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Abstract 

Variation of the thermotropic behaviour of both lipid assemblies and associated water 
molecules with an increase in water content was investigated for negatively charged phospha- 
tidyl-glycerol (PG)-water system up to 90 wt.% water by DSC. The number of water mole- 
cules existing in interbilayer regions of the present gel phase was estimated from a deconvolu- 
tion analysis of ice-melting DSC curves. On the basis of a result of the calorimetric analysis, a 
water-distribution diagram was constructed over the water content range from 0 to 90 wt.%. 
The diagram presented a continuous incorporation of interlamellar water up to 90 wt.% water, 
related to unilamellar-vesicle forming properties of charged lipids. Furthermore, similarly to 
a result for neutral lipid systems previously reported by us, the present diagram also showed 
the existence of a specific water content region (i.e., pre-region) where a structural change of 
planar to curved bilayers for multilamellar structures proceeds with the aid of bulk-like water 
before finally reaching unilamellar vesicles. 

Keywords: DSC, electron microscopy, interlamellar water, negatively charged phosphatidyl- 
glycerol 

Introduction 

There  are a great  var ie ty  of  phosphol ip ids  in b io log ica l  m e m b r a n e s .  A m o n g  
these phosphol ip ids ,  acidic phosphol ip ids ,  which  are nega t ive ly  charged  at neu-  
tral pH,  have at t racted the at tention of  many  invest igators ,  f r o m  the v iewpoin t  of  
their  structural and funct ional  role in b i o m e m b r a n e s .  To date, on the basis  of  ex- 
tens ive  research on cha rged  lipids [1-5] ,  it has been  repor ted  that  their  funda-  
men ta l  b i layer  s t ruc tures  are m u c h  m o r e  sens i t ive  to env i ronmen ta l  concent ra-  
t ions of  external  protons  and cations,  c o m p a r e d  with  those of  neutral  phos-  
phol ip ids  such as phospha t idy lcho l ine  (PC) and p h o s p h a t i d y l - e t h a n o l a m i n e  
(PE). In this connect ion,  we have found that both  the mean  d iame te r  and the num-  
ber  of  b i layers  of  Na+-d imyr i s toy lphospha t idy lg lyce ro l  ( D M P G )  vesicles  (l ipid 
concentra t ion:  2 m m o l  1-1) increase  l inearly with an increase  in external  Na  + con-  
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centration up to 100 mmol 1-1 [6, 7]. Furthermore, the DMPG vesicles in the 
presence of Na § at high concentrations have been found to convert into a super- 
assembly of crystalline cylindrical structure on annealing at a gel phase tempera- 
ture [8]. 

Additional remarkable properties of the charged lipids, previously reported 
by other workers [4, 9-11] are continuous incorporation of interlamellar water 
between bilayers and formation of unilamellar vesicles in dilute regions, indicat- 
ing that their bilayer structures are sensitive to variations in water content in the 
samples. These properties are contrasted with a limited hydration and unchanged 
multilamellar structures up to dilute regions for neutral lipids. In past research on 
phosphatidyl-serine (PS) by 2H-NMR technique [ 10] it has been reported that all 
the water added is intercalated between the lamellae up to approximately 
75 wt.% water content, beyond which bulk free water appears. On this basis, 
Hauser et al. have reported from their X-ray diffraction [4, 9] and calorimetric 
data [11] that the appearance of excess free water at around 75 wt.% water is a 
consequence of the break-up of fully-hydrated multilamellar structures, and 
above this water content, a gradual conversion of the one-phase (multilamellar 
structures) to two-phase systems (unilamellar vesicles plus excess water) occurs. 
In this respect, however, in our previous research on neutral lipids [12, 13] we 
have reported that before reaching a limiting hydration, there is a specific water 
content region (pre-region) where bulk-like water is present and with the aid of 
this water, a certain structural change of planar to curved bilayers in multilamel- 
lar structures gradually occurs. Such a structural change is much more expected 
for charged lipids because it is taken as a process preceding a change of multi- 
lamellar to unilamellar vesicles which is not observed for neutral lipids. From 
this viewpoint, in the present study the variation with increasing water content of 
the distribution of individual water in different bonding modes was investigated 
for the Na§ system. The number of water molecules was estimated 
from the ice-melting enthalpy obtained by differential scanning calorimetry 
(DSC). In this calorimetric estimation, ice-melting DSC curves were deconvo- 
luted into multiple components according to a computer program of a Gaussian 
curve analysis. The thermal properties of Na+-PG assemblies were investigated 
by DSC and structural information was obtained by negative-stain electron mi- 
croscopy. 

Materials and methods 

Materials and sample preparation 

1,2-dimyristoyl-, and 1,2-palmitoyl-sn-glycero-3-[phospho-rac-(1-glyc- 
erol)] (Na+-DMPG and Na§ were purchased from Sigma Co. (St. Louis, 
Missouri) and used without further purification as thin-layer chromatography o f  
these lipids showed a single spot. Na+-DPPG, which was transferred to the high- 
pressure crucible cell of a Mettler differential scanning calorimeter (TA-4000, 
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Switzerland), was dehydrated under high vacuum (10 -4 Pa) at room temperature 
for at least 3 days until no mass loss was detected by electroanalysis (Cahn Elec- 
trobalance, California). The crucible cell containing the dehydrated Na+-DPPG 
was sealed of in a dry box filled with dry N2 gas and then weighed by a micro bal- 
ance (Mettler M3, Switzerland). Samples of the Na+-DPPG-water mixture rang- 
ing in water content { (g water)/(g lipid+g water)x 100 }, from 0 to about 90 wt.% 
were prepared by successive addition of the desired amounts of water to the same 
dehydrated compound (approximately 50 mg) by using a microsyringe. Thus, 
only the weight of water was changed throughout the preparation of a series of 
samples of different water contents. The water contents were ascertained by 
weighing the sample and the cell on a microbalance. In order to ensure homoge- 
neous mixing, all the samples were annealed by repeating thermal cycling at 
temperatures above and below the lipid phase transition up to at least five times, 
until the same transition peak was attained. After that, the samples were cooled 
to -80~ for the differential scanning calorimetry (DSC). After the DSC scan, 
the mass of the sample and the cell were rechecked on the microbalance. 

Differential scanning calorimetry 

DSC was carried out with a Mettler TA-4000 apparatus by placing the sample 
in a high-pressure crucible (pressure resistant: 100 kPa cm -2) and heating it from 
-80~ to temperatures above that of the formation of the liquid crystal phase at a 
heating rate of 1.0~ min -1. The thermal behaviour of the lipids at high water 
contents above 90 mass % was measured by a Microcal MC 2 differential scan- 
ning calorimeter. 

Electron microscopy 

Preparations of the lipid assemblies were examined by negative stain electron 
microscopy. The preparations were prepared below temperatures of 5-10~ as 
follows: a drop of the dispersion (lipid concentration: ~2 mmol m1-1) was placed 
on copper grids covered with carbon-coated collodion films, allowed to remain 
until becoming dry. After that, a 2% solution of sodium phosphotungstate 
(pH approx. 7) was added and then, the excess solution was drained. The prepa- 
ration was examined immediately in a JEOL JEM-2000EX electron microscope 
operated at 200 kV. All operations were performed at around 20~ 

Results 

Thermotropic behaviour of Na+-PG a s s e m b l i e s  

Figure la  shows the typical thermotropic behaviour of  the gel- to- l iquid crys- 
tal phase transition for the Na+-DPPG-water system of varying water content up 
to 90 wt.%. With increasing water content up to 45-50  wt.%, the gel- to- l iquid 
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crystal phase transition peak becomes sharper, simultaneously with the growth 
of the pretransition peak. However, when the water content is beyond 50 wt.%, 
the gel-to-l iquid crystal transition peak begins to broaden, simultaneously with 
a diminution of the pretransition peak. The broadening continues up to 90 wt.% 
water content. Similar broadening of the transition peak is observed for the ho- 
mologous Na+-DMPG-water system above 50 wt.% water content. Figure lb 
shows results for the Na+-DMPG system ranging in water content from 50 to 
99.8 wt.%. In this Figure, two curves at 98.7 and 99.8 wt.% water contents were 
obtained by a Microcal calorimeter. Thus, the dependence of the temperature and 
shape of the transition peak on the water content, was observed for Na+-PG sys- 
tems up to dilute regions. Such dependence on the water content is not observed 
for the transition peak of neutral lipid systems of PC and PE, which becomes in- 
dependent of water content beyond a critical water content [ 13, 14]. 
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Fig. I Thermotropic behaviour of the gel- to-l iquid crystal phase transition for Na+-DPPG T M  

water (a) and Na+-DMPG-water (b) systems with increasing water content. Apparent, 
excess heat capacity (ACp) per 1 tool of lipid is plotted as a function of temperature (t). 
Water content and N T (=water/lipid molar ratio) are shown at the right-hand-side of 
each curve. (1 cal corresponds to 4.184 J) 
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Electron micrographs of Na+-PG assemblies 

Figure 2 shows electron micrographs of Na+-DMPG (a), DMPC (b) and 
DMPE (c) assemblies prepared at the same lipid concentration o f - 2  mmol 1-1). 
A marked structural difference among these lipid assemblies is the multiplicity 
of lipid bilayers. Unilamellar vesicles are observed for Na+-DMPG [6], in con- 
trast to multilamellar structures consisting of regularly stacked lamellae for 
DMPC [15] and DMPE [l 6]. However, when the lipid concentration is increased 
by 10 times for Na+-DMPG, multilamellar vesicles surrounded by a few lamellae 
(Fig. 2d) is observed in place of unilamellar vesicles. Comparison of the electron 
micrographs of Na+-DMPG in Fig. 2, although limited to two samples of differ- 
ent concentrations, suggests that the multiplicity of bilayers surrounding the ves- 
icles depends on the water content up to dilute regions, similarly to their ge l - to -  
liquid crystal transition peak shown in Fig. 1. On this basis, it is suggested that 
the broadening of the transition peak for Na+-PG shown in Fig. 1 results from a 
change of the vesicles into structures containing fewer layers. By contrast, a 
fixed transition peak up to dilute regions for the neutral lipids is due to an un- 
changed multiplicity of their multilameltar structures [ 11, 14]. 

(a) (c) 

(b) (d) 

Fig. 2 Negative stain-electron micrographs of lipid assemblies of Na+-DMPG (a), DMPC (b) 
and DMPE-water (c) systems prepared at the same lipid concentration o f - 2  mmol 1 -~. 
The micrograph of Na+-DMPG assembly prepared at a lipid concentration of 
-20  mmol 1 -l is shown in (d) of this figure 
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Thermotropic behaviour of water in different bonding modes 

Figure 3 shows a series of typical ice-melting DSC curves for the Na+-DPPG - 
water system, which appear at temperatures below the gel-to-liquid crystal tran- 
sition shown in Fig. la. Based upon Fig. 3, a variation with water content of the 
ice-melting behaviour in the present gel phase is outlined as follows. At a water 
content lower than 8 wt.%, all the water added is not frozen on cooling to -80~ 
(curve a), showing the existence of nonfreezable water, most likely located in re- 
gions between PG head groups in the interbilayer region (nonfreezable inter- 
lamellar water). When the water content is increased beyond the critical point of 
8 wt.%, an ice-melting peak first appears at low temperatures below 0~ and the 
peak grows into a broad component extending over a wide temperature range to 
-45~ with increasing water content (curves b-d). A further increase in water 
content leads to the appearance of a sharp peak following the broad peak (curve 
e) and subsequent marked growth of the sharp component (curves f-o). Almost 
the same ice-melting behaviour as that shown in Fig. 3 has been observed for PC 
and PE systems of varying water content [12, 13, 17]. On the basis of our pre- 
vious studies, the broad component is assigned to interlamellar water interacting 
with the lipid head groups in the interbilayer region. However, the temperature of 
onset of the sharp components for the present charged lipid system is about 3- 
4~ lower than that of the corresponding components for the neutral lipid sys- 
tems. As is well known, a sharp ice-melting peak with the temperature of onset at 
around 0~ is assigned to bulk free water. Accordingly, the lower temperature of 
onset of the present sharp component suggests the presence of interlamellar 
water very close to bulk water in bonding mode. On this basis, it is shown that in 
the present gel phase, interlamellar water exists, as a whole, in two populations, 
greatly differing in bonding mode and characterized by the broad and sharp ice- 
melting components, respectively. 

According to the definitions mentioned above, the total number of water 
molecules added per lipid molecule (NT) for the present Na+-DPPG system of 
varying water content is expressed by the following equation: 

NT = N,(nf) + N,(f) + NB 

where N~(n~), N~(O and NB are the numbers of nonfreezable interlamellar, freezable 
interlamellar and bulk water molecules per lipid, respectively. If the bulk-like 
water in the present system is assumed to behave as the so-called free water, NB 
is estimated from both the enthalpy change of the sharp component at 0~ for the 
ice-melting peak and the known melting enthalpy of hexagonal ice, 

-1 1.436 kcal tool . Subsequently, the total number of (nonfreezable+freezable) 
interlamellar water molecules, N~=N~(,o+N~(e), is also determined from NT-NB. 
Following this method, all the ice-melting DSC curves shown in Fig. 3 were de- 
convoluted according to a computer program ORIGIN (Microcal Software, Inc.) 
based upon a multiple Gaussian curve analysis. Typical results of the deconvolu- 
tion analysis are shown in Fig. 4, where the number of deconvoluted curves was 
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Fig. 3 A series of ice-melting DSC curves for the gel phase of Na+-DPPG-water system with 
increasing water content. Apparent excess heat capacity (AC)  per 1 mol of lipid is 
plotted as a function of temperature (t). Water content (wt.%~: (a) 8.1 ; (b) 11.9; (c) 
14.1; (d) 16.0; (e) 18.0; (f) 21.1; (g) 23.9; (h) 27.0; (i) 29.9; (j) 39.9; (k) 49.6; (1) 60.0; 
(m) 69.9; (n) 74.9; (o) 80.0; (1 cal corresponds to 4.184 J) 

made a minimum under the condition that a theoretical curve comparable to the 
sum of deconvoluted curves is best fitted to the experimental DSC curve. In 
Fig. 4, resultant deconvoluted curves and a theoretical curve are shown by dotted 
lines. In Fig. 4a, the broad component of the ice-melting curves is shown to be 
deconvoluted into three curves I, II and III. Both the half-height width and mid- 
point temperature of each of these deconvoluted curves were fixed throughout 
the deconvolutions. With an increase in water content, a newly-deconvoluted 
curve IV was added, which markedly grows and the deconvoluted curve IV was 
followed by a deconvoluted curve IV' (Fig. 4b). Considering the characteristic 
property of DSC curves that an increase in the amount of sample results in a 
broadening of the curve at the high-temperature-side, the deconvoluted 
curves IV and IV' could be taken as corresponding to either the same component 
or slightly different ones. Both the deconvoluted curves IV and IV' continue to 
grow over the water contents investigated up to 90 wt.%, in contrast to limited 
growth of the deconvoluted curves I, II and III. At approximately 45 wt.% water 
content, a deconvoluted curve V with the temperature of onset at around O~ be- 
gins to appear and grows with increasing water content (Fig. 4c). The deconvo- 
luted curve V is also followed by deconvoluted curves V' and V" because of the 
broadening character of the DSC curve (Fig. 4d). 
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Fig. 4 Deconvolution analyses of ice-melting DSC curves for the gel phases of the Na+-DPPG - 
water system at water contents of 14.1 (A), 34.9 (B), 49.6 (C) and 69.9 (D) wt.%. The 
deconvolutions were performed according to a computer program ORIGIN (Microcal 
Software, Inc.) based upon a multiple Guassian curve analysis. In each figure, decon- 
voluted curves and the theoretical curve are shown by dotted lines. The apparent ex- 
cess heat capacity (ACp) per 1 mol of lipid is plotted as a function of temperature (t). 
(1 cal corresponds to 4.184 J) 

Estimation of the number of individual water molecules in different 
bonding modes 

The enthalpy change, A/-/5, the sum of individual enthalpy changes of the de- 
convoluted curves V, V' and V" for bulk-like water is plotted as a function of the 
total number of water molecules per lipid (NT) in Fig. 5. 

In this Figure, the 2ff-/5 curve is compared with a theoretical curve (=1.436 NT) 
given by assuming that all the water added is present as free water. The AH5 curve 
increases gradually over the NT range from 35 (45 wt.% water) to 125 (75 wt.% 
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water), after which it increases linearly, but more gently than the theoretical 
curve does. Thus, the enthalpy difference between the theoretical and AH5 
curves, i.e., given by 1.436 NI(=NT-NB), becomes larger with increasing water 
content, indicating that the amount of interlamellar water increases continuously 
up to NT=374 (90 wt.%). The behaviour of the zXH5 vs. NT curve in Fig. 5 is quite 
different from that of the corresponding curve for PC- ,  and PE-water  systems 
previously reported by us [12, 13]. In these neutral lipid systems, the ice-melting 
enthalpy curve for the bulk water becomes parallel to the theoretical curve above 
a critical point, at which the amount of  the interlamellar water reaches a maxi- 
mum. This indicates a marked difference between infinite or limited hydrations 
for the charged and neutral lipids. 
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Fig. 5 Variation with increasing water/lipid molar ratio (ART) of ice-melting enthatpy changes 
(kJ-/s) per 1 mol of lipid for bulk-like water. The enthalpy curve was obtained by sum- 
ming up individual enthalpy changes of deconvoluted ice-melting curves V, V" and V". 
The dotted line shows a theoretical curve obtained from the melting enthalpy of hex- 
agonal ice. (1 cal corresponds to 4.184 J) 

According to the above-described method, the number of the bulk water 
molecules (N~) at each AfT was estimated by dividing an individual value of AH5 
by 1.436 and furthermore, the number of interlamellar water molecules (N0 was 
estimated by subtracting the resultant value of NB from the value of AfT. 

Individual enthalpy changes, AH1, k J-/2, AH3, AH4 and AH4', of  the deconvo- 
luted curves I, II, III, IV and IV' for the freezable interlamellar water are plotted 
against ArT in Fig. 6a. In this Figure the sums of these enthalpy changes, Arts, is 
also plotted. In Fig. 6a, the continuously increasing behaviour of the sum of the 
enthalpy curves is shown to result from the AH4 and AH4' curves which are differ- 
ent from the other three curves saturated at low water contents. Thus, it is re- 
vealed that the interlamellar water, which is very close to bulk-like water in 
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bonding mode, brings about the infinite hydration for the present charged lipid 
system. 

On the other hand, as shown by an enlarged Figure in Fig. 6b, the sum of en- 
thalpy curves intersects the abscissa at approximately NT=4.0, above which the 
freezable interlamellar water is obtained. It seems reasonable to consider that 
lipid hydrocarbon-chains interacting via attractive van der Waals forces limit the 
amount of water (i.e., nonfreezable interlamellar water) interposed in regions be- 
tween its head groups. From this viewpoint, 4.0 water molecules per lipid at the 
intersection point are a limiting value for the nonfreezable interlamellar water in 
the Na+-DPPG system. By subtracting the limiting value of NI<,f> from the value 
of N~ obtained above, the number of freezable interlamellar water molecules N~(f) 
was estimated for each NT. In Fig. 7, a cumulative value of Ni(nf>, Ni(f> and NB is 
plotted vs. NT. 

Discussion 

The water-distribution diagram of the Na+-DPPG-water gel phase in Fig. 7 
indicates the following results: (i) all the water added up to NT=4.0 is present as 
nonfreezable interlamellar water, most likely existing in regions between the 
head groups; (ii) all the water added over the NT range from 4.0 to approximately 
35 (water content: 45 wt.%) is present as freezable interlamellar water between 
the bilayers; and (iii) above NT=35, some of the water added is present as freezable 
interlamellar water and the remainder as bulk-like water outside the bilayers. 

A noticeable feature in Fig. 7 is the continuous uptake of  the freezable inter- 
lamellar water up to NT=374, which is different from the limiting hydration for 
the neutral lipid systems. In accordance with this difference, in dilute aqueous re- 
gions, the present PG system forms unilamellar vesicles, in contrast with multi- 
lamellar structures of neutral lipid systems (Fig. 2). Such characteristic proper- 
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Fig. 6 Variation with increasing water/lipid molar ratio (N T) of individual ice-melting en- 
thalpy changes (AH) per 1 mol of lipid for the freezable interlamellar water, together 
with the sum of these enthalpy changes, zSat/l, AH 2, AH 3, A/-/4 and M-/4 represent en- 
thalpy changes for deconvoluted ice-melting curves I, II, III, IV and IV ' ,  respectively, 
and AH T shows the sum (a). Fig. 6a at low water contents is shown in an enlarged 
scale. (1 cal corresponds to 4.184 J) (b) 
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ties of negatively charged lipids have been reported by Hauser and coworkers 
throughout a series of studies for PS-water systems [4, 9, 11 ]. It has been pointed 
out by them that repulsive forces of the ionic double-layer between opposing bi- 
layers cause the continuous incorporation of interlamellar water, so that multi- 
lamellar structures break up and subsequently, closed unilamellar vesicles are re- 
organized. Furthermore, based upon data of deuteron NMR spectral splittings 
for pS-2H20 liquid crystal phase, Finer et  al. [ 10] have reported that all the water 
added up to 75 wt.% water (Na-=140) is incorporated between the lipid bilayers 
(20 molecules of bound water plus 120 molecules of trapped free water) and be- 
yond this water content, bulk water appears. When compared with these previous 
studies [4, 9-11], however, the present study shows some differences, particu- 
larly in the water distribution, although the general features of charged lipid- 
water systems are the same. Therefore the present results are discussed with em- 
phasis on the differences. 

Fig. 7 Variation with increasing water/lipid molar ratio (NT) of the distribution of nonfreez- 
able and freezable interlamellar water and bulk water. A cumulative number of these 
water molecules per lipid is plotted against water/lipid molar ratio (N.r). The diagrams 
are grouped into three categories A (NT<40), B (40<NT_<140) and C (NT>140). A dot- 
ted line is obtained by extrapolating the freezable interlamellar water curve of region 
C to lower N T regions 

From the diagram of Fig. 7, it becomes apparent that the bulk-like water be- 
gins to appear at least at Na-=40 (50 wt.% water). The diagrams are grouped into 
three categories: A (Na-<40), B (40<_Na-< 140) and C (ART> 140), in which the slope 
of the freezable interlamellar water curve decreases in this order. Here, particular 
attention is paid to region B, where the slope of the freezable interlamellar water 
curve goes down, little by little, with increasing water content up to 
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NT=140-150. The existence of such a specific water content region, taken as a 
pre-region, has been reported in our previous paper [ 12, 13 ] for neutral lipid sys- 
tems; although beyond this water content the freezable interlamellar water curve 
of these systems becomes parallel to the abscissa because of a limiting hydration. 
Thus, like neutral lipid systems, the present charged lipid system also shows the 
existence of the pre-region where the bulk-like water appears at a water content 
lower than that (NT=60) expected by an extrapolated line (dotted lines), as shown 
in Fig. 7. The existence of such a pre-region in lipid-water systems has been pre- 
viously reported by other workers, mainly from X-ray diffraction studies [18, 
19]. In these papers, paying attention to the role of the bulk-like water, it has been 
proposed that the water in question is located in regions between adjacent ves- 
icles because this water appears simultaneously with a vesiculation of planar 
multilamellar structure. Therefore, the conversion into multilamellar vesicles for 
Na§ is suggested to occur in region B. In accord with this structural 
change, a gradual broadening of the gel- to-l iquid crystal transition peaks is ob- 
served for water contents of region B (Fig. la  and b). This phenomenon is more 
clearly recognized in Fig. 8, where the half-height width (ATI/2) of gel-to-l iquid 
crystal transition peaks for Na+-DPPG (a) and Na+-DMPG (b) is plotted as a 
function of ArT. In this connection, a broadening of X-ray low-angle diffraction 
peaks at water contents above 50 wt.% for NH~-DMPS has been reported by 
Hauser et  al. [ 11 ]. These facts seem to support the present result that similarly to 
neutral lipids, the vesiculation for negatively charged lipids proceeds in the pre- 
region with the aid of the bulk-like water. In previous papers published by other 
workers [4, 9-11], no pre-region is observed for PS systems. 

In region C (140-150<_NT<374) of the diagram in Fig. 7, the freezable inter- 
lamellar water of the present PG system still continues to increase, although 
slowly, with increasing water content up to NT=374. However, the amount of in- 
terlamellar water, even at water contents as high as NT=374, is smaller than the 
limiting value of 140 water molecules/lipid for the PS system estimated by Finer 
et al. [10]. In Fig. 8, a marked broadening of the gel- to-l iquid crystal transition 
peaks is observed for NT>140 - 150, that is, in region C. In this respect, our pre- 
vious study [6] has revealed that a structural change of unilamellar to multi- 
lamellar vesicles for Na+-DMPG by adding NaC1 results in a marked sharpening 
of the gel-to-l iquid crystal transition peak. Additionally, we have reported a 
similar phenomenon associated with a conversion of DMPC sonicated vesicles 
into stable multilamellar vesicles on annealing at a gel phase temperature [ 15]. 
On this basis, it is most likely that in region C closed multi-bilayers surrounding 
PG vesicles are broken away successively from the outside with increased water 
content until finally reaching single lamellar vesicles (Fig. 2a) because the 
amount of interlamellar water continues to increase up to dilute regions. Such an 
infinite hydration could be induced by an increased repulsion between opposing 
PG bilayers, which is a consequence of a lowering in Na § concentration in the in- 
terbilayer, caused by the increased amount of interlamellar water. 
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Fig. 8 Variation with increasing water/lipid molar ratio (NT) of half-height width (ATv2) of 
gel-to-liquid crystal transition peaks for the Na+-DPPG (a) and Na+-DMPG-water (b) 
systems. The half-height width is plotted against the water/lipid molar ratio (N,r) 

Based upon the above-discussed results, the aggregation properties of nega- 
tively charged lipids, Na+-PG can be summarized as follows: ( 1 ) fo rNr  <40, pla- 
nar multilamellar stacks with increased amount of interlamellar water; (2) for 
40<NT<140, structural change (vesiculation) from the planar stacks to com- 
pletely closed multilamellar vesicles with increased amount of both interlamel- 
lar water and bulk-like water; and (3) for N-r_>140-150, structural change from 
the multilamellar vesicles to single lamellar vesicles with increased amount of 
both interlamellar water and bulk-like water. 
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