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Changes in the Lipid Dynamics of Liposomal Membranes Induced by
Poly(Ethylene Glycol): Free Volume Alterations Revealed by Inter-
and Intramolecular Excimer-Forming Phospholipid Analogs

Jukka Y. A. Lehtonen and Paavo K. J. Kinnunen
Department of Medical Chemistry, University of Helsinki, Helsinki, Finland

ABSTRACT Influence of osmotic shrinkage, swelling, and dehydration on large unilamellar liposomes (LUVs) of 1,2-dioleoyl-
sn-glycero-3-phosphocholine (DOPC) was investigated using the fluorescent lipid probes 1-palmitoyl-2-[10-(pyren-1-yl)]-
decanoyl-sn-glycero-3-phosphocholine (PPDPC) and 1 ,2-bis[1 0-(pyren-1 -yl)]decanoyl-sn-glycero-3-phosphocholine (bisP-
DPC). Increasing concentrations of poly(ethylene glycol) (PEG, average molecular weight of 6000) producing osmotic gradients
A.Q up to 250 mOsm/kg were first added to the outside of LUV labeled with 0.1 mol% of either of the above fluorescent
phospholipids. The resulting osmotic shrinkage was accompanied by a progressive reduction in the lateral diffusion of the
membrane-incorporated PPDPC, evident as a decrease in the rate of its intermolecular excimer formation. In contrast, under
the same conditions the rate of intramolecular excimer formation by bisPDPC increased. Notably, signals opposite to those
described above were observed for both of the fluorescent probes upon osmotic swelling of DOPC liposomes with encapsulated
PEG. The lateral diffusion of PPDPC became progressively reduced upon membrane dehydration due to increasing concen-
trations of symmetrically distributed PEG (with equal polymer concentrations inside and outside of the liposomes) when neither
shrinkage nor swelling occurs while enhanced excimer formation by bisPDPC was evident. The latter results were interpreted
in terms of osmotically induced changes in the hydration of lipids. In brief, the removal of water from the phospholipid hydration
shell diminishes the effective size of the polar headgroup, which subsequently allows for an enhanced lateral packing of the
phospholipid acyl chains. Our findings are readily compatible with membrane free volume Vf changes due to osmotic forces under
three different kinds of stress (shrinkage, swelling, and dehydration) applied on the lipid bilayers.

INTRODUCTION

Poly(ethylene glycol), PEG, is a nontoxic, water-soluble, and
chemically relatively inert synthetic polymer (Malcolm et al.,
1957) having a variety of effects on biological systems
(Bessler et al., 1977; McCammon and Fan, 1979; Boni and
Hui, 1987; Herrmann et al., 1993). It is commonly used as
a cell-cell fusogen in the production of somatic hybrids (Roos
et al., 1987). However, little is known about the molecular
level effects of PEG on cell membranes. PEG has been
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3-phosphocholine; Vf, membrane free volume; [PEG]IN, [glucose]IN, and
[dextran],N, the concentrations of these solutes encapsulated in liposomes;
[PEG]OuT, [glucose]OUT, and [dextran]OuT, the concentrations of these sol-
utes added to the outside of the liposomes; [PEG]SyM, [glucose]sym, and
[dextran]syM, the concentrations of these solutes symmetrically distributed
on both sides of the liposomal membrane; A[PEG], A[glucose], and
A[dextran], the difference in the concentrations of these solutes between
the inside and the outside of the liposomes; IE' pyrene excimer fluores-
cence intensity at 480 nm; IM' pyrene monomer fluorescence intensity at
394 nm; LUV, large unilamellar vesicles; fQ, osmotic pressure; MlI,
osmotic pressure gradient.
© 1994 by the Biophysical Society
0006-3495/94/06/1981/10 $2.00

shown to induce "hemifusion" of phosphatidylcholine lipo-
somes, i.e., lipid mixing without the merging of their aqueous
contents (Burgess et al., 1991; Wu et al., 1991). PEG also
enhances the lateral packing of phosphatidylcholine and an
increase by nearly one degree in the gel-- liquid crystalline
phase transition temperature of dimyristoyl phosphatidyl-
choline due to [PEG]our = 20%(w/w) has been reported
(Maggio et al., 1978; Tilcock et al., 1979; Yamazaki et al.,
1992). Dehydration of lipid membranes by PEG has been
suggested to be crucial for the ability of this polymer to
induce membrane fusion (MacDonald, 1985; Burgess et al.,
1992). In addition, osmotic effects are considered to be of
importance, and two different mechanisms have been for-
warded. The first one involves osmotic shrinkage of lipo-
somes due to an osmotic gradient (Ahkong and Lucy, 1986).
The second mechanism is attributed to the exclusion of PEG
from the hydration shell adjacent to membrane surface
(Arnold et al., 1990). An osmotic imbalance due to osmolyte
gradient between the exclusion layer and the bulk PEG so-
lution results in stress that has been considered to be involved
in PEG-induced vesicle aggregation (Ito et al., 1989;
Yamazaki et al., 1989).
PEG also exerts effects on proteins, which could be rel-

evant for the fusion of cells. Precipitation of soluble proteins
and polymerization of cytoskeletal proteins by PEG have
been demonstrated (Atha and Ingham, 1981; Lee and Lee,
1981; Arakawa and Timasheff, 1985; Suzuki et al., 1989;
Cuneo et al., 1992). Likewise, DNA undergoes a structural
transition in solutions containing sufficient concentrations of
PEG and salts (Jordan et al., 1972).
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The addition of PEG outside the liposomes causes an os-
motically driven water efflux across the bilayer resulting in
the shrinkage of the vesicles (Burgess and Lentz, 1993). In-
stead, swelling of the vesicles due to an inward osmotic water
flow is produced by first encapsulating PEG into liposomes
and subsequently transferring them into a medium with no
PEG (Haines et al., 1987). PEG binds water with high af-
finity, and it has been used to dehydrate phospholipid mem-
branes (Rand and Parsegian, 1989). The removal of water
from the hydration shell of the lipid diminishes the effective
size of the headgroup, creating compression of the membrane
(Rand and Parsegian, 1989). An increasing extent of dehy-
dration ofphospholipid liposomes is achieved when LUV are
formed in the presence of increasing and equal concentra-
tions of PEG both inside and outside of the liposomes
([PEG]sym = [PEG]ouQ = [PEG]IN), i.e., in the absence of a

transmembrane osmolyte gradient.
In this study, we provide evidence for poly(ethylene

glycol)-induced changes in the membrane free volume as
measured by the dipyrenyl phospholipid analog, bisPDPC
(Sunamoto et al., 1980), and also revealed by the altered rates
of lateral diffusion of the monopyrenyl compound, PPDPC
(Galla and Sackmann, 1974). PEG does not interact with
phosphatidylcholine membranes (Arnold et al., 1990). To
exclude possible effects specific for PEG, we used dextran
and glucose.

MATERIALS AND METHODS

Materials
PPDPC and bisPDPC were purchased from K&V Bioware (Espoo, Finland).
Dextran (an average molecular weight of9300) and DOPC were from Sigma
Chemical Co. (St. Louis, MO). PEG with an average molecular weight of
6000 was from Fluka (Bubendorf, Switzerland) and was used without fur-
ther purification (Yamazaki et al., 1989; Burgess et al., 1991). No impurities
were detected in the lipids upon thin layer chromatography on silicic acid-
coated plates (Merck, Darmstadt, Germany) using chloroform/methanol!
water (65:25:4 v/v) as a solvent system and examination of the plates for
pyrene fluorescence or after iodine staining.

The concentration of DOPC was determined by phosphorus (Bartlett,
1959). Concentrations of the mono- and dipyrenyl probes were determined
spectrophotometrically at 342 nm using 42,000 cm-' as the molar extinction
coefficient for pyrene.

Liposome preparation
Lipids were dissolved in chloroform. After mixing of the desired lipid com-
position the solvent was removed under a stream of nitrogen. The dry lipid
mixture was then kept under reduced pressure overnight and subsequently
hydrated at a concentration of 30mM in 2 mM TES, 1 mM EDTA, and 100
mM NaCl, pH 7.4. The given concentrations of PEG, dextran, or glucose
were also present when indicated. Hydration was done at 230C, well above
the gel--liquid crystalline transition temperature of DOPC. Unless other-
wise stated, the amount of the fluorescent phospholipids was maintained
constant to yield 0.1 mol% of total phospholipid. To obtain LUVs, the
dispersions were extruded through Nucleopore (Pleasanton, CA) 0.1 Jim
pore size polycarbonate filters using a LiposoFast low pressure homogenizer
(Avestin, Ottawa, Canada) essentially as described (MacDonald et al.,
1991). Because of the technique used for the preparation of LUV, we do not
expect major differences in their sizes. Possible minor size differences are

unlikely to cause major changes in the hydration properties of LUV. Unila-
mellar vesicles were used because multilamellar vesicles would not allow
us to differentiate between osmotic shrinkage and dehydration, for the rela-
tively large PEG molecules are not trapped between the lipid lamellae (Rand
and Parsegian, 1990). Before the use ofLUV in fluorescence measurements,
the final concentration of lipid was in all experiments adjusted to 30 pM.

Osmotic pressure

Three different kinds of experiments were carried out. First, osmotic shrink-
age of LUV was induced by mixing liposomes with solutions of indicated
osmolarity. In previous studies using DOPC liposomes and [PEG]our up to
20% (w/w), no leakage of the contents of the polymer was observed
(Burgess et al., 1991). Second, swelling was induced by preparing liposomes
in osmolyte-containing buffers and subsequently transferring them into
buffers with smaller [osmolyte] to result in an osmotic pressure gradient and
water influx. More specifically, lipids were first hydrated (see above) with
buffers containing a fixed osmolyte concentration and subsequently ex-
truded through polycarbonate membranes as described above. Thereafter,
these LUV were transferred to buffers with different concentrations ofPEG
to have A[PEG] = [PEG]IN- [PEG]our 2 0. The residual amounts of the
more concentrated osmolyte solutions used for encapsulation were not re-
moved from the outside of the liposomes. Due to dilution, the resulting
systematic error in the value for APEG was maximally only 0.1% (w/w).
In the third kind of experiments, dehydration ofLUV was accomplished by
preparing liposomes in solutions containing the given osmolytes at equal
concentrations both the inside and outside of the vesicles. When indicated,
dextran or glucose were used instead of PEG. Osmolarities were measured
using a freezing point osmometer (Advanced microosmometer, Model 3Mo,
MA).

Fluorescence measurements

Fluorescence measurements were carried out with an SLM 4800S spec-
trofluorometer (SLM Instruments Inc., Urbana, IL). Excitation wavelength
of 344 nm as well as pyrene monomer fluorescence at 394 nm were selected
by monochromators while the excimer emission was monitored simulta-
neously with a 470 nm long pass filter. Slits of 1 and 16 nm were used for
the excitation and for monomer emission beams. Liposome (2 ml) solution
(60 nmol of lipid) was placed in a magnetically stirred four-window quartz
cuvette in a holder thermostated at 230C. Weak fluorescence due to PEG
was observed both in the monomer and excimer emission wavelengths upon
excitation at 344 nm. Because of the low pyrene concentrations used, this
background arising from PEG was subtracted from the measured emission
intensities before the calculation of the excimer to monomer fluorescence
ratio (IJI.). No evidence for energy transfer from pyrene to PEG or vice
versa was observed. To be able to express the numeric data in a more easily
handling range and to allow for an easier comparison of the different mea-
surements, the IJIm values used in illustrations were normalized so that the
I'Im for 0.1 mol% of PPDPC incorporated in DOPC LUV in the buffer was
assigned to 1, and all other values were calculated in relation to this. In-
tensities shown were not corrected for instrument response. To obtain IJIm
values corrected for instrument response and for normalization, the given
values should be divided by 30.14. For more facile experimentation, fluo-
rescence measurements were conducted in the presence of atmospheric oxy-
gen (Mustonen and Kinnunen, 1993; Mustonen et al., 1993).

To avoid scattering arising from air bubbles, fluorescence intensities
were measured 10 min after the mixing of LUV with PEG, dextran, or
glucose solutions. The fluorescence signals were stable for at least 30 min.
In keeping with previous studies, the aggregation of liposomes should be
minimal at the lipid concentrations used (Tilcock and Fisher, 1982). Fur-
thermore, PEG concentrations were below those required for fusion
(Massenburg and Lentz, 1993). Dextran and glucose do not induce fusion
of large unilamellar vesicles.
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RESULTS

Effects of osmotic shrinkage

Liposomal membranes are permeable to water but not to
larger hydrophilic molecules. The presence of increasing
concentrations of osmotically active substances, such as
PEG, added to the outside of LUV thus results in their os-
motic shrinkage (Bangham et al., 1967; Bittman and Blau,
1972; Boroske et al., 1981). Examination of osmotically
shrunken LUV revealed that the Ie/Im values for the intramo-
lecular excimer forming probe bisPDPC in these vesicles
increased (Fig. 1 A). The increase in the IeIm for bisPDPC
depended on [PEG]our and was maximally --1.55-fold at a
polymer concentration of 15% (w/w), corresponding to 250
mOsm/kg. In contrast to bisPDPC, IJ/Im for the intermolecu-
lar excimer-forming phospholipid analog, PPDPC decreased
in response to increasing [PEGIOUT (Fig. 1 A). The decrease
ofI/Im was found to depend on [PEG]OUT and was maximally
30% at MIA = 250 mOsm/kg.
To exclude the involvement of possible PEG-specific in-

teractions with phosphatidylcholine, the effects of dextran
and glucose were also studied. Although of somewhat
smaller amplitude, the shrinkage of LUV with [dextran]OUT
caused, similarly to PEG, opposite changes to PPDPC and
bisPDPC (Fig. 1 B). The IeJm values for PPDPC decreased
by 11% and those for bisPDPC increased by 7% at [dex-
tran]OUT producing Aft of 200 mOsm/kg. Similar results
were measured for both fluorescent probes also upon the
increasing [glucose]OuT. However, the maximal effects in
the concentration range of glucose studied (up to 1.0 M cor-
responding to 1200 mOsm/kg) were significantly smaller
compared to the effects exerted by either dextran or PEG
(Fig. 1 C).

Nonideal mixing (phase separation) of PPDPC in DOPC
caused by the presence of osmolytes could result in an in-
crease in IeJm. Because of the high degree of fluidity of
DOPC membranes, this possibility is remote, yet has to be
excluded experimentally (Fig. 2). The data shown, i.e., I/Im
versus temperature for PPDPC/DOPC LUV at [PEG]OU =
15% (w/w) clearly reveals a lack of evidence for polymer-
induced phase separation under these conditions.

Effects of osmotic swelling

To induce an osmotic water inflow to cause swelling ofLUV
10% (w/w), PEG (=87 mOsm/kg) was first encapsulated in
liposomes. Thereafter, these LUV were transferred into so-
lutions of diminishing [PEG]OUT so as to generate a gradient
of polymer concentration A[PEG] = [PEG]IN -[PEG]ouI

0. The dependencies of the bisPDPC and PPDPC fluores-
cence signals on the magnitude of the osmotic pressure gra-
dient AM due to A[PEG] are depicted in Fig. 3A. Exactly the
opposite behavior was observed for both fluorescent probes
upon swelling of the LUV as compared with the effects of
osmotic shrinkage described. Accordingly, a decrease in the
intramolecular I'Im of bisPDPC was evident upon the in-
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FIGURE 1 (A) Changes in the I/Im values for bisPDPC and PPDPC in
DOPC LUV upon osmotic shrinkage due to increasing [PEG]oUT (0-15%
w/w). The error bars indicate the range of observations for two to six sepa-

rate experiments. For the sake of clarity, error bars overlapping with symbols
are not shown. The IJIm of 0.1 mol% PPDPC (@-@, left scale) in DOPC
LUV in buffer was normalized to one, whereas that for 0.1 mol% bisPDPC
(0-0, right scale) calculated in proportion to this was 28.6. Buffer was 2
mM TES, 1 mM EDTA, and 100 mM NaCl, pH 7.4. (B) Osmotic shrinkage
of DOPC LUV due to [dextran]OUT (-15% w/w) measured with liposomes
containing either bisPDPC or PPDPC. (C) Same experimental conditions
as for panel A but using glucose (0-1 M).

crease in MIt. Instead, an increased intermolecular excimer
formation by PPDPC was observed, thus indicating en-

hanced lateral diffusibility of the latter probe. To compare

with PEG, swelling of LUV was also induced using either
encapsulated dextran or glucose. Both of these compounds
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FIGURE 2 Temperature dependency of IelIi for PPDPC incorporated in
DOPC LUV. To promote possible phase separation phenomena, the con-

centration of the probe was increased to 1 mol% of the total lipid.
Measurements were made for LUV in the absence of PEG (0-0), and at

[PEG]OuT producing an osmotic pressure of 250 mOsm/kg (@-@).
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produced fluorescence changes that were qualitatively simi-
lar to, although smaller in magnitude than, those due to
A[PEG] (Fig. 3, B and C).

Effects of phospholipid dehydration by PEG

Increasing and equal concentrations of PEG on both the in-
side and the outside of LUV caused qualitatively essentially
similar fluorescence changes to those evident for [PEG]ouT.
In brief, increasing [PEG]SyM induced a progressive increase
in the rate of intramolecular excimer formation by bisPDPC,
whereas the opposite was evident for the intermolecular IJIm
for PPDPC (Fig. 4 A). Yet, in the concentration range of this
polymer studied (up to 15% (w/w) and corresponding to 250
mOsm/kg), the alterations in IJIm due to [PEG]SyM were

larger compared with those caused by identical [PEG]OUT.
Analogously to PEG, [dextranisyM reduced the Ie/Im of
PPDPC more efficiently than an equal [dextran]OuT. In con-

trast to PEG-induced fluorescence changes, however, the in-
crease in the intramolecular IJIm of bisPDPC by increasing
[dextran]OUT was not exceeded by the fluorescence changes
induced by [dextran]syM (Fig.4 B). Compared with both PEG
and dextran, the responses of bisPDPC and PPDPC caused
by increasing [glucose]sym differed. The IJIm values for
bisPDPC were not altered by increasing [glucose]sym,
whereas the rate of intermolecular excimer formation by
PPDPC decreased under these conditions more efficiently
than upon increasing [glucose]OU (Fig. 4 C).

DISCUSSION
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FIGURE 3 (A) Osmotic swelling of DOPC LUV due to A[PEG]. PEG
(10% w/w) was first encapsulated in DOPC LUV (corresponding to 87
mOsm/kg), which were subsequently transferred into solutions of decreas-
ing [PEG]OuT. Both bisPDPC (0-0) and PPDPC (@4) fluorescence sig-
nals were measured. Experimental conditions and labels for the graphs are

as described for Fig. 1. (B) Osmotic swelling of liposomes due to A[dex-
tran]. Dextran (corresponding to 200 mOsm/kg, 15% w/w) was encapsulated
in DOPC LUV containing either bisPDPC or PPDPC. Thereafter, these
liposomes were transferred into solutions of varying [dextran]OUT. (C) Same
experimental conditions as for A, but using 1 M glucose (1200 mOsm/kg)
encapsulated in liposomes and varying [glucose]OuT.

A monomeric excited state pyrene relaxes to ground state by
emitting photons with a maximum wavelength at -394 nm,

the exact peak energy and spectral fine structure depending
on the solvent polarity. During its lifetime, the excited state
pyrene may form a characteristic complex, excimer (excited
dimer) with a ground state pyrene. This complex relaxes back
to two ground state pyrenes by emitting quanta as a broad and

featureless band centered at -480 nm. Pyrene-labeled phos-
pholipids are widely employed as membrane probes (for a

brief review, see Kinnunen et al., 1993a). Lipid fluorophores
containing one pyrene moiety have been used to study the
lateral mobility (Galla and Sackmann, 1974; Galla and Hart-
mann, 1980; Hresko et al., 1986) and distribution of lipids
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FIGURE 4 (A) The response in IJIm values of bisPD.
DPC (0-) in DOPC LUV in the presence of increasing
w/w). Liposomes were prepared in solutions with the in
tions of PEG so as to have no polymer concentration I
membrane. Experimental conditions are otherwise as dc
(B) Changes in the I4Im of bisPDPC (0-0) PPDPC (0-4
[dextran]sym (0-15% w/w). Experimental conditions ar
scribed for Fig. 2. (C) Similar experimental conditions
glucose as an osmolyte (0-1 M).

(Somerharju et al., 1985; Eklund et al., 1'
Chong, 1992) as well as the interdigitated p
and Rowe, 1991) and equilibrium lateral pr
somes (Thuren et al., 1986; Konttila et al., 198
we have used these probes in fluorescence re,

transfer measurements to monitor the membr
of cytochrome c (Mustonen et al., 1987, 1
et al., 1992), adriamycin (Mustonen and Ki

60 bisPDPC 1993), polyribosomes (Kaihovaara et al., 1991), and DNA
(Kinnunen et al., 1993b).

50 In this study we describe the effects of osmotic (i) swell-
ing, (ii) shrinkage, and (iii) dehydration on IhIm values for
PPDPC and bisPDPC incorporated in DOPC LUV. Impor-

40 I/i m tantly, we wanted to develop a qualitative molecular level
understanding of the impact of these osmotic conditions on

30 the liposomal model membranes as revealed in the fluores-
cence behavior of these probes. In membranes containing

20 phospholipid analogs with one pyrene-acyl chain (e.g., PP-
0 DPC) excimer formation is an intermolecular collisional

event occurring inside the membrane hydrocarbon region
(Galla and Sacknann, 1974). In contrast, excimer fluores-

bisPDPC cence from dipyrene phospholipids such as bisPDPC is in-
31.0 tramolecular and concentration independent at sufficiently
30.5 low probe concentrations (Sunamoto et al., 1980). The ob-

served fluorescence changes could arise, in principle, from
30.0 macroscopic membrane processes, such as vesiculation tak-
29.5 e m ing place during swelling and shrinkage. Yet it is difficult to

understand how such effects could influence the fluorescence
29.0

of probes measuring their immediate vicinity in highly fluid
28.5 DOPC membranes. Rupture and leakage of contents has not

,28.0 been observed for vesicles exposed to osmotic pressure gra-

ro.0 dients of up to 1200 mOsm/kg (Mui et al., 1993). Osmotic
00 °shrinkage of small unilamellar vesicles by LiCl (Lerebours

et al., 1993) does not produce the leakage of contents from

35bisPDPC
these vesicles. Likewise, [PEG]OuT (up to 20% w/w) does not
cause the disruption of DOPC LUV in conditions identical
to those used in the present study (Burgess et al., 1991). To
conclude, when taking into account the above results and the

30 large size of PEG, it is rather unlikely that leakage of thele/Im LUV contents was taking place in the course of our experi-
ments. There is somewhat discrepant data regarding the
shape of extruded LUV (MacDonald et al., 1991; Mui et al.,

25 1993). Obviously, LUV may adjust to osmotic pressure gra-
dients also by shape changes. However, shape changes alone
would be unlikely to produce the observed type of alterations

0 in the fluorescence signals from the two probes. Accordingly,
microscopic changes in the membrane are more likely to be
involved.

PC (0-0) and P5% In the absence of phase separation (Fig. 2.), the osmoti-
dicatedsconcentra- cally induced changes in the fluorescence of PPDPC are

gradient across the caused by altered diffusional dynamics of the probe in DOPC
ascribed for Fig. 1. membranes (Galla and Sackmann, 1974). The rate of the
*) upon increasing intramolecular excimer formation for a probe such as bisP-
re otherwise as de- DPC also depends on the orientation of the pyrene moieties
as for A but using

(Thuren et al., 1984; Eklund et al., 1992), on the membrane
free volume, and on intramolecular thermal motion (Cheng
et al., 1991). Taking into account changes in lipid lateral

988; Tang and packing and the qualitative changes in the IeIm for bisPDPC,
hase (Komatsu it is unlikely that in the present experimental conditions the
ressure in lipo- osmotically induced changes in the fluorescence emission of
38). In addition, this probe would originate from alterations in the alignment
sonance energy of the acyl chains (Thuren et al., 1984; Eklund et al., 1992).
ane attachment Free volume Vf is the difference between the effective and
.993; Rytomaa the van der Waals volumes per molecule (Bondi, 1954;
innunen, 1991; Cohen and Turnbull, 1959; Turnbull and Cohen, 1970). For
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a phospholipid membrane Vf arises from the short-lived, mo-
bile structural defects due to trans->gauche isomerization of
the lipid acyl chains created because of packing constraints
as well as by thermal motion (briefly reviewed in Xiang,
1993). The latter is demonstrated in the measurements of the
partial specific volumes of membranes as a function of tem-
perature (Nagle and Wilkinson, 1978; Wilkinson and Nagle,
1979). Free volume model has been used to describe the
permeability properties of lipid bilayers (Trauble, 1971). Os-
motically induced changes in membrane free volume have
been correlated to the diffusion rates of electron transferring
quinones in mitochondrial and chloroplast membranes
(Mathai et al., 1993).

Increasing concentrations of PEG, glucose, or dextran
added to the outside of the liposomes cause water efflux
through the membrane, thus resulting in a decreased internal
volume of the liposomes (Bangham et al., 1967; Bittman and
Blau, 1972; Boroske et al., 1981; Carruthers and Melchior,
1983; Deamer and Bramhall, 1986). Osmotic shrinkage also
causes an increased lateral packing of phospholipids and,
accordingly, a decrease in the membrane free volume Vf.
There are different estimates on the magnitudes of increase
in the lateral packing arising from the application of either
hydrostatic pressure (Braganza and Worcester, 1986;
Scarlata, 1991) or osmotic shrinkage of liposomes (Lis et al.,
1982a; McIntosh and Simon, 1986). In giant unilamellar
vesicles composed of cholesterol and DMPC, osmotic
shrinkage induced an increase in the area-to-volume ratio
that is compensated after a limit by fission into smaller
vesicles. The mechanism of this process has been suggested
to be related to a phase separation of the components
(Doberainer et al., 1993). Osmotic swelling of DOPC LUV
with encapsulated PEG, glucose, or dextran leads to an in-
creased internal volume of the vesicles and the extent of
swelling is directly proportional to the magnitude of osmotic
gradient (Sun et al., 1986). The estimates for the maximal
area increase (AA +A )/A induced by osmotic swelling range
from 5% (Haines et al., 1987) up to 25% (Hanz et al., 1986).
Fluidization of the membranes upon swelling has been re-
ported earlier (Boronchov and Boronchov, 1979). Shrinkage
of vesicles caused progressively attenuated lateral diffusion
of PPDPC (decrease in IIm), whereas the opposite (increase
in IhIm) was true for osmotic swelling. These osmotically
induced changes in I'Im for PPDPC are compatible with the
proposal for membrane free volume limiting the rate of lipid
lateral diffusion (Galla et al., 1979; Vaz and Hallmann, 1983;
Vaz et al., 1985; King and Marsh, 1986).

Osmotically induced changes in the rate of intramolecular
excimer formation by bisPDPC are also easily rationalized
in terms of membrane free volume alterations at a constant
temperature. Reducing Vf should attenuate the amplitude of
the thermal motion of the pyrenedecanoyl chains, i.e., to
decrease the extent of their splaying. While the level of ther-
mal excitation remains constant (i.e., the frequency of chain
motions is not reduced), the probability of collisional in-
tramolecular excimer formation during the lifetime of the

an increase in IJIm is observed. For obvious reasons the op-
posite signal, i.e., a decrease in IJIm is evident upon an in-
crease in Vf.

Increasing and equal concentrations of dextran or PEG on

both the inside as well as the outside of the liposomes lead
to the removal of water from phosphatidylcholine mem-

branes in the absence of net water flow across the bilayer.
Interestingly, the effects [PEG]SyM on both bisPDPC and
PPDPC are qualitatively similar to those due to osmotic
shrinkage. The high affinity of water molecules to the phos-
phatidylcholine headgroup is well established (Jendrasiak
and Hasty, 1974; Klose and Stelzner, 1974; Marcelja and
Radic, 1976; LeNeveu et al., 1977; Keith et al., 1977;
Wilkinson et al., 1977; Cowley et al., 1978; Hauser et al.,
1981; Lis et al., 1982b; Gruen et al., 1984; Mellier and Diaf,
1988; Rand et al., 1988; Sen and Hui, 1988; Rand and
Parsegian, 1989; Rand et al., 1990). As PEG binds water
efficiently and is excluded from the surface of membranes
(Arnold et al., 1990), the addition of this polymer leads to
partial dehydration of lipid membranes (Arnold et al., 1983;
Sen and Hui, 1988) as well as of proteins (Zimmerberg and
Parsegian, 1986). Upon hydration of phosphatidylcholine
membranes, decreased bilayer order due to the increasing
effective polar headgroup size and weakening van der Waals
interactions becomes evident (Rand and Parsegian, 1989).
PEG has been shown neither to interact directly with phos-
pholipids nor to induce the formation of nonlamellar struc-
tures by phosphatidylcholine (Tilcock and Fisher, 1982;
Arnold et al., 1983). Analogously to proteins (Rand, 1992),
dehydration of membranes results in a tighter lateral packing
of membrane phospholipids due to the reduced effective size
of the polar headgroups, which then allows for augmented
van der Waals interactions. Accordingly, Vf decreases upon

dehydration that should result in lower rates of lateral dif-
fusion (Galla et al., 1979). Removal of water has been re-

ported to attenuate lateral diffusion in partially hydrated egg

phosphatidylcholine membranes (McCown et al., 1981). No-
tably, increasing [PEG]Ou induces, in addition to osmotic
shrinkage, dehydration of membrane phospholipids. In the
presence of increasing [PEG]SyM, phospholipids appear,

however, to become more efficiently dehydrated as is evi-
denced by the enhanced intramolecular excimer formation by
bisPDPC, reflecting more effective reduction in Vf. X-ray
diffraction studies on unilamellar phospholipid vesicles have
revealed an abrupt change from diffuse to constant diffrac-
tion patterns when [PEG]OuT exceeds 10% (w/w). These re-

sults were obtained at relatively high lipid concentrations and
were interpreted as the stacking of aggregated discoid
vesicles. Below 10% (w/w) of [PEG]OUT, there should be no

major deformation of DOPC vesicles, whereas a looser lat-
eral packing (and, thus, increase in local Vf) in the high cur-

vature region of the discoid vesicles (at [PEG]OuT > 10%
w/w) should be evident (Burgess et al., 1992). However, the
influence of possible deformation of vesicles on Vf appears

to be minor because our results show that the effects of PEG
on the behavior of both probes in DOPC LUV to be con-

excited state of pyrene increases upon reduction in Vf. Thus,
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tinuous as a function of [PEGIOUT in the concentration range
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from 0 up to 15% (w/w). The concentrations of PEG used in
this study do not lead to the leakage of contents and, there-
fore, even in the highly curved regions there should be no
disruption of the lateral packing. As the discoidal DOPC
LUV have been proposed to form due to water outflow, one
could expect that in the presence of [PEG]SyM vesicles should
remain spherical as there is no net water flow through the
liposomal membrane. Part of the difference between the ef-
fects by [PEG]OuT and [PEG]sym could arise from this hy-
pothetical difference in shape, i.e., packing disruption in the
highly curved regions of these vesicles might increase the
free volume as at the same time the dehydration of phos-
pholipid headgroups had the opposite effect. Yet, this pos-
sibility is not consistent with our data because [PEG]sym is
more efficient in decreasing the free volume than [PEG]OuT
at all polymer concentrations, i.e., even below [PEG]Ou pro-
posed to induce shape changes in liposomes. Due to increas-
ing A[PEG] = [PEG]IN- [PEG]OuT 2 0 liposomes swell
because of osmotic water flow into the liposomes, which
then causes the membrane area to increase. Obviously,
the force producing swelling and lateral expansion of the
membrane appears to exceed the counteracting condens-
ing force caused by dehydration of membrane lipids by
PEG under these conditions.

Despite the qualitative similarities, there were also certain
quantitative differences between the effects exerted by PEG
and dextran, thus revealing their mechanisms of action to be
different (Table 1). In principle, both dextran and PEG as
well as smaller osmotically active substances, should be able
to dehydrate the bilayer membranes. When added to phos-
phatidylcholine liposomes, only PEG causes their aggrega-
tion and fusion. Interestingly, dialysis of the vesicles against
osmolyte leads to aggregation and fusion of liposomes in-
dependent of the osmolyte (MacDonald, 1985). Osmotic
shrinkage by dextran increases the IhIm value for bisPDPC
to 30.5 and causes "-11% reduction in the intermolecular
excimer formation by PPDPC. Under similar osmotic con-
ditions, the corresponding numbers were 41 and 25% when

TABLE 1 Quantitative comparison of the effects due to PEG
and dextran on DOPC LUV containing PPDPC or bisPDPC (for
details, see Discussion)

VI'm
PPDPC bisPDPC

Stress-free 1.0 28.6
Osmotic shrinkage MI
[PEG]ouT 250 .70 44
[dextran]ou0 200 .88 30.5
Dehydration a
[PEG]sym 250 .35 57
[dextran]syM 200 .70 30.6
Osmotic swelling MI
A[PEG]* 90 1.4 (0.8) 25.8 (41.0)
A[dextran]t 200 1.0 (0.7) 28.5 (30.6)
* [PEG], = 10% (w/w), [PEG]Ou = 0. Number in parentheses gives IJIm
at [PEG]sym = 10% (w/w).
* [dextran]N = 15% (w/w), [dextran]-- = 0. Number in parentheses

PEG was used. Symmetrically distributed dextran is rather
inefficient in reducing Vf (revealed by the quantitatively
similar increase in IJIm for bisPDPC as due to [dextran]OuT).
Instead, [dextran]sym efficiently reduces the lateral diffusion
of PPDPC, reflected in the 30% decrease in I1Im for this
probe. These differences between PEG and dextran are likely
to be accounted for the interaction of the latter polymer with
phosphatidylcholine (Minetti et al., 1979; Evans and
Metcalfe, 1984; Massenburg and Lentz, 1993).

Glucose is not excluded from the surface ofmembrane but
has been shown to interact with the polar headgroups ofphos-
phatidylcholine. Therefore, it is not expected to dehydrate the
membrane surface as efficiently as PEG does (Crowe et al.,
1984, 1988; Rudolph et al., 1990; Abrams and Yager, 1993;
Rand et al., 1993). The IJIm values for PPDPC in LUV de-
crease only slightly due to [glucose]OuT, whereas increasing
[glucose]sm reduces the lateral diffusion of PPDPC more

efficiently than [glucose]OuT. Importantly, although the IJIm
for bisPDPC in DOPC LUV is increased with osmotic
shrinkage due to increasing [glucose]OuT, the I/Im of this
probe is not altered upon increasing [glucose]sym. These dif-
fering effects due to [glucose]sym and [glucose]OuT thus de-
viate from those observed for the polymers, PEG and dex-
tran. The lack of proper dehydration and direct interaction
with phosphatidylcholine by [glucose]sym can explain the
unchanged Vf and efficiently reduced lateral diffusion of PP-
DPC under these conditions.
The results presented here concern the properties of LUV

composed of phosphatidylcholine with two unsaturated
chains. Elucidation of the possible biological implications of
membrane free volume changes due to hydration and osmotic
forces warrants further studies (Ertel et al., 1993; Mui et al.,
1993). In the present context, it is of interest that both hypo-
and hyperosmotic shocks induce changes in plant cell me-

tabolism (Maeda and Thompson, 1986; Einspahr et al.,
1988), as well as in the function of alveolar macrophages
(Lewinston et al., 1976). Osmotic stress has been shown to
participate in the regulation of mechanically activated ion
channels (Martinac et al., 1987; Sackin, 1989; Alexandre and
Lassalles, 1991; Rayner et al., 1992; Oliet and Bourque,
1993) that take part in the controlling of ion homeostasis and
regulation of volume of cells. Importantly, the lipid com-

position of the membrane could modulate the response of
transmembrane ion channels to osmotic signals (Martinac
et al., 1990). Cells have specific mechanisms for the resto-
ration of their volume after osmotic shocks, involving ty-
rosine kinase activation (Tilly et al., 1993). Hormonally in-
duced cell volume changes have been suggested to be
involved in the regulation of protein degradation and syn-

thesis (von Dahl et al., 1991; Haussinger and Lang, 1991).
Interestingly, the enhanced activity of ornithine decarboxy-
lase in osmotically swelled cells is at least partially related
to enhanced protein synthesis of this protein yet in the ab-
sence of a change in its mRNA production (Perry and Oka,
1980; Poulin and Pegg, 1990). Hyposmotic swelling induces

give IJIm at [dextran]sym = 15% (w/w).
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stimulation of adenyl cyclase (Watson, 1990). Exocytosis as
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well as fusion of liposomes with planar phospholipid mem-
branes is sensitive to osmotic forces (Cohen et al., 1982;
Hampton and Holz, 1983; Pollard et al., 1984). The mem-
brane capacitance of auditory outer hair cells is affected by
membrane stress (Iwasa, 1993). Transcription of specific
genes in bacteria, as well as in mammalian cardiomyocytes,
is enhanced by hyperosmotic shock (Csonka, 1989; Brewster
et al., 1993; Wollnik et al., 1993). In bacteria there are
specific proteins capable of detecting changes in medium
osmolarity (Parkinson, 1993).
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