circle shows the onset of adhesion between 10 mM and 15 mM KCl in Fig.
ples in which no adhesion occurred. 7. See Appendix for the calculation.

-
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in solid lines for several POPG contents. These curve3he trend shown in circles in Fig. 8 suggests thd.1%
indicate how the electrostatic repulsion between memwould suffice for separating membranes in pure water
branes, basically proportional to the square of the chargevhere the ionic strength is zero. Previous reports on effi-
density, varies with Cd concentration. Open circles in this cient formation of giant unilamellar liposomes from nomi-
figure show the borders of adhesive regions outside ohally neutral phospholipids might have possibly been due to
which the membranes did not adhere to each other (Fig. 5}he presence of trace impurities in the lipids or in solution.
Note that the calculated average charge decreases sharply inBinding of divalent (or multivalent) cations produces
the adhesive region enclosed by the pair of circles on eacéffects other than electrostatic repulsion. For example, bind-
curve. The figure also indicates that the average charge &tg of multivalent cations to PC membranes has been re-
the border increases monotonically with the ionic strengttported to change the orientation of the headgroups from
(= 3 X CacCl, concentration). The closed circle shows theparallel to perpendicular with respect to the membrane
onset of adhesion for POPC liposomes when KCl was addesurface (Brown and Seelig, 1977; Akutsu and Seelig, 1981,
to 3 mM CacCl}, (Fig. 7). The point is almost in line with Altenbach and Seelig, 1984). Kataoka et al. (1985) reported
open circles. The region below the circles is of the adhesiothat the fluidity of PC membranes was dependent on the
state, and the region above of the separation state. Separ®ncentration of Cd or Mg®". These effects occur on the
tion of membranes requires a higher charge density atoncentration range of millimolar, and might play some role
higher ionic strengths, as anticipated for electrostatic repulin the formation of unilamellar liposomes.
sion, which is subject to shielding at high ionic strengths.  Fusion of vesicles made of negatively charged lipids is
The adhesion energigsat the peaks in Fig. B (and the  induced by millimolar C&" (Wilschut and Papahadjopou-
maximal y in Fig. 7), where the electrostatic repulsion is los, 1979; Arnold, 1995). The fusion event is most likely to
expected to be absent, werd.02 erg/cri. Similar values be related to the CGa-induced adhesion shown in the
have been reported for PC liposomes in 0.1 M NaCl (Evangresent study.
and Needham, 1987). If we assume that the remaining
attractive interaction is of van der Waals type, i.¢.~
A /(127 - &) whereA,, is the Hamaker constant asd=  APPENDIX
2—6 nm is the distance between adhering membranes (Ino
et al., 1975; Marra and Israelachvili, 1985), ousuggests
A, to be 2-40x 10 **erg. Direct force measurements on From Egs. 4 and 5, the fractian of lipid binding C&* is calculated as
PC membranes gavd,, of 7 X 10 ** erg (Marra and
Israelachvili, 1985). To separate membranes, electrostatic o= (1-p)-KdCa&']y B-KyfCe&';
repulsion has to counteract an attractive interaction of the KodCa'ls+ 1 KodCa'ls+ 1
order of 0.02 erg/c

kRverage charge per lipid

(A1)

B being the fraction of POPG in the total lipid. The concentration of'Ca
on the membrane surface is given by

+ — + . —_9.
Importance of electrostatic repulsion in [Ca]s = [Ca&" ], exp(—2- ey/KT) (A2)
stabilizing unilamellar structures where [C&"], is the bulk concentration of €4, e the electronic charge,

Our results strongly indicate that electrostatic repulsion is of T "¢ Boltzmann constant times the absolute temperature, jatiu
surface potential. Thus, Eg. Al is rewritten as

crucial importance in separating and keeping bilayer mem-
branes apart. The yield of giant unilamellar liposomes was (1-p)-KJCa&']

. ; _ P o
high .a.nd the membranes did not adhere to each other under= K,dC&' ], + exp2ey/kT)
conditions where the membranes were expected to bear
non-zero charges. The effects of high ionic strengths in B-K,{Ca&*],
dimini§hing the Iipqsome yielq and enhancing membrane + Ko C&* ], + exp2ey/kT)
adhesion support this contention.

Another source of repulsive interaction has been proThe net surface charge is the sum of the extrinsic charge of boufil Ca
posed by Helfrich (1978): thermal fluctuation of membranesand the intrinsic charge of POPG. Therefore the surface charge density
effectively introduced mutual repulsion between sugar-lipid's 9Ve" ?Y
bilaygrs and resulted in the separation pf Iame'llae (Mutz and o= (2a — B)o, (A4)
Helfrich, 1989). For neutral phospholipids without bound
charges, this repulsive interaction would help producewhereo, is the charge density expected when all lipid molecules have one
unilamellar liposomes (Servuss and Helfrich, 1989). Ourelectronic chargey, is ~0.2 Coulomb/r in a fluid phase where area per
low but finite yield of giant POPC Iiposomes in the absencelipid molecule is~0.7 nn? (Marra and Israelachvili, 1985). Alternatively,
of salts (Table 1) may be explained by this effect. In Ourthe relation between and ¢ is given by the Grahame equation:
.prepa'rations, however, a more Iike]y explanation' is thea _ V778660kTsinh(eLp/2kT) {[KCI]
inclusion of a small amount of negatively charged impuri-
ties (corresponding te-0.1% PG), as already discussed. + [CaCL](2 + exp(—y/kT))}2

(A3)

(AS)
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whereee, is the dielectric permittivity in water, and [KCI] and [Cafl Helfrich, W. 1978. Steric interaction of fluid membranes in multilayer

represent the bulk concentrations (Israelachvili, 1992). system.Z. Naturforsch.33a:305-315 (Abstr.).
Equations A3-A5 were solved numerically forand s for a givenp Hotani, H. 1984. Transformation pathways of liposom&sMol. Biol.
and ionic concentrations. The average charge per lipid,, is plotted in 178:113-120.
Fig. 8. Note that Eq. A5 is valid for a single, isolated surface; correctionsinoko, Y., T. Yamaguchi, K. Furuya, and T. Mitsui. 1975. Effects of
are required when two membranes approach each other. cations on dipalmitoyl phosphatidylcholine/cholesterol/water systems.

Biochim. Biophys. Acta413:24-32.
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