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Phosphatidylinositol (PI), dipalmitoylphosphatidylcholine (DPPC) and mixed lipid (DPPC plus PI) sonicated 
vesicles have been prepared covering a range of composition. The vesicles were characterised by gel 
filtration, electron microscopy and photon correlation spectroscopy. The dimensions of the vesicles as 
measured by electron microscopy were in good accord with those obtained from photon correlation 
spectroscopy measurements. The number average diameters of the vesicles increase on increasing the PI 
content and range from approx. 30-80 nm as the weight % of PI is increased from 0 to I00. Gel filtration on 
Sepharose 4B columns gave anomalous results indicating that Pl-containing vesicles were retarded on the gel 
possibly due to an interaction between the inositol headgroup and the gel matrix. Electrophoretic measure- 
ments on multilamellar vesicles show that the surface charge density increases with the PI content of the 
vesicles upto 50 weight % PI and remains constant thereafter. The radii of sonicated vesicles also increase 
with PI content which reflects a decreasing liposome curvature with increasing surface charge density. 

Introduction 

Phosphatidylinositol (PI) is a significant com- 
ponent of cell membranes and its metabolism and 
role in calcium transport are of current interest 
[1-3]. There have been several studies on the af- 
fects of PI on the physical properties of bilayer 
systems [4-14]. In the absence of divalent cations 
PI is miscible with dipalmitoylphosphatidylcholine 
(DPPC) over the entire composition range [9] and 
it has been suggested that the two phospholipids 
mix ideally [4]. Calorimetric studies however, sug- 
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gest that a 1 : 1 complex is formed between DPPC 
and PI which mixes ideally with excess DPPC [15]. 

The distribution of PI in P I /DPPC sonicated 
vesicles has been investigated [5,7,8]. Using an 
exchange protein and a PI-specific phospholipase 
Low and Zilversmit [8] deduced the PI was not 
preferentially located in either inner or outer 
surface of the phospholipid bilayer. Other studies 
have however, suggested that anionic phospholi- 
pids may be preferentially located on the outer 
bilayer surface [7,13] or the inner bilayer surface 
[5,14]. 

PI has been shown to have an inhibitory effect 
on divalent metal ion induced fusion of mixed 
lipid vesicles and pure PI vesicles are not fused in 
the presence of Ca 2÷ or Mg 2+ [10]. It has been 
proposed that the size and hydration of the in- 
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ositol headgroup prevents the formation of dehy- 
drated complexes with divalent metal ions which 
initiate membrane fusion. 

We report here a study of the characterisation 
of PI-DPPC mixed lipid sonicated vesicles by 
several techniques which preceeds an investigation 
into the aggregation of these vesicles by a range of 
metal ions. The objective of the study was to 
determine the effect of increasing PI content on 
the physical characteristics of DPPC sonicated 
vesicles. 

Materials and Methods 

Materials. L-a-Dipalmitoylphosphatidylcholine 
(DPPC) was obtained from Sigma London Chemi- 
cal Company approx. 99% pure (product number 
(P-6267)). Two sources of phosphatidylinositols 
were used, Grade 1 from soybean (as the sodium 
salt, approx. 98%) was obtained from Sigma and 
Grade 1 from wheat germ (as the sodium salt, 
molecular weight 846 [12]) was obtained from 
Lipid Products, South Nutfield, U.K. The purity 
of the phospholipids was checked by thin-layer 
chromatography. Their purity was in excess of 
98% and they were used as supplied. The Lipid 
Products PI was found to contain fewer slow-mov- 
ing contaminants than the Sigma PI and was 
routinely used in the experiments unless otherwise 
stated. 

Gel filtration was carried out using Sepharose 
4B agarose gel (Pharmacia Fine Chemicals). Fine 
particles were removed prior to column packing by 
decantation from settling suspensions. Micrococcus 
lysodeikticus (dried cells) were obtained from Sigma 
and used to determine the void volumes of the 
columns. 

Vesicle preparation. Mixed phospholipid vesicles 
were prepared by addition of the desired amounts 
of stock solutions (5 mg. cm -3 in chloroform) of 
DPPC and PI along with 50 cm 3 of chloroform/  
methanol solution (4:1,  v /v)  to a 1 litre round- 
bottom flask. The solvent was removed by rotary 
evaporation at a temperature of approx. 50°C. 
The resulting lipid film was flushed with nitrogen 
to eliminate trace solvent for at least 30 rain and 
the required quantity of nitrogen saturated aque- 
ous medium added at approx. 50°C. For the gel 
filtration experiments and electron microscopy the 

vesicle dispersions were prepared at a total lipid 
concentration of 0.02% (w/v). The dispersions were 
saturated with nitrogen, sealed and sonicated above 
the chain melting temperature of DPPC (41°C) 
for 2.25 h in a bath sonicator. 

Electron microscopy. Vesicles were examined and 
photographed at magnificants between 10000 and 
100000 diameters at 80 kV with a Jeol Jem 100 
CX electron microscope. Samples were negatively 
stained by mixing equal volumes of vesicle disper- 
sion and either ammonium molybdate or uranyl 
acetate (both 2% (w/v)  in distilled water) at 4 o C. 
Carbon coated copper grids were briefly immersed 
in the dispersions, air dried and examined within 
one hour of preparation. The photographic nega- 
tives (8.8 × 6.3 cm) were print-enlarged approxi- 
mately three times. Vesicle images were traced 
onto transparent acetate sheets, numbered and 
their diameters measured. For ellipsoidal images 
the mean length of the major and minor axes were 
recorded. A minimum number of 200 vesicle diam- 
eters were measured for each sample. 

Photon correlation spectroscopy. The z-average 
diffusion coefficients ((D~)) were measured by 
photon correlation spectroscopy using a 1 W argon 
ion laser source (Spectra Physics 164, 7'0 = 514.4 
nm). The light scattered at 90 ° to the incident 
beam was collected and analysed with a 48-chan- 
nel autocorrelator (Malvern K 7023) operating in 
scaling mode. Vesicle suspensions were filtered 
through 0.22 #m (or 0.45 #m) MilliPore filters to 
remove dust particles and diluted within the con- 
centration range covered by dilute solution theory. 
The data were analysed by the method of cumu- 
lants [16] and the reciprocal of the reciprocal 
z-average diameters ((d~- ~ ) ) - 1 [ 17] were calculated 
from the Stokes-Einstein equation 

kT 
( ( d ; ' ) ) - '  3~r~/(D~) (1) 

where T = 298 K, k is the Boltzmann constant and 
the viscosity of the aqueous media (7/) was taken 
to be 8.904.10 -4 N .  s • m -2. 

Gel filtration. Two Sepharose 4B columns were 
used one 69 c m ×  1 cm (diametre) and one 40 
cm × 1 cm (diametre). The gels were pretreated 
with 0.1% (w/v)  DPPC vesicles in distilled water 
pH 6.6 to prevent phospholipid adsorption on the 



gel matrix. Despite pre-treatment of the columns 
with lipid, recovery was found to increase with 
column use. Aliquots of lipid vesicles (5 cm 3) were 
layered on the columns and eluted with distilled 
water pH 6.6 (containing 0.02% (w/v) sodium 
azide) or 10 mM Tris in 0.1 M NaC1, pH 7.4 
(containing 0.02% (w/v) sodium azide). The flow 
rate was approx. 5.4 cm 3. h-~ and fractions of 1.8 
cm 3 or 1.5 cm 3 were collected and their phos- 
pholipid content was assayed by a modification of 
the procedure of Bartlett [18]. The void and inner 
volumes of the columns were measured using Mi- 
crococcus lysodeikticus suspensions and potassium 
chromate, respectively. 

Microelectrophoresis. Measurements were made 
on multilamellar vesicles prepared as described 
above with the omission of sonication using a 
Rank Bros. (Bottisham, Cambridge, U.K.) micro- 
electrophoresis apparatus with a horizontal flat 
cell and grey platinum electrodes. The rate of 
migration of the vesicles was determined by timing 
their transit over a known distance (d). The veloc- 
ity of at least 25 vesicles was measured in both 
directions and the mobilities (u, m 2. s - l -  V -1) 
were calculated from the equation 

d L  e 
u = ~ (2) 

where L¢ is the effective length of the cell between 
the electrodes, V the applied voltage and t the 
time. The alignment of the apparatus and the 
positions of the stationary levels were checked 
with reference to the known mobilities of human 
erythrocytes [19]. 

Zeta potentials (~) were calculated from the 
Henry equation 

~. = 3Bu (3)  
2%%.f(~:a) 

where ~ is the viscosity of the medium (taken to be 
8.904.10 -4 N • s. m -2 at 25 °C), c o is the permit- 
tivity of free space (8.854.10 -12 j - t  .C2 .m-1)  
and (r is the relative permittivity of the medium 
(78.5). The Henry correction factor fOca) was 
calculated from the expansion given by Hunter 
[20]. Assuming that the multilamellar vesicles had 
a radius (a) of approx. 250 nm the value of f (xa)  
was 1.47 for the medium used (phosphate buffer 
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Fig. 1. Gel filtration of phosphatidylinositol (PI) sonicated 
vesicles on Sepharose 4B gel. O, wheat germ PI; C), soybean PI. 
The vesicles were eluted in distilled water (pH 6.6). 

pH 7.4, ionic strength 0.0344, t¢ = 6.097.108 m-l) ,  
i.e. close to the Smoluchowski condition where the 
particle radius (a) is large compared with the 
double-layer thickness (x- 1). 

Results 

Gel chromatography on Sepharose 4B 
Initial studies on sonicated PI vesicles showed 

that PI was readily susceptible to oxidative 
degradation during sonication. Fig. 1 shows the 
elution profiles of PI vesicles made from soybean 
and wheat germ PI. Nitrogen gas was passed 
through the dispersions prior to sonication for 10 
min. Under these conditions the samples gave two 
peaks. The smaller of the two was found to vary in 
area in successive preparations but could be 
eliminated entirely by increasing the length of time 
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Fig. 2. Gel filtration of phosphatidylinositol (PI) di- 
palmitoylphosphatidylcholine (DPPC) and D P P C / P I  mixed 
lipid sonicated vesicles on Scpharose 4B gel. The vesicles were 
eluted in distilled water. The arrows denote the void volume 
and elution volume of chromate (void plus inner volume). O, 
DPPC vesicles: • PI vesicles; • D P P C / P I  (50 : 50, by weight) 
vesicles. 
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Fig. 3. Gel filtration of phosphatidylinositol (PI) di- 
palmitoylphosphatidylcholine (DPPC) and D P P C / P I  mixed 
lipid sonicated vesicles on Sepharose 4B gel. The vesicles were 
eluted in Tris buffer (pH 7.4) containing 0.1 M NaCl. O, 
DPPC vesicles: • ,  PI vesicles; 41) D P P C / P I  (50:50, by weight) 
vesicles. 

during which N 2 was passed through the disper- 
sion to 30 min, and was hence attributed to oxida- 
tion products of PI. 

Typical elution profiles of PI, DPPC and mixed 
lipid (50% by weight PI/DPPC) vesicles in dis- 
tilled water are shown in Fig. 2. On Sepharose 4B 
DPPC vesicles elute with a K a of 0.49. The elution 
volumes of the vesicles were independent of the 
initial concentration in the range 0.01 to 0.1% 
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Fig. 4. Effect of initial vesicle concentration on elution profile 
of phosphatidylinositol, sonicated vesicles on Sepharose 4B gel. 
• , lipid concentration 0.1% w / v  (right hand vertical axis); A, 
lipid concentration 0.04% w / v  (left hand vertical axis); O, 
lipid concentration 0.01% w / v  (left hand vertical axis). The 
vesicles were eluted in distilled water. 

(w/v) as shown in Fig. 4. Running the vesicles in a 
buffer of ionic strength 0.1 reduced their elution 
volumes and changed the order of elution (Fig. 3) 
although the differences between the elution 
volumes for PI, DPPC and mixed lipid vesicles 
was relatively small. In salt for DPPC vesicles K a 
is 0.20 and for PI vesicles K a is 0.15, as in distilled 
water the mixed lipid vesicles eluted between the 
pure components. The elution profiles of the mixed 
lipid vesicles (Fig. 2) displayed a slight shoulder 
which suggested the possibility that the vesicle 
population might be heterogeneous with respect to 
phospholipid composition as well as to size. To 
investigate this, fractions on either side of the peak 
were pooled and analysed by thin-layer chro- 
matography. The TLC plates showed that there 
was no detectable difference in lipid composition 
across the elution profile indicating an absence of 
phospholipid heterogeneity. 

Electron microscopy and photon correlation spectros- 
copy 

Fig. 5 shows typical vesicles diameter-distribu- 
tion curves for P1, DPPC and mixed lipids (50% 
by weight PI:DPPC) vesicles as measured from 
negatively stained electron micrographs. Fig. 6 
shows a typical electron micrograph of PI vesicles. 
From the distribution curves it is clear that the size 
of the vesicles follows the sequence DPPC < 
DPPC/PI < PI. This result was substantiated by 
photon correlation spectroscopy which also showed 
that the size of the vesicles increased with PI 
content. Table I shows the number-average ((d,)) ,  
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Fig. 5. Diameter distribution curves as measured by electron 
microscopy of phosphatidylinositol (PI) dipalmitoylphospha- 
tidylcholine (DPPC) and D P P C / P I  mixed lipid sonicated 
vesicles. O, DPPC vesicles; • PI vesicles; ~ D P P C / P I  (50 : 50 
by weight) vesicles. 



TABLE I 

DIAMETERS OF DPPC, PI AND DPPC/PI SONICATED VESICLES 
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Vesicle composition 
DPPC/PI, weight ratio (%) 

Electron microscopy 

(d°> (dw) (a~) (d~) 
(nm) (nm) (nm) ( a . )  

Photon correlation 
spectroscopy 

((d~-l)~ -1 
(nm) 

( (d ; l ) )  -1 
(nm) a 

100:0 29 30 32 1.1 36 50 
75:25 41 70 
50:50 58 61 64 1.1 74 100 
25:75 78 120 
0:100 79 81 83 1.1 84 160 

a After storage for 42 days. 

weight-average ((dw)) and z-average ((dz)) diam- 
eters of the vesicles as a function of composition. 
The z-average diameters correlated reasonably well 
with ((d~-1))- i obtained by photon correlation 
spectroscopy. 

The vesicles were stable for at least one week 
after preparation however, after storage at 25 °C 
for 42 days there was a significant size increase 
presumably due to aggregation and/or  fusion, as 
shown by the data in the last column in Table I. 

Microelectrophoresis 
The  electr ical  character is t ics  of  vesicle surfaces 

was invest igated using large mul t i lameUar  vesicles 
in a low ionic  s t rength buffer  (phosphate ,  I = 0.03, 

p H  7.4). The  buffer  was necessary to ensure ade-  

qua te  conduct iv i ty  of  the system for e lec t rophore-  
sis. Fig. 7 shows that  the e lec t rophore t ic  mobi l i t ies  

( u )  of the vesicles increase wi th  PI  conten t  up to  
app rox ima te ly  50% and  remain  cons tan t  there- 
after.  The  mobi l i t ies  were used to calcula te  the 
ze ta-potent ia l s  of  the surfaces which reach a l imit-  
ing value of  - 6 8  mV. Ohki  et al. [9] observed  an 
increase  in e lec t rophore t ic  mobi l i ty  with increas ing 

(yeast)  PI conten t  of  D P P C / P I  l iposomes  pro-  
duced  by vor texing with glass beads  under  s imilar  
condi t ions  of  p H  and  ionic strength.  Their  mobi l i -  
ties were larger  than  ours  which may  be due  to 
their  l iposomes  be ing  smaller.  

Fig, 6. Electron micrograph of sonicated PI vesicles negatively 
stained with uranyl acetate. The bar (left hand corner) corre- 
sponds to 200 nm. 
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Fig. 7. Electrophoretic properties of phosphatidylinositol/di- 
palmitoylphosphatidyicholine multilamellar vesicles as a func- 
tion of composition at 25 o C. Right hand axis (O) zeta poten- 
tial (~'), left hand axis (e) electrophoretic mobility. The vesicles 
were in a phosphate-saline buffer (pH 7.4), I ~ 0.0344. 
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Fig. 8. Surface charge density (O, right hand axis) of multi- 
lamellar vesicles and number average radii ( 0 ,  left hand axis) 
of sonicated vesicles as a function of composition. 

Discussion 

The electron microscopy and photon correla- 
tion spectroscopic data show that DPPC/PI 
vesicles increase in size with increasing PI content. 
The gel filtration data for the vesicles in water are 
inconsistent with this conclusion; PI vesicles elute 
after the DPPC vesicles. This elution order is just 
reversed when the vesicles are eluted in salt solu- 
tion. The K d values for DPPC vesicles are similar 
under both conditions 0.24 (in water) and 0.20 (in 
salt) whereas they are significantly different for PI 
vesicles 0.49 (in water) and 0.15 (in salt). This 
implies that it is the elution volumes of PI vesicles 
that are anomalous in water rather than those of 
the DPPC vesicles. It follows that the Sepharose 
4B gel withholds PI vesicles, although addition of 
salt partially reduces this putative adsorption the 
elution volume of the P! vesicles is much closer to 
that of the DPPC vesk,'es than would be expected 
for an approximately 3-times larger radius. Since 
the vesicles are negatively charged and any resid- 
ual charge on the agarose gel is likely to be nega- 
tive it follows that the effect is unlikely to be 
predominantly electrostatic but more likely arises 
from an interaction between the inositol residue of 
PI and the gel matrix. 

The increase in size of the vesicles with increas- 
ing PI content reflects the packing constraints 
imposed particularly on the inner bilayer by the 
hydrated size and charge of the PI molecules which 
would favour a reduced bilayer curvature. An indi- 

cation of the effect of PI on the charge status of 
vesicle surfaces is obtained from the electro- 
phoretic data for multilamellar vesicles (Fig. 7). 
The mobility and zeta potentials of the vesicles 
reach limiting values between 50 and 60% PI con- 
tent (i.e., a PI : DPPC molar ratio in the range 0.87 
to 1.3). The surface charge density over the plane 
of shear was calculated from the equation [21] 

o (pC. cm -2 )  = 11.74 C '/2 sinh(19.46 ~') (4)  

where C was taken as 0.0344 M. Fig. 8 shows o as 
a function of weight % PI for the multilamellar 
vesicles. Aso shown is the variation of the soni- 
cated vesicle number-average radii calculated from 
the z-average diameters and the known polydisper- 
sity (d=)/ (d  n) (Table I). Increasing surface charge 
density would be expected to lead to an increase in 
vesicle radius to reduce electrostatic repulsion. The 
results in Fig. 7 confirm this expectation in that 
there is a steep rise in vesicle radius between a PI 
content of 30-50% and a smaller change there- 
after. The limiting surface charge density (3.83 
pC.  cm -2) corresponds to an area per charge of 
418 ,~2. Taking an area per phospholipid molecule 
in the region of 50-60 ,~2 suggests that as the PI 
content is increased from 50 to 100% the degree of 
ionisation decreases from 0.26 to 0.13. This de- 
crease in degree of ionisation is consistent with the 
view that as in the case of an ionic micelle the 
limiting surface charge density is maintained by 
counterion adsorption. 
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