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Abstract 

The effects of polfiethylene glycol) (PEG) on the phase transition of phospholipid multilamellar vesicles 
(MLVs) were investigated by using differential scanning calorimetry (DSC). Main transition temperature CT,) 
and the pre-transition temperature (T,) of neutral phospholipid-, DMPC- ‘, DPPC- and DSPC-MLVs 
increased with an increase in PEG concentration. The subtransition temperature of DPPC-MLV also 
increased with an increase in PEG concentration. These results could be qualitatively explained by enhance- 
ment of the lateral packing on the basis of the osmoelastic coupling theory. The pretransition temperature 
increased faster than the main transition temperature did with an increase in PEG concentration. The 
increment of T,, depended on the hydrocarbon chain length, the shorter the hydrocarbon chain length was, 
the larger the increment was. The transition width in the DSC peak was broadened with an increase in PEG 
concentration. These three above-mentioned effects are the main differences between the effects of the 
osmotic stress on the phase transition of MLVs and those of hydrostatic pressure. On the other hand, ethylene 
glycol (EG), which is the monomer of PEG, had a biphasic effect on transition temperature of DPPC-, DSPC-, 
and DMPC-MLV, reducing T, and 7” at low concentrations, but increasing T, and extinguishing pretransi- 
tion at high concentrations. This is explained by the induction of an interdigitated gel phase at high 
concentrations of EG, which indicates that EG can easily penetrate into the head group region of the lipid, in 
contrast with PEG 6K, because EG is small. Temperature-EG concentration phase diagrams for the various 
PC-MLVs were determined. The minimum concentration of EG where interdigitation occurs is largely 
dependent on the hydrocarbon chain length. 
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1. Introduction 
Correspondence to: Dr. Masahito Yamazaki, Department of 
Physics, Faculty of Science, Shizuoka University, Shizuoka 

422, Japan. Fax: 81-(0154~237-9895. 
’ Abbreviations: DSC, differential scanning calorimetry; 

DMPC, 1,2-dimirystoyl-sn-glycero-3-phosphatidylcholine; 
DPPC, 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine; 
DSPC, 1,2-distearoyl-sn-glycero-3-phosphatidylcholine; 
PIPES, piperazine-NJ’-bis (2-ethanesulfonic acid) 

High molecular weight polfiethylene glycol) 
(PEG) is a water-soluble fusogen which has been 
used frequently to fuse somatic cells D-41. It also 
causes aggregation of phospholipid vesicles and, 
at relatively high concentrations, induces fusion 
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[5-91. To understand the interaction of PEG with 
biological membranes, the thermotropic phase 
transition of vesicles of dipalmitoylphosphatidyl- 
choline (DPPC) in the presence of PEG was 
studied [lo]. According to that study, PEG causes 
concentration-dependent increase in main transi- 
tion temperature (T,,,). However, a reasonable 
interpretation of this effect of PEG was not given. 

Recently, we have proposed a novel concept of 
osmoelastic coupling in biomembrancs 18,111. In a 
suspension of phospholipid vesicles containing a 
high molecular weight PEG, the PEG molecules 
are preferentially excluded from the region adja- 
cent to the vesicle surface (exclusion layer), but 
small molecules such as water or inorganic ions 
are not excluded. Such exclusion induces an os- 
motic stress onto the vesicle membranes, which 
increases with an increase in PEG concentration. 
In an equilibrium state, the membranes of the 
vesicles are compressed to produce elastic pres- 
sure which counterbalances the osmotic stress 
(osmoelastic coupling). This concept can reason- 
ably explain many phenomena observed in other 
biological systems [9,12-141. For the case of mul- 
tilamellar vesicles (MLV) of neutral phospho- 
lipds, all the lipid bilayer membranes in the MLV 
are equally compressed laterally [ill. 

In this report, we investigated effects of PEG 
on the phase transitions of MLV of neutral phos- 
pholipid, and explained these effects on the basis 
of the osmoelastic coupling theory. We also stud- 
ied the effects of ethylene glycol (EG), which is a 
monomer of PEG, on the phase transition of 
MLV as a control experiment, and determined 
temperature-EG concentration phase diagrams. 

2. Materials and methods 

1,2-Dipalmitoyl-sn-glycero-3-phosphatidylcho- 
line (DPPC) and 1,2-dimirystoyl-sn-glycero-3- 
phosphatidylcholine (DMPC) were purchased 
from Sigma Chemical Co. 1,2-Distearoyl-sn- 
glycero-3-phosphatidylcholine (DSPC) was pur- 
chased from Funakoshi Co. and PEG 6K (aver- 
age molecular weight 7,500 Da) and ethylene 
glycol were purchased from Wako Chemical Co. 

Multilamellar vesicles (MLVs) were prepared 
by adding the appropriate amounts of PIPES 
buffer (10 mM PIPES, pH 7.5, 140 m M NaCl) to 
the dry lipid and then heating the mixture to 
about 10°C above the main transition tempera- 
ture for 20 min. During the incubation time, the 
suspension was vortexed for about 1 min several 
times. To investigate the effect of the osmotic 
stress, PEG 6K solution or ethylene glycol solu- 
tion added the preformed MLV solution, and the 
mixture was incubated at about 10°C above the 
main transition temperature for 1 hour (PEG) or 
2 hours (EG) to attain equilibrium. 

For the experiments of subtransitions, MLV 
suspensions were stored at 4°C for 7 days and 
then mixed with PEG 6K solution or buffer and 
incubated for 24 hours at 4°C. They were trans- 
ferred to calorimetry pans at 4°C and loaded at 
2°C into the precooled scanning calorimeter. 

Differential scanning calorimetry (DSC) exper- 
iments were performed using a Rigaku DSC- 
8230B instrument. Usually, each sample was 
heated at a rate of 2.0”C/min. Two kinds of 
phase transition temperatures were determined 
not only the usual one at the onset of the en- 
dothermic transition extrapolated to the baseline 
but also the one at the maximum of endothermic 
transition peak. Each sample was scanned several 
times over (for the experiment of subtransition, 
there was only one heating scan.). The transition 
temperature was determined by averaging these 
measurements. The sample contained 0.2 pmol 
of the lipids and the reference contained an ap- 
propriate amount of the buffer solution were 
packed in the DSC pans. The concentrations of 
lipid in the sample were determined by the phos- 
phate analysis [15]. 

X-ray diffraction experiments were performed 
by using Nickel filtered CuK, X-radiation (A = 
1.54 A> from rotating anode type X-ray generator 
(Rigaku, Rotaflex, RU-300). X-ray diffraction 
data were recorded using a position sensitive 
proportional counter (Rigaku, PSPCJ) and asso- 
ciated electronics (position analyzer, multichan- 
nel analyzer, etc., Rigaku). In all cases, samples 
were sealed in a thin-walled glass capillary tube 
(outer diameter 1.0 mm> and mounted in a ther- 
mostatable holder whose stability was k 0S”C. 
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3. Results 301 
DSC heating curves of DMPC-MLV in the 

presence of PEG 6K are shown in Fig. 1. There 
were two endothermic transition peaks in the 
absence of PEG 6K, which correspond to pre-, 
and main transition. The main transition temper- 
ature T,, and pre-transition temperature T, (onset 
temperatures) were 14.1”C and 23.8”C, respec- 
tively. As shown in Fig. 2, T,, and T,, increased 
with an increase in PEG 6K concentration. The 
increase of Tp was much larger than that of T,,, 
at the same concentration of PEG 6K. The incre- 
ments of T, and T, (onset temperature), for 
example, at 40% (w/v) of PEG 6K were 1.X 
and 7.7”C on heating at Z”C/min, respectively. 
They did not depend on the heating rate in the 
range of l”C/min to 4”C/min. The pre-transition 
peak disappeared above 48% (w/v) PEG 6K. The 
enthalpy change of main transition (AH) was 
almost equal in the concentration range up to 
40% (w/v) within experimental accuracy. Their 
average value was 6.6 kcal/mol, showing good 
agreement with the reported value of pure 
DMPC-MLV [16]. However, it abruptly changed 
to 8.3 kcal/mol above 48% (w/v). The increment 
of AH almost equals to the enthalpy change of 
pre-transition. The half width of main transition 
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Fig. 2. Temperatures of main transition (*, 0) and pre-transi- 
tion ( n , 0) of DMPC-MLV in the presence of PEG 6K. 
Heating rates were 2”C/min. Solid symbols represent transi- 

tion onset temperatures and open symbols represent tempera- 
tures af endotherm maxima. 

slightly increased with an increase in PEG con- 
centration 

I 
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Fig. 1. Differential scanning calorimetry beating curves of 
DMPC-MLV in the presence of PEG 6K. (- ) O%, 
(- - - - - -1 40%, and (-----) 54% (w/v) PEG 6K. Heating 

rates were TC/min. 

We obtained similar results from the experi- 
ments of DPPC-MLV and DSPC-MLV. In the 
absence of PEG, T, and T,, were 356°C and 
41.3”C for DPPC-MLV, and 49.9”C and 53.9”C 
for DSPC-MLV, respectively. These tempera- 
tures of DPPC- and DSPC-MLV also increased 
with an increase in PEG 6K concentration. The 
increment of main transition temperature (AT,,,) 
depended strongly on the hydrocarbon chain 
length. The shorter the chain of the lipid, the 
larger the T, the MLV will have (Fig. 3). For 
example, at 48% (w/v) PEG 6K, AT,,, were 2.9”C, 
2.O”C and 1.7”C for DMPC (C,,), DPPC (C,,> 
and DSPC (C,,), respectively. They did not de- 
pend on the heating rate in the range of l”C/min 
to 4”C/min. The increments of T, were much 
larger than that of T, at the same concentration 
of PEG 6K for DPPC- and DSPC-MLV as well as 
DMPC-MLV. The characteristic properties of the 
enthalpy change and the half width of main tran- 
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CI. Cl6 ClS 
Hydrocarbon Chain Length 

Fig. 3. The dependence of the increments of main transition 
(onset) temperature (AT,,) on hydrocarbon chain length in 
the presence of PEG 6K. (01 30%, (or) 40%, (m) 48%, and 
(a) 54% (w/v). C,, denotes DMPC, C,, DPPC, and C,, 

DSPC. 

sition of DPPC-MLV were the same as those of 
DMPC-MLV. 

At a temperature lower than the pre-transition 
temperature, sub-transition of DPPC-MLV is 
known to occur after prolonged storage at 4°C 
[17]. The temperature of sub-transition of DPPC- 
MLV which was incubated at 4°C for one week 
was 21.4”C in the absence of PEG 6K on heating 
at 2”C/min. It also increased with an increase in 
PEG 6K concentration (Fig. 4). The increment of 
this onset temperature at 40% (w/v) was 0.5”C. 

Effects of ethylene glycol (EG; the monomer 
of PEG) on the phase transition of DPPC-MLV 
were investigated to compare them with those of 
PEG. As shown in Fig. 5, T, of DPPC-MLV 
decreased slightly with an increase in EG concen- 
tration below 30% (w/v). Then it increased 
slightly above 40% (w/v). The pre-transition tem- 
perature of DPPC-MLV largely decreased with 
an increase in EG below 30% (w/v). The repeat- 
ing period (spacing) of DPPC-MLV at 20°C in 
the absence of EG was 64 & which agrees with 
the reported value [18]. It increased slightly with 
increasing EG concentration, and then rapidly 

2ot--_--- 2 
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Fig. 4. Temperatures of subtransition of DPPC-MLV in the 
presence of PEG 6K. Onset temperatures (0); temperatures 

of endotherm maxima (oh See Section 2 for details on the 
preparation of samples. 

decreased from 66 A to 49 A around 36% (w/v> 
(Fig. 6). Two kinds of first-order diffraction peaks 
were observed between 34% and 36% (w/v). 
Wide-angle reflections of DPPC-MLV at 20°C 

I 
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Fig. 5. Temperatures of main transition (0, 0) and pre-transi- 
tion ( n , 0 ) of DPPC-MLV in the presence of ethylene giycol 
(EG). Heating rates were Z’C/min. Solid symbols represent 
transition onset temperatures and open symbols represent 

temperatures of endotherm maxima. 
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I 1 L 

0 10 20 30 40 so 

EG Concentration (,q,) 

Fig, 6. Lamellar repeat periods (spacing) of DPPC-MLV at 
20°C in the presence of EG. 

with EG concentrations from 0% to 30% (w/v) 
consisted of a sharp reflection at 4.22 A and a 
diffuse reflection centered at 4.14 A, which are 
characteristic of the L,, phase [18]. Above 40% 
(w/v) EG, the wide-angle pattern showed a sin- 
gle sharp refleftion at 4.10 A. A sudden and large 
decrease (15 A) of the repeating period and the 
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Fig. 7. Temperature-EG concentration phase diagram for 

DPPC-MLV; T, and T, were determined by the DSC method 
in Fig. 5. Other transition temperatures were determined by 

small-angle X-ray scattering. 

characteristic of the wide-angle reflection pattern 
indicate that the MLV in high concentrations of 
EG was in the interdigitated gel phase (La, phase) 

[191. 
The temperature-EG concentration phase di- 

agram for DPPC-MLV (Fig. 7) was determined 

I I 0 10 EG2%mce%atio~%) - 0 10 20 30 40 50 60 
I 

70 

EG Concentration(%) 

Fig. 8. Temperature-EG concentration phase diagram for DSPC-MLV (a) and DMPC-MLV (b); r,, and Tp were determined by 
the DSC method. Other transition temperatures were determined by small-angle X-ray scattering. 
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by means of an X-ray diffraction method and a 
DSC method (Fig. 5). In the X-ray diffraction 
method, phase boundaries were determined by 
monitoring changes in the strong first-order 
diffraction peak and temperature was increased 
in small steps (1 or 2°C) at the same concentra- 
tion (C) of EG after the equilibrium was attained. 
This phase diagram can be divided into three 
regions. In the region of low concentration (Re- 
gion A: C < 30%), the phase changes from L,, + 
PS! -+ L, as the temperature raises. In the region 
of medium concentration (Region B; 30% < C < 
38%), it changes from L,, -+ L,, + Pp, + L,. In 
the region of high concentration (Region C; C > 
38%), it changes from Lp, + L,, + L,. The rate 
of phase transition from L,, to L,, at the same 
concentration of EG was very low (order of min- 
utes). Temperature-EG concentration phase dia- 
grams of DSPC- and DMPC-MLV were also de- 
termined in the same way as that of DPPC-MLV 
(Fig. 8). 

4. Discussion 

The temperatures of the phase transitions of 
DMPC-, DPPC- and DSPC-MLV increased with 
an increase in PEG 6K concentration, which 
agrees with the results of the interaction of 
DPPC-MLV with PEG [lo]. This mechanism 
might be explained by the direct interaction of 
PEG with the membranes>However, in the DSC 
thermograms, there was only one peak found for 
each phase transition (the main transition and 
the pre-transition) in the presence of PEG 6K. If 
PEG 6K binded to the lipid head group and 
thereby the phase transition temperature in- 
creased as indicated in the case of DPPC-Ca2+ 
system [20], the effect of PEG might be confined 
to the outer bilayer because it cannot enter into 
the MLV. Hence there should be two peaks for 
each phase transition in the DSC thermograms, 
one of which comes from the outermost bilayer 
and the other from the inner bilayers. Conse- 
quently, our results contradict the above supposi- 
tion. These analyses also indicate indirectly that 
PEG did not bind to the lipid bilayer membranes 
if the binding of PEG had an effect on the phase 
transition of the MLV. Moreover, we have pro- 

posed the “osmoelastic coupling” theory; high 
molecular weight PEG molecules are preferen- 
tially excluded from the region adjacent to the 
vesicle surface, which induces the osmotic stress 
[8]. Recently, the preferential exclusion of PEG 
from the surface of phospholipid membranes was 
also indicated by the electrophoretic mobility ex- 
periments [21]. Therefore the mechanism of the 
increase in the phase transition temperature in- 
duced by PEG cannot be explained by the direct 
interaction of PEG with the membrane. 

In the case of single-bilayer vesicles which are 
completely closed, the addition of membrane im- 
permeable solutes caused the hydrostatic pres- 
sure difference according to Van7 Hoff’s law and 
a tangential stress in the plane of the membrane 
increases with an increase in the solute concen- 
tration [40,41], and consequently, this stress may 
raise the transition temperature. However, in the 
case of MLV, small molecules can enter the 
aqueous region between bilayers of MLV after a 
long incubation time owing to incomplete vesicu- 
lar structures [11,26] and, as a result, there is no 
hydrostatic pressure difference. Therefore the hy- 
drostatic pressure difference cannot explain this 
mechanism. 

The increase of the phase transition tempera- 
tures can be qualitatively explained on the basis 
of the osmoelastic coupling theory [S,ll]. Since 
PEG 6K cannot enter into inside of the MLV 
owing to the steric hindrance, the chemical po- 
tential of water outside of MLV becomes lower 
than that of inside of MLV, that is, the osmotic 
stress acts on the MLV. In an equilibrium state, 
the osmotic stress is counterbalanced by the elas- 
tic pressure which lowers the chemical potential 
of water inside of MLV, and consequently, all the 
lipid bilayer membranes in the MLV are equally 
compressed. Membrane fluidity decrease under 
the osmotic’stress was detected by electron spin 
resonance method [8]. Thermodynamical analysis 
showed that the lateral pressure f in the mem- 
branes increases with an increase in the osmotic 
stress C,,, according to below equation [ll]: 

f= (l/~l)(aWWC,,ill 

where n, is the number of bilayers in the vesicle 
and VW is the volume of water inside the vesicle 
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and 5, is the surface area of the bilayer. There- 
fore the lateral packing of the lipid molecules 
becomes denser at higher concentration of PEG. 
It is well recognized that the phase transition 
temperature increases as the lateral packing den- 
sity or surface pressure increases [22-241. Hence 
the osmotic stress enhances the phase transition 
temperature owing to the increase in the lateral 
packing. 

It is well known that hydrostatic pressure raises 
the phase transition temperature of MLV in ac- 
cordance with the Clausius-Clapeyron equation 
[25,27]. Hence it is valuable to compare the effect 
of the osmotic stress on the phase transition with 
that of the hydrostatic pressure. 

The increase of T, depended on the hydrocar- 
bon chain length (Fig. 3). The shorter the alkyl 
chain length is, the larger the increment is. This 
dependence was larger than that in the case of 
hydrostatic pressure, where the longer the alkyl 
chain is, the larger the increment is. (The values 
of dT,/dP were 23.O”C/kbar for DMPC-MLV 
and DPPC-MLV and 28.O”C/kbar for DSPC- 
MLV under hydrostatic pressure [251.) The abrupt 
increase of AH at 48% (w/v) PEG 6K may be 
due to the overlap of the main transition and the 
pre-transition peaks, because pre-transition peak 
disappeared above 48% (w/v) and the increment 
of AH at 48% (w/v) was almost equal to the 
enthalpy change of pre-transition. Consequently, 
the enthalpy change of main transition did not 
significantly change under the osmotic stress. A 
similar situation exists in the presence of hydro- 
static pressure (up to 136 atm) [25]; the increase 
of AH by osmotic stress or hydrostatic pressure 
may be very small compared with AH in the pure 
PC-MLV. Osmotic stress increased the half width 
of the main transition temperature peak. This 
result might mean that the transition under os- 
motic stress conditions was less cooperative in 
nature than in absence of osmotic stress. It con- 
trasted with the effect of hydrostatic pressure 

La 
The main difference between the response of 

phospholipid-MLV to osmotic stress and hydro- 
static pressure is best explained as follows. In the 
former case, water moves from inside of the 
MLV, that is, both the region between bilayers 

and the inside of bilayers, to the outside (bulk 
phase). Small-angle X-ray scattering data indi- 
cated that the lamellar repeat distance and inter- 
bilayer distance of phopholipid-MLV decreased 
with an increase in osmotic stress [26]. This phe- 
nomenon is similar to the response of gels to 
osmotic stress. For example, the response of 
Sephadex gel to osmotic stress was investigated 
quantitatively [13]. On the other hand, in the 
response of phospholipid-MLV to hydrostatic 
pressure, water does not move from inside of the 
MLV. Neutron diffraction study indicated that 
the lamellar repeat distance of DPPC-MLV in 
the liquid-crystalline state slightly increased with 
an increase in hydrostatic pressure [27]. There 
might exist, therefore, some differences between 
the elastic response of lipid bilayer membranes in 
the MLV to the osmotic stress and that resulting 
from hydrostatic pressure, so that the effect of 
osmotic stress on phase transition of MLVs might 
differ from that of hydrostatic pressure. 

The dependence of phase transition tempera- 
ture on water contents has been studied by DSC 
[28,29]. At low content of water (5 30% w/w), 
T, increased with a decrease in water content. 
This phenomenon can be explained as follows. 
The lamellar repeating period of neutral phos- 
pholipid-MLV increased as the water content in- 
creased up to constant value C, (30 - 40%, de- 
pending on temperature) above which it did not 
change [30,31]. These data show that MLV swells 
up to the C, and it reaches an equilibrium state 
such as the phenomena of swelling of the gels 
[32,33]. Therefore the chemical potential of water 
in the MLV is smaller than that of pure water 
below C, and it decreases with a decrease in 
water content [26]. This situation is the same as 
that of MLV under osmotic stress. At low con- 
centration of water, membranes are compressed 
to decrease the chemical potential of water. Elec- 
tron density profiles of bilayers of DPPC-MLV 
and egg PC-MLV showed that the thickness of 
the bilayer increased and thereby the lateral 
packing increased with a decrease in water con- 
tent [341. Hence the increase of the phase transi- 
tion temperature at low contents of water might 
be due to the increase in lateral packing density 
of membranes. 
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Ethylene glycol monomer had a biphasic effect 
on the transition temperature of DPPC-MLV, 
reducing T, a little (almost no effect) and T, 
largely at low concentrations but increasing T, 
and extinguishing the pre-transition at high con- 
centrations. The reduction of transition tempera- 
ture at low EG concentrations can be explained 
by the same theory applied for freezing point 
depression calculations [35], since more EG 
molecules partition in the L, phase than in the 
gel phase. Deuterium-NMR studies showed that 
EG changed choline head group conformation 
and induced alkyl chain disordering in the L, 
phase of phosphatidyl-choline membrane, which 
indicated that EG molecules penetrate into both 
the head group region and the hydrocarbon re- 
gion 136,371. 

A sudden and large decrease (15 & of the 
repeating period at 36% (w/v) EG indicates the 
induction of a new phase of MLV and the large 
decrease of the bilayer thickness. The electron 
density profiles of DPPC-MLV at high concentra- 
tion of EG shows that the bilayer thickness is 30 
A (unpublished results, [38]). A single sharp re- 
flection in the wide-angle X-ray pattern means 
that the lipid hydrocarbon chains are perpendicu- 
lar to the plane of the bilayer. These structures 
are characteristic of the interdigitated gel phase 
(LB,) observed under the high pressure [271 and 
at high concentration of ethanol [19]. The induc- 
tion of L,, phase of DPPC-MLV at low water 
content by 39% EG has previously been reported 
[38]. Our new results are the determination of 
temperature-EG concentration phase diagram at 
excess water and the chain length dependence of 
this diagram. 

Phase diagrams of temperature-EG concen- 
tration for PC-MLV were similar to those of 
temperature-ethanol concentration which was 
determined by the automated scanning density 
meter 1391. There were three regions in these 
phase diagrams. In Region A (low concentrations 
of EG), Tp decreased more largely than T, with 
an increase in EG concentration. In Region B 
(medium concentrations of EG), L,, phase was 
induced between L,, and PB, phases. In Region C 
(high concentrations of EG), T,,, increased and 
the phase transition temperature from L,, to L,, 

phase decreased with an increase in EG concen- 
tration. The phenomena observed in Region C 
can be explained as follows. More EG molecules 
are partitioned into the membrane in the L,, 
phase than in the L,, and L, phases, since the 
hydrocarbon chains in the L,, phase face the 
aqueous phase and, as a consequence, there are 
more binding sites of EG. (See for a similar 
discussion in the case of ethanol, Ref. [19].) The 
order of magnitude of the partition coefficients of 
EG into the membrane is L,, > L, > L,.. Hence, 
the phenomena in Region C can be explained by 
this order of the partition coefficients similarly to 
the theory for freezing point depression. The EG 
concentration where the phase transition from 
L,, to L,, phase occurs along isotherms depends 
on the temperature and it increases as the tem- 
perature decreases. This tendency resembles that 
of the temperature-pressure phase diagram [271. 

The chain length dependence of the minimum 
concentration of EG where interdigitation occurs 
was the same as that of ethanol-induced interdig- 
itation and can be explained reasonably by the 
chain length dependence of the stability of L,, 
phase just as in the case of ethanol-induced inter- 
digitation [19]. 

The formation of LB, phase also indicates that 
EG can easily penetrate into the head group 
region of the lipid (exclusion layer) in the gel 
phase MLV, because of a small size of the EG 
molecule, in contrast with PEG 6K. As discussed 
in a previous paper [8], for its larger molecular 
weight, PEG would be excluded more effectively 
from the exclusion layer of the membrane and 
produce larger osmotic stress. The monomeric 
EG will, however, induce little osmotic stress 
onto the membrane. 
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