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Interaction of Neutral Polysaccharides with Phosphatidylcholine 
Multilamellar Liposomes. Phase Transitions Studied by the Binding of 
Fluorescein-Conjugated Dextrans? 

Maurizio Minetti,* Patrizia Aducci, and Vincenza Viti 

ABSTRACT: The interaction of neutral polysaccharides with 
membrane models was studied by determining the binding of 
fluoresceinylthiocarbamoyl-dextran (FITC-D) to phospha- 
tidylcholine multilamellar liposomes. The amount of FITC-D 
bound to liposomes increased with temperature and showed 
two sharp changes at temperatures around the phase tran- 
sitions of synthetic phosphatidylcholine multilamellar lipo- 
somes. The temperatures midways between these abrupt 
changes correspond well with the temperature of prephase and 
phase transitions. At temperatures around the prephase 
transition, FITC-D adsorption isotherms suggested that the 
increase in bound polymer was due to an increase in the affinity 
of liposome membrane for FITC-D. Proton nuclear magnetic 
resonance data in this range of temperature showed a slight 
increase in the relaxation times of the phospholipid polar head 

N a t u r a l  polyglycans are widely occurring constituents of 
biological membranes (Cook & Stoddart, 1973), and car- 
bohydrate-containing substances seem to be good candidates 
for participating in cell recognition and in the binding of 
regulatory molecules (see review by Hughes, 1975). Little is 
known, however, about the structural organization and the 
possible interactions between polysaccharides and other 
constituents of the cell membrane. 

One possible approach to an investigation into the ar- 
rangement of polysaccharides on the cell surface and poly- 
saccharide involvement in biological processes is the study of 
the interaction between membranes and chemically defined 
polysaccharides. It is known that neutral polysaccharides can 
interact with cell membranes and induce cell aggregation 
(Brooks & Seaman, 1972; Brooks, 1973; Jan & Chien, 1973; 
Minetti et al., 1976). Cell surface interaction with neutral 
polymer has been used to separate cell populations (Uhlen- 
bruck et al., 1967; Walter et al., 1972). 

Recently it has been reported that membrane surface 
properties other than charge are involved in cell separation 
by partition in polymers (Walter et al., 1976; Walter & Krob, 
1977). In this respect we have proposed that the interaction 
between neutral polysaccharides and erythrocyte membrane 
occurs through adsorption binding with the lipids at the level 
of the water interface (Minetti et al., 1978). 

The ability of phospholipids to form closed lipid bilayers 
when suspended in an excess of aqueous solution (liposomes) 
as well as the degree of correspondence between the behavior 
of model systems and natural membranes (Kimelberg, 1976) 
led to their use as models in the study of the interactions 
between macromolecules and membrane components. 

The system chosen to study the relationship between neutral 
polysaccharides and natural membranes has been the one 
constituted by fluorescent dextrans1 (FITC-D) and multila- 
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group. The enhancement of the 31P ('H) nuclear Overhauser 
effect characteristic of the polar head group of phosphati- 
dylcholine was reduced in the presence of FITC-D. These data 
suggested that the interaction of FITC-D with liposomes 
induced a slightly different mobility and packing of phos- 
pholipids which is responsible for the weakening of the as- 
sociation of polar head groups with the bilayer. At the 
gel-liquid-crystalline phase transition, fluorescence and 
electron microscopy data showed that the second increase in 
the FITC-D bound to liposomes was due to the formation of 
unilamellar vesicles with the polymer internalized within the 
vesicle. The increased disorder of the bilayer, necessary for 
the formation of vesicles, may also be induced by cholesterol 
even at low temperature. 

mellar phosphatidylcholine liposomes. 
The evidence reported in this paper shows that FITC-D can 

be adsorbed at the surface of phosphatidylcholine liposomes 
at temperatures at which their fatty acyl chains are in the 
gel-crystalline state. At temperatures around the prephase 
transition, the amounts of FITC-D bound to liposomes are 
markedly increased. 

Above the main phase-transition temperature, unilamellar 
vesicles are formed in which FITC-D is entrapped within the 
vesicles. Studying the phospholipid head-group conformation 
by 'H and 31P NMR,  the interaction with FITC-D is inter- 
preted in terms of change in the packing and mobility of polar 
head groups. 

All the observed phenomena suggest that FITC-D can be 
used as a useful probe in the physicochemical characterization 
of liposomes. 

Experimental Procedure 
Materials. FITC-D and dextran T fractions were obtained 

from Pharmacia (Uppsala, Sweden). [jH] Dextran was 
purchased from the Radiochemical Centre (Amersham, 
England). Synthetic phosphatidylcholines were obtained from 
Calbiochem (San Diego, CA). Cholesterol was obtained from 
Supelco, Inc. (Bellefonte, PA). 

Preparation of Multilamellar Liposomes. Multilamellar 
liposomes were prepared by the method of Bangham et al. 
(1967) by the dispersion of 10 mg of lipids in 1 mL of 0.15 
M NaCl and phosphate buffer, pH 7.6, at temperatures above 
the phase transition. Before use, the liposomes were washed 
by centrifugation at 14000g for 5 min and resuspended in the 
same buffer to remove any nonmultilamellar structures present. 

' Abbreviations used: FITC-D, fluoresceinylthiocarbamoyl-dextrans 
(the number following FITC-D indicates the approximate molecular weight 
in thousands); DMPC, DPPC, and DSPC, 1 ,2-dimiristoyl-, 1,2dipalmitoyl-, 
and 1,2-distearoyl-3-sn-phosphatidylcholine, respectively; 'H, NMR, 
proton and phosphorus nuclear magnetic resonance; NOE nuclear Ov- 
erhauser effect; NOEE, NOE enhancement; Tempo, 2,2,6,6-tetra- 
methylpiperidinyl-1-oxy; DPH, 1,6-diphenyl-1,3,5-hexatriene. 
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Mixed cholesterol-DPPC-liposomes dispersions were obtained 
by dissolving the exact amount of cholesterol and DPPC in 
chloroform. The solvent was removed by a nitrogen stream 
and the mixture stored overnight under vacuum. The purity 
of all phosphatidylcholines was confirmed by thin-layer 
chromatography on silica gel G plates with the solvent 
chloroform-methanol-water (65:25:4). Chromatograms of 
all synthetic phosphatidylcholines showed only one spot. 
Cholesterol was determined by the standard cholesterol oxidase 
method. 

Incubation of Polymers with Liposomes. Two methods were 
used to study the interaction of FITC-D with liposomes. 
Method a:  liposome dispersions (10 mg/mL) and equal 
volumes of the saline-phosphate buffer containing FITC-D 
(the amounts of polymer are reported in the legends of the 
figures) were mixed at  temperatures preceding the prephase 
transitions of phosphatidylcholines and the mixture was slowly 
heated (0.5 OC/min). At the temperatures indicated, heating 
was stopped for 20 min and aliquots of liposome-FITC-D 
dispersions were cooled and rapidly centrifuged at  14000g for 
5 min. Excess FITC-D was removed by aspiration. The 
pelleted liposomes were suspended and washed three times with 
saline-phosphate buffer, pH 7.6. Method b: samples con- 
taining liposomes (10 mg/mL) and samples with FITC-D were 
heated separately and mixed only when the chosen temperature 
was reached. After 20 min of incubation, the liposome and 
FITC-D dispersions were cooled and centrifuged a t  14000g 
for 5 min and finally processed as in method a. The exact 
temperature inside the liposome-FITC-D suspensions was 
checked by a digital thermometer quipped with a 4 X 0.5 cm 
probe (Contraves, Rome, Italy). 

Fluorescence Microscopy and Fluorescence Determination. 
After the last wash, fluorescent liposomes were resuspended 
and observed using a Leitz Orthoplan fluorescence photo- 
microscope. Determination of bound FITC-D was performed 
by dissolving pelleted liposomes in 1.2 mL of 10% (w/v) 
sodium dodecyl sulfate a t  50 "C. Fluorescence was measured 
with an Aminco-Bowmann spectrofluorometer (American 
Instrument Co., Silver Spring, MD). Cholesterol-DPPC 
mixtures were processed in the same way, except that they 
were dissolved in sodium deoxycholate instead of sodium 
dodecyl sulfate. Detergents did not modify the excitation and 
emission maxima of FTTC-D. 

Incubation with Labeled Dextran. Experiments with labeled 
dextran were performed with 8.5 pCi of [3H]dextran (mol wt 
77000; specific activity 30 mCi/g) and 2.7 mg of dextran T-70. 
Liposome-dextran mixtures were incubated according to 
method a and dissolved in the same way as FITC-D. Dissolved 
liposomes were mixed with Insta-gel (Packard, Downers Grove, 
IL) scintillation cocktail and counted with a Packard Tri-Carb 
liquid scintillation spectrometer. 

DPPC were examinated with a 
Siemens Elmiskop 102 electron microscope. For the negative 
contrast, DPPC-liposomes were mounted on copper grids 
covered with a thin carbon film and stained with sodium 
phosphotungstate. 

For the freeze-etching technique, DPPC-liposomes were 
directly frozen in partially liquid Freon without any pre- 
treatment. The specimens were cleaved in a Balzers high 
vacuum freeze etch unit BA 360M with a stage temperature 
of -100 OC, etched for 2 min, and shadowed with plati- 
num-carbon a t  an angle of 45O. The vesicles were digested 
from the replica by Chlorox. 

'H and 31P N M R  spectra were 
recorded on a Varian XL- 100 instrument, operating in Fourier 

Electron Microscopy. 

N M R  Measurements. 

b 
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FIGIJRE 1 :  FITC-D 150 bound to DMPC-, DPPC-, and DSPC- 
liposomes as a function of temperature. (a) FITC-D 150 and DMPC-, 
DPPC-, and DSPC-liposomes (from left to right) mixed at low 
temperature, heated, and processed according to method a of the 
Experimental Procedure. (b) FITC-D 150 and DPPC-liposomes 
mixed after heating according to method b. Final concentrations: 
FITC-D 150, 3 mg/mL; phospholipids, 5 mg/mL. Fluorescence: 
484-nm excitation; 525-nm emission. 

transform mode at  100.1 and 40.5 MHz,  respectively. T ,  
relaxation times were obtained employing the ?r--7-(~/2) pulse 
sequence. Partial relaxed spectra were analyzed using a linear 
curve fitting. )'P (IH) NOEE were evaluated by comparison 
of intensities of fully decoupled spectra to those with the 
decoupling frequency gated in order to eliminate the N O E  
(Freeman et al., 1972). Intensities were determined by cutting 
and weighing the spectra. 

Sonication of 0.15 M NaC1-phosphatidylcholine dispersions 
was performed under a nitrogen atmosphere with an MSE 
sonicator (Sussex, England) for periods of 20 s, with 1-min 
intervals, until the suspension was translucent. Phosphati- 
dylcholine concentration was 40-50 mg/mL. Dextran T 
fractions and FITC-D 150 were lyophilized by 2H20  and 
dissolved in the lipid dispersions at  a concentration of 20 
mg/mL. 

Turbidity Measurements. Liposomes were incubated with 
FITC-D 150 according to method a and washed three times 
with saline-phosphate buffer, p H  7.6. The pelleted liposomes 
were suspended in the same buffer a t  a final concentration of 
1 mg/mL. Liposome suspensions were vigorously stirred and 
the turbidity change with time was monitored at 436 nm with 
a Cary 17 spectrophotometer. The samples, during the 
measurement, were kept at  2 5  OC. 

Results 
Binding of FITC-D 150 with Multilamellar Liposomes. 

The fluorescence of FITC-D 150 bound to DMPC-, DPPC-, 
and DSPC-liposomes at  different temperatures is shown in 
Figure la .  Two abrupt increases in the amount of FITC-D 
150 bound to liposomes are visible, and the temperature 
midway between these abrupt changes corresponds well with 
the temperatures of the prephase and phase transition of 
multilamellar DMPC-, DPPC-, and DSPC-liposomes, as 
measured by differential scanning calorimetry (Hinz & 
Sturtevant, 1972). The different curve reported for DPPC- 
liposomes in panel b of Figure 1 is due to the different method 
used to study the binding of FITC-D to liposomes. Curves 
of Figure l a  were obtained by mixing liposomes and FITC-D 
150 before the transition temperatures and slowly heating the 
mixture; for the curve of Figure 1 b, FITC-D 150 and liposomes 
were heated separately and mixed only when the chosen 
temperature was reached (see methods a and b under Ex- 
perimental Procedure). Figure 1 shows that the temperature 
midway between the increases in the FITC-D 150 bound to 
liposomes is identical for the two methods, but in Figure 1 b 
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FIGLRF 2. Fluorescence and ph3wcontrari photomicrographs of 
FITC-D IS0 bound to DPPC-lipqomer. (a b) l . iprome3 aftcr 
incubation at 37 oC.obsertal b) lluoresccnce (21 and phase-contrast 
(b) microscopy, 300.8X. (ea') Lipsomes after incubation at 42 'C 
the same structures were observed by fluorescence (c )  and phase- 
contrast, 300.8X; the arrow indicates the newly formed fluorescent 
vesicles; double arrows indicate multilamellar liposomes with a faint 
external fluorescence. (en Detail of vesicle observed by fluorescence 
and phase-contrast microscopy, 601.6X. 

the amount of polymer bound to liposomes is maximal near 
the phase-transition temperatures and decreased thereafter. 
It is evident that, by using method a, the amount of FITC-D 
bound to liposomes for each determination is cumulative of 
those bound a t  lower temperatures. This means that the 
polymer hound above the transition temperatures does not 
revert from the liposomes at higher temperature, and thus the 
decrease of Figure I b  cannot be measured. We observed, in 
addition, that, by heating DPPC-liposome-FITC-D 150 
suspensions above the prephase transition temperature (37 "C) 
and by subsequent cooling at room temperature, the amount 
of polymer bound to liposomes did not change. 

To investigate the morphological aspects of multilamellar 
bilayers after the interaction with FITC-D 150, we observed 
DPPC-liposomes by fluorescence microscopy after washing 
out the excess polymer. At temperatures above the prephase 
transition (37 "C), FITC-D 150 was bound to the external 
surface of multilamellar liposomes. In Figures 2a and Zb, in 
fact, by observing the same liposome by phase-contrast and 
fluorescence microscopy, FITC-D 150 was present only on the 
external bilayer. Fluorescence was easily reduced by additional 
liposome washings, suggesting a weak adsorption binding. 
Similar adsorption patterns have been reported in the 
FITC-D-erythrocyte system (Minetti et al., 1978). The same 
localization of fluorescence was observed with liposomes 
treated with FITC-D 150 before the prephase transition 
temperature (up to 30 "C) except that the intensity of 
fluorescence was weaker (data not shown). On the contrary, 
after heating the suspension above the temperature of the 
gel-liquid-crystalline phase transition (42 "C), very brilliant 
vesicles were formed in the sample. As shown in Figures 2c 
and 2d, there is no correspondence between fluarescent vesicles 
and the characteristic multilamellar structures of DPPC-li- 
posomes. Fluorescent vesicles appear with a peculiar circular 
profile (Figure 2e and Zf) and observed at phase contrast 
(Figure Zf) show a structure formed apparently by only one 
bilayer. It is to be emphasized that the newly formed vesicles 
represented the most fluorescent structures present in the 
samples, whereas the multilamellar liposomes still present 
showed a faint fluorescence localized at the outer monolayer 
not easily detectable in photographs (Figure 2c). At variance 
with the observation made with the low-temperature adsorption 
phenomena, FITC-D 150 was not released from fluorescent 

FIGURE 3: Electron microscopy of DPPC-liposomes after incubation 
with FITC-D 150 at 42 "C. (a) Multilamellar liposomes observed 
by negative contrast; (b) unilamellar vesicles seen by negative contrast; 
(c) fracture face of a characteristic multilamellar structure; (d) 
fracture face without the parallel lines observed in c attributed to the 
newly formed unilamellar vesicles. The small plaques detectable on 
the vesicle surface are generally considered either contamination 
artifacts or relaxation of strains in the lipid after the passage of the 
knife (Kcehler, (1973). The bars represent 1 pm. 

vesicles, thus suggesting an internalization of fluorescent 
polymer within the bilayer. Electron microscopy data con- 
firmed the formation of vesicles in the samples heated above 
the main phase-transition temperature (42 "C) and showed 
that the new structures formed consisted of only one bilayer. 
Electron microscopy observation by negative contrast technique 
showed, in fact, that, in addition to the characteristic mul- 
tilamellar liposomes (Figure 3a), unilamellar structures of 
variable size were also present (Figure 3b). Freeze-etching 
replicas showed faces similar to those reported by Pinto da 
Silva (1971) with the characteristic parallel lines of multi- 
lamellar DPPC-liposomes (Figure 3c). These multilamellar 
structures coexisted in the same sample with smooth fracture 
faces (Figure 3d) tentatively attributed to the unilamellar 
vesicles. Comparing data from fluorescence and electron 
microscopy, the intensely fluorescent vesicles could be con- 
ceivably ascribed to the unilamellar vesicles observed by 
electron microscopy. Small unilamellar vesicles with an es- 
timated size of 150-300 A can, however, be obtained from 
multilamellar liposomes after prolonged sonication (Tyrrell 
et al., 1976). The unilamellar structures formed after FITC-D 
150 interaction in our system were larger than those obtained 
by sonication and reached a maximum size of 20-30 pm. 

Dependence of FITC-D Concentration and FITC-D Mo- 
lecular Weight. The dependence of FITC-D I50 concentration 
on the binding of polymer on DPPC-liposomes at temperatures 
before and after the prephase transition is given in Figure 4 
as a log-log plot. At these temperatures, the FITC-D binding 
was localized only on the external surface of liposomes (Figure 
2a) and both the morphology and the amount of FITC-D 
bound to liposomes were independent of the incubation time. 
It is, however, to be strengthened that the adsorption isotherms 
of Figure 4 were obtained after three washes of the samples 
and, therefore, represent an underestimation of the polymer 
actually bound to the liposomes when an excess of FITC-D 
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FIGURE 4: Effect of FITC-D 150 concentration on the amount of 
polymer bound to DPPC-liposomes. Incubation was performed as 
in Figure la;  the concentration of FITC-D 150 added was expressed 
as mg/mL; the amount of polymer bound to liposomes was expressed 
as mg of FITC-D 150/g of DPPC. (0-0) Isotherm at 25 "C; 
(A-A) isotherm a t  37.2 OC. 

is present in solution. This consideration and the heterogeneity 
of the adsorbent (liposomes with sizes and shapes likely 
modified during the prephase transition, Janiak et al., 1976) 
do not warrant a quantitative treatment of the adsorption 
isotherm. Nevertheless, our isotherm fit the empirical equation 
of Freundlich, which seems to work satisfactorily with the 
adsorption of solutes by solids (Prutton & Maron, 1956). The 
reported isotherms, however, are  useful for comparing the 
differences in the behavior of the liposome-FITC-D system 
around the prephase transition temperatures. As shown in 
Figure 4, the isotherms show a statistically significant dif- 
ference of the slopes (the analysis of variance for differences 
between regression slopes give a significant test F value, p < 
0.05). Considering the method used to detect bound FITC-D 
150, also a difference in the rate of polymer release from the 
liposome surface before and after the prephase transition could 
account for the observed difference in the slope. A reduced 
rate of release could be the result of an increased affinity of 
the liposome surface for the polymer after the prephase 
transition. The isotherms of Figure 4 do not show any in- 
dication of saturation, but the slopes show a marked increase 
a t  high polymer concentration. Figure 4, in fact, shows that, 
a t  FITC-D 150 concentrations of 55 mg/mL and of 13.2 
mg/mL, there is a marked increase in the slope of the isotherm 
a t  25.0 and 37.2 "C, respectively. At high FITC-D 150 
concentration, we observed a formation of stable aggregates 
of multilamellar liposomes also after washing out the excess 
of fluorescent polymer. For these samples, the increased 
formation of aggregates was suggested also by the increase 
in the absorbance at  436 nm with time. Figure 5, in fact, 
shows that the aggregation of liposomes preincubated with 
FITC-D 150 a t  37.2 "C and washed three times is more 
pronounced a t  high polymer concentration. Liposome ag- 
gregation could induce a trapping of polymer in the aggregates 
with a resulting increase in the amount of polymer associated 
with liposomes. In this respect, it is interesting to observe that 
the increase in the slope of the 25.0 and 37.2 "C isotherms 
occurs when a similar amount of FITC-D 150 is bound a t  the 
liposome surface (about 12 mg/mL). However, it should be 
considered that other phenomena, such as a polymer pene- 
tration into the outer leaflets of the liposomes, without uni- 
lamellar vesicle formation, could also account for both the 
difference in the slope of the two isotherms and for the increase 
in the slopes a t  high polymer concentration. In this latter 
hypothesis, FITC-D-liposome interaction could be conven- 
iently described as sorption phenomena. 

A t  41.9 OC, when the concentration of FITC-D 150 ex- 
ceeded 0.32 mg/mL, the phenomenon of unilamellar vesicle 

FIGURE 5 :  Turbidity changes at  436 nm of DPPC-liposomes 
preincubated with FITC-D 150 at  37.2 OC. The absorbance of a 
sample containing liposomes preincubated with FITC-D 150 and 
washed three times was compared with that of a reference containing 
only liposomes. The FITC-D 150 concentration used during the 
preincubation was 30 mg/mL (open symbol) and 3 mg/mL (closed 
symbol). A ,  and A, are the absorbance of the dispersion at  time t 
= 0 and t .  

Table I: Dextran Bound on DPPC Liposomes at Different 
Temperatures; FITC-D Molecular Weight Dependence 

mg of bound 
polymerb/g of DPPC 

25.1 37.2 41.9 
dextran mol wta 'C "C "C 

FITC-D 3 2820  0.2 0.9 2.0 
FITC-D 20 19000 0.3 1.5 7.5 
FITC-D 40 39000 0.4 1.8 11.2 
FITC-D 70 68500  0.4 1.7 9.0 
FITC-D 150 154000 3.5 7.0 25.0 
[3H]dextranC 70000  0.8 1.1 1.8 

a Dextran molecular weights are manufacturer's data. Incuba- 
tion was performed according to method a at a final FITC-D con- 
centration of 3 mg/mL. The accuracy of the measurement is 
about tO.1 mg/g of DPPC. 
77 000) and dextran T 70 (mol wt 70 000). 

Mixture of [3H] dextran (mol wt 

formation was evident and the amount of FITC-D 150 bound 
to liposomes markedly increased. By raising the concentration 
of polymer in the liposome suspension the number of fluor- 
escent vesicles rapidly increased and reached an apparent 
saturation a t  a very high polymer concentration. The max- 
imum uptake of FITD-D 150 obtained by us was about 178 
mg/g of DPPC. 

The amount of FITC-D bound to DPPC-liposomes strongly 
depends upon the polymer molecular weight. Table I reports 
the amounts of bound FITC-D/g of DPPC for polymers with 
molecular weights ranging from 2820 to 154000 a t  three 
characteristic temperatures (25.1, 37.2, and 41.9 "C). I t  is 
evident that both the surface phenomena and the formation 
of unilamellar vesicles depends upon the polymer molecular 
weight. The evidence that stable FITD-D binding can be 
obtained with high molecular weight polymer suggests a 
multipoint binding mechanism between polymer chain and 
liposome surface. Stable interaction seems to be necessary 
also to induce the formation of unilamellar vesicles when the 
phospholipid is heated above the main phase-transition 
temperature, Table I, in fact, shows that with FITC-D 3 the 
polymer uptake, although present, was about 12 times smaller 
than with FITC-D 150. 

In  order to determine whether FITC-lipid interaction is 
responsible for the binding of FITC-D to liposomes, control 
experiments were run with FITC alone and 3H-labeled dextran. 
FITC alone penetrates rapidly in the liposomes independently 
of their gel- or liquid-crystalline state and does not induce any 
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FIGURE 6: Rate of vesicle formation in FITC-D 150-liposome in- 
teraction a t  42 "C.  Polymer and liposome suspension were heated 
separately a t  42 O C  and mixed, avoiding the cooling of sample. At 
the indicated times, aliquots of 0.3 mL were taken up and processed 
as indicated under Experimental Procedure. Polymer and liposome 
concentration were as in Figure 1. Bound fluorescence was expressed 
as a percentage of the maximum fluorescence obtained after 16 h of 
incubation. 

vesicles formation by heating liposomes above the main 
phase-transition temperature. As shown in Table I, the neutral 
polysaccharides of 70 000 molecular weight and FITC-D 70, 
at  the indicated concentrations, are adsorbed to a similar extent 
below the main phase-transition temperature. Moreover, 
experiments with [3H]dextran 70 a t  41.9 "C do not show the 
abrupt increase in the amount of polymer bound to liposomes 
(Table I). However, if the polysaccharide is modified with 
FITC, the resulting molecule stimulates the formation of 
unilamellar vesicles. This characteristic seems to be absent 
in [3H]dextran, at  least for the molecular weight investigated. 

Rate of Vesicle Formation in FITC-D 150-Liposome In- 
teraction. The formation of unilamellar vesicles, that takes 
place when FITC-D 150 and DPPC-liposomes are heated 
above the main phase-transition temperature, showed the 
kinetics reported in Figure 5 .  Expressed as a percentage of 
the total bound fluorescence, it is evident that the 50% value 
was reached in a few minutes (Le., 8 min), while the remaining 
50% was reached only after 16 h. The binding of FITC-D 150 
to DPPC-liposomes, thus, seems to be the result of a t  least 
two phenomena: the first, accomplished in a few minutes, that 
accounts for about half of the total fluorescence, and the 
second, very strongly dependent on time. Multilamellar li- 
posomes and vesicles present in the sample were observed by 
fluorescence microscopy at  various times. After a few minutes 
and up to 30 min, the fluorescence pattern was as reported 
in Figure 2: many fluorescent unilamellar vesicles and 
multilamellar liposomes with only a faint external fluorescence. 
With increasing time, the pattern slowly changed, and at  the 
end of incubation (1 6 h) unilamellar vesicles were remarkably 
reduced, while many multilamellar liposomes appeared in- 
tensely fluorescent with a fluorescence localized also in the 
internal bilayers. In fact, Figure 6 shows multilamellar 
fluorescent liposomes and a unilamellar vesicle coexisting in 
the sample with about the same fluorescence intensity. 

Effect of Cholesterol on FITC-D-Liposome Interaction. 
The interaction between cholesterol and phospholipid has been 
intensively investigated by a variety of physical techniques. 
Cholesterol has a condensing effect, reduces the chain mobility 
of phospholipids in the liquid-crystalline state, and changes 
the sharp cooperative gel-liquid-crystal transition to a diffuse 
noncooperative event. On the other hand, cholesterol increases 
the chain mobility of phospholipids in the gel-crystalline state, 
the so-called liquefying effect (see review by Lee, 1975). 

cholesteroi: 
DPPC mg of bound FITC-D lSO/g of DPPC 

molar 0.2 37.2 42.0 
ratio "C "C "C 

0: 1 1.2 3.0 9.5 
0.5: l  2.7 2.7 4.9 
1 : l  6.2  8.4 11.2 
2: 1 13.2 22.6 29.4 

a Incubation was performed according to method a described 
under Materials and Methods at a final FITC-D 150 concentration 
of 1 mg/mL. 

To obtain information about the role of bilayer fluidity in 
the interaction of FITC-D with DPPC-liposomes, we carried 
out some preliminary experiments with liposomes containing 
increasing quantities of cholesterol. In the presence of a 
cholestero1:DPPC molar ratio of 0.5: 1, the amount of FITC-D 
150 bound to liposomes did not show the characteristic change 
after the prephase transition since cholesterol increased the 
amount of polymer bound a t  low temperature (Table 11). In 
addition, with this amount of cholesterol, the second increase 
due to the formation of unilamellar vesicles was significantly 
reduced (Table 11). With a 1:l molar ratio of cholesterol to 
DPPC, the addition of FITC-D 150 induced, already at  0.2 
"C, the formation of fluorescent unilamellar vesicles, and a 
pronounced binding of the polymer (Table 11). With in- 
creasing temperatures, both the number of fluorescent vesicles 
and the bound FITC-D 15O/g of lipid mixture increased 
(Table 11). At high temperature, the unilamellar vesicles were 
larger in size than DPPC-liposomes but morphologically 
similar to the structure shown in Figure 2 .  Recently, it has 
been reported that, by using an initial excess of cholesterol, 
it is possible to obtain stable liposome preparations with 2:l 
molar ratio with DPPC. Therefore, in accordance with 
Lundeberg (1977), we used an initial molar ratio of cholesterol 
of 2S: l  to obtain a stable 2:l multilamellar preparation. At 
0.2 OC, these liposomes showed more bound FITC-D 150/g 
of lipid than DPPC-liposomes after the main phase-transition 
temperature (Table 11). Also in this case the bound 
fluorescence was due to a massive formation of large unila- 
mellar vesicles. Data in Table I1 show in addition that in- 
cubation at  increasing temperatures resulted in an even higher 
amount of polymer bound to liposomes. 

The effect of cholesterol on the binding of FITC-D on li- 
posomes was also a phenomenon depending upon the polymer 
molecular weight. At  0.2 OC, for example, the amount of 
FITC-D 3 bound to 2: 1 cholesterol-DPPC-liposomes was 
about nine times lower than with FITC-D 150. 

N M R  Studies of Dextran-Liposome Interaction. 'H and 
31P N M R  spectra of sonicated liposomes have been examined 
in the presence and in the absence of dextrans before and after 
the gel-liquid-crystalline phase transition. Before this 
transition, the proton -(CH,), resonances and the signal due 
to the terminal methyl group are barely detectable. We have, 
therefore, examined the behavior of the choline methyl groups 
and in particular the proton spin-lattice relaxation time T I .  
As we can see in Table 111, a weak (approximately 20%) but 
reproducible increase of T I  in the presence of dextrans T 150 
and T 2000 and FITC-D 150 has been observed for DPPC- 
and DMPC-liposomes a t  temperatures below their respective 
phase transitions. The increase of T I  in vesicle-dextran 
suspensions was statistically significant. In fact, the analysis 
of variance for differences between regression slopes obtained 
for vesicles with and without dextrans gave a high significant 



2546 B I O C H E M I S T R Y  

Table 111: Dextran Effects on the NMR Parameters of the 
Polar Head Group 

" W H )  
substance temp -N(CH,),' NOEEa 

DMPC none 1 8 2  1 0.21 t 0.01 3 0 f  2 
FITC-D 150 1st 1 0 .26 t0 .01  2 1 t  1 
dextran T 2000b 18 i 1 0.25 i 0.01 18 f 1 
none 35 t 1 0 . 3 3 i  0.01 41 t 2 
FlTC-D 150 3 5 i  1 0 .34f  0.01 3 2 t  2 
dextran T 2000 35 t 1 29 t 2 

DPPC none 34 t 1 0.27 f 0.01 3 7 t  2 
FITC-D 150 3 4 i  1 0.41 t 0.01 2 4 i  1 
dextran T 150' 34 f 1 0.38 f 0.01 29 i 2 
dextran T 2000 34 t 1 0.37 t 0.01 28 t 2 
none 5 4 i  1 0.56f 0.01 6 4 t  3 
FlTC-D 150 57 t 1 sot 3 
dextran T 2000 57 t 1 0.56 f 0.01 51 t 3 

lipid tested ("0 T, (s) (%) 

NOEE is reported as %enhancement of signal intensity. 
Molecular weieht about 2 000 000. Molecular weight 154 000. 

M I N E T T I ,  A D U C C I ,  A N D  VlTI 

test Fvalue, p < 0.01. At temperatures above the main phase 
transition of phospholipids, we could not observe any difference 
of IH spin-lattice relaxation times in the absence or in the 
preseqce of dextran T 2000 or FITC-D 150 (Table 111). 

The involvement of the polar head group in the interaction 
with dextran is further demonstrated by the decrease in the 
,IP ('H) NOEE observable in the presence of polysaccharides. 
Recently "P NMR has been demonstrated to be a useful probe 
of the head-group region. In particular )'P (IH) NOE has 
been used to determine the conformation of the polar head 
group in natural and synthetic phospholipids (Yeagle et al., 
1975-1977). The N O E  arises from protons interacting in 
dipolar fashion with the phosphorus, and generally the protons 
must be close to the phosphorus to cause the effect (Yeagle 
et al., 1975). The maximum effect on the NOE arises from 
the N-methyl protons of neighboring phospholipids (Yeagle 
et al., 1975-1977). In Table I11 we can observe both for 
DMPC and for DPPC a decrease of the NOEE in the presence 
of FITC-D 150 or of dextans T 150 and T 2000. The effect 
is more pronounced before the gel-liquid phase transition and 
slightly weaker for DPPC than for DMPC (Table 111). In the 
case of DSPC, both the variations of the IH relaxation times 
and of "P ('H) NOEE are small (i.e., TI) or undetectable (is., 
NOEE). This could be related to the different behavior of 
,IP NMR spectra of DSPC with respect to DMPC and DPPC 
observed in multilameilar liposomes by Cullis et al. (1976). 
The authors interpreted the difference in terms of increased 
motion of DSPC polar head group well below the phase- 
transition temperature. Low molecular weight dextran T 10 
has no effect on both the relaxation times of the polar heads 
and on the NOEE (data not shown). It is known (Lentz et 
al., 1976) that the gel-liquid transition temperatures for 
sonicated vesicles is lower and less well defined than for 
multilamellar liposomes. For this reason, temperatures a t  
which N M R  spectra are measured are just before and after 
the main phase transition of phospholipid vesicles as can be 
determined by ,IP NMR spectra (McLaughlin et al. 1975: V. 
Viti and M. Minetti manuscript in preparation). 

Discussion 
The data reported in this paper show that the interaction 

of FITC-D with multilamellar liposomes depends upon both 
the mobile state of lipid fatty acid chains and the mobility and 
packing of polar head groups. 

I t  should be pointed out that the phase-transition tem- 
peratures of phosphatidylcholines measured with FITC-D were 

. . ,:* "i . r(. 
FIGURE 7: Effen of long incubation times at 42 "Con the fluorescence 
pattern of liposomes. Samples of Figure 5 after 16 h of incubation 
observed by fluorescence (a) and phase-contrast (b) micmscopy, 414% 
experimental conditions were as in Figure 5 .  The arrow indicates 
an unilamellar vesicle; note the correspondence bctween the 
fluorescence and the phase-contrast patterns and the internalization 
of fluorescence evident in the liposome on the top left (double arrows). 

always reproducible and, especially for the gel-liquid crys- 
talline phase transition, the temperature ranges of the transition 
lay within a few degrees (Figure 1). On the other,hand, the 
quantitative aspects of this technique were not equally sat- 
isfactory. The amounts of polymer bound to liposomes, in fact, 
were reproducible only with the same preparation of liposomes. 
On the contrary, on using different liposome preparations, the 
amount of b u n d  FITC-D 150/g of DPPC differed by about 
i3W. This variability depends upon the condition used for 
the formation of multilamellar liposomes ( k . ,  hylting above 
the phase-transition temperature and 2-3 h of swelling). The 
swelling conditions, in fact, are important in determining the 
proportion of exposed lipid (Scwartz & MCConnell, 1978) and, 
thus, the surface disposable for FITC-D. On using liposome 
preparations stored for at least 24 h at  4 "C, we observed that 
the amount of bound FITC-D 150/g of DPPC changed, 
between the different preparations, by only i7%.  Long 
hydration times, in fact, favor the formation of liposomes with 
a constant proportion of external lipid (Schwartz & 
McConnell, 1978). The presence in the liposome preparation 
of structures with different reactivity for FITC-D was sug- 
gested also by the pattern of the kinetic experiment reported 
in Figure 5 .  The apparent rapid saturation of the vesicle 
formation phenomenon suggests that in the liposome prep- 
aration there exist two liposome populations: one that can 
rapidlyform internally fluorescent vesicles and the other that 
in the first 10-20 min shows only a faint external fluorescence. 
Otherwise, one would have expected a complete formation of 
vesicles from multilameUar liposomes in a few minutes, without 
the slow kinetic observed (Figure 6). In this respect, it is 
possible to explain the poor reproducibility observed between 
different preparations, by assuming a variability in the ratio 
between the two proposed liposome populations. 

The newly formed vesicles were unstable with time and after 
several hours multilamellar liposomes, showing internal 
fluorescence, were observed (Figure 7). A likely explanation 
of such polymorphism in the structure of liposomes is that, 
after mixing RTC-D and pbosphatidylcholii l ipsones  above 
the phase-transition temperature, the adsorbed polymer may 
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proposed to explain the effect on polar regions of DPPC 
(Brown & Seelig, 1978). Although FITC group, for simple 
hydrophobic considerations, could be spacer molecules for 
DPPC bilayer, the observation that similar effects were ob- 
tained with unlabeled dextrans (Table 111) led us to believe 
the unfolding hypothesis more suitable. Further investigation 
is necessary to clarify the degree of polymer penetration into 
DPPC bilayers. 

Our interpretation of dextran effects assumes that the 
phosphocholine head groups are oriented almost parallel to 
the liposome membrane both before and after phase transition. 
Evidence reported by Biildt et al. (1978), in fact, demonstrates 
that the orientation of phosphocholine polar head group before 
and after the two phase transitions of DPPC is parallel to the 
bilayer surface. This conformation should not be considered 
a static situation, but a preferred conformation of head group 
undergoing considerable motion (Gally et al., 1975). 

Transition temperatures obtained with FITC-D binding 
correspond well with those measured by differential scanning 
calorimetry (Hinz & Sturtevant, 1972), suggesting that the 
interaction of FITC-D with liposomes does not induce a strong 
modification in the packing of the bilayer. This observation 
is of some interest mainly for the prephase transition tem- 
perature, considering that discrepancies exist between the 
values obtained with different physical techniques (Lentz et 
a]., 1976). It is interesting to observe that, with hydrophobic 
(as DPH fluorescence depolarization) and FITC-D probes, 
when the chain length of the phospholipid increases, the 
temperature range of the main phase transition decreases 
(Figure la). This observation, interpreted in terms of increased 
cooperativity of the transition (Lentz et al., 1976), leads to 
the hypothesis that the phenomenon of vesicle formation is 
strictly related to the cooperativity of the phase transition. 

The formation of unilamellar vesicles from multilamellar 
liposomes was maximum at the temperature of the gel-liq- 
uid-crystalline phase transition. As reported in Figure 1 b, the 
formation of vesicles above the phase transition occurs, but 
to a minor extent. Optima for other processes have observed 
at  the onset temperatures of lateral phospholipid phase 
transition (Van der Bosch & McConnell, 1975; Papahadjo- 
poulos et al., 1973). Moreover enhanced permeability of 
Tempo-choline spin label at  the temperature of phase transition 
has been demonstrated by Marsh et a1 (1976) in single-bilayer 
vesicles of DMPC. These authors, since the Tempo-choline 
permeability is much smaller, both above and below the 
transition, attributed the enhanced permeability to the “areas 
of mismatch in molecular packing which occurs a t  the in- 
terfacial regions between fluid and ordered lipids”. It is 
possible to apply this interpretation to the phenomenon of 
vesicle formation induced by FITC-D. The polymer, externally 
adsorbed on liposomes, finds a t  the temperature of phase 
transition coexisting regions of order and of disorder in the 
plane of the bilayer, and the boundaries between discrete gel- 
and liquid-crystalline domains can be taken up by water and 
by FITC-D. This phenomenon can produce the fracture of 
the first bilayer with a formation of unilamellar vesicles with 
the polymer inside the membrane. Above the phase-transition 
temperature where the packing of liposomes must be “looser” 
than in the gel-crystalline phase, the unilamellar vesicles can 
be formed, although to a minor extent (Figure lb) .  

Our interpretation of FITC-D-induced phenomena was 
strengthened by the experiments with mixed cholesterol- 
DPPC-liposomes. It has been reported that cholesterol in 
mixed phosphatidylcholine bilayers affects the cooperativity 
of phase transition and removes the prephase transition 

penetrate the outer liposome bilayer with a consequent for- 
mation of vesicles. Subsequently, during the time course of 
the reaction a t  42 OC, it can be conceived that unilamellar 
vesicles and multilamellar liposomes can, by a slow process, 
fuse into multilamellar liposomes showing internal fluorescence 
(Figure 7). 

The increase in FITC-D bound to the multilamellar lipo- 
somes after heating the sample above the prephase-transition 
temperature is an interesting finding. The possibility that, after 
the prephase-transition temperature, there is an increase in 
the penetration of FITC-D into the external bilayer of liposome 
is to be considered. Lee (1977), in fact, suggested that 
premelting phenomena in bilayer could be due to a formation 
of “defects” or vacant sites in the packed lattice. Our data, 
however, seem to exclude a massive penetration of FITC-D 
into the external bilayer before the main phase transition since 
no fluorescent unilamellar vesicles were observed a t  these 
temperatures; but a reduced polymer penetration undetectable 
by fluorescence microscopy cannot be completely ruled out. 
Polymer internalization even if present does not perturb the 
bilayer packing and, in fact, the prephase transition and the 
phase-transition temperatures obtained by turbidity mea- 
surements of liposome dispersions in the presence or in the 
absence of FITC-D 150 were coincident and, therefore, are 
not shown. On the other hand, the low-temperature transition 
can be detected with: (i) probes located in the hydrophobic 
portion of the bilayer (Shimshick & McConnell, 1973; Rand 
et al., 1975; Lentz et al., 1976); (ii) studying optical properties 
of liposome suspensions (Petersen et al., 1975); (iii) X-ray 
diffraction studies (Janiak et al., 1976); (iv) dilatometry 
(Nagle, 1973) and differential scanning calorimetry (Lad- 
brooke & Chapman, 1969; Hinz & Sturtevant, 1972). These 
studies indicate a delicate balance is maintained between the 
hydrophobic and hydrophilic regions of the phospholipid and 
strongly suggest that the prephase transition involves structural 
changes affecting the entire molecule. The increase in the 
FITC-D bound to liposomes after the prephase transition 
suggests that the events accompanying this transition seem to 
favor FITC-D binding. Noteworthy, our N M R  studies on 
sonicated liposomes show that the FITC-D interaction involves 
the polar head groups and was more evident below the gel- 
liquid-crystalline phase transition (prephase transition is 
undetectable in sonicated liposomes, Lentz et al., 1976). 
Therefore, extrapolating NMR data to the multilamellar 
system, prephase transition could be associated with a change 
in the packing and mobility of polar head groups that induce 
a liposome structure more suitable for FITC-D interaction. 
In this respect our data support the view that the prephase 
transition is associated with a change involving also the polar 
portion of DPPC. The involvement of polar head group in 
FITC-D-liposome interaction is demonstrated by the increase 
in the ‘H relaxation time of the -N(CHJ3+ group and in the 
decrease of the NOEE.  As shown by Yeagle et al. 
(1975-1977), N O E  is due to the association occurring between 
the -N(CHJ3+ groups and the negatively charged phosphates 
of neighboring lipids. Both the dextran effects indicate that 
polymers induce a reduction of the surface dipolar association 
of phosphocholine groups. This effect could be obtained with 
a slight unfolding of polar head groups (only small changes 
in the polar head-group torsion angles account for the observed 
effects) or with an increase in the separation between 
neighboring head groups caused by FITC-D. In this latter 
hypothesis, FITC-D could act as a “spacer” molecule between 
DPPC molecules. For cholesterol, a molecule known to reduce 
the NOEE (Yeagle et al., 1975), a spacer mechanism has been 
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(Ladbrooke & Chapman, 1969). In  our system at 0.5:l molar 
ratio, cholesterol causes an increase of the amount of polymer 
bound at low temperature, a disappearance of the prephase 
transition, and a lowering of the amount of polymer bound 
at the main phase-transition temperature (Table 11). All these 
effects may be interpreted as perturbing effects in both the 
hydrophilic and hydrophobic portion of the bilayer. On the 
other hand, the disordering effect of cholesterol was unable 
to induce the formation of vesicles before the main phase- 
transition temperature if a molar excess of DPPC is present 
in the liposome. A clear formation of vesicles appears, in fact, 
only when the main phase transition temperature is reached. 
On increasing the amount of cholesterol, the presence of large 
disordered domains and the increased bilayer fluidity cause 
the polymer-induced formation of vesicles also at  very low 
temperature (Table 11). 

Data obtained with [3H]dextran clearly show that the 
presence of fluorescein was essential a t  least for the vesicle 
formation phenomenon. However, i t  should be pointed out 
that: (a) both the vesicle formation and the adsorption 
phenomenona induced by FITC-D depend upon the molecular 
weight of polymer (Table I ) ,  ruling out the possibility that our 
results are due to trapping of polymer in the pellet of liposomes 
or to a polymer diffusion inside spontaneously formed vesicles; 
(b) no similar effect could be detectable with only FITC; (c) 
the surface adsorption of FITC-D and dextran T fractions 
induces similar modifications in the organization of polar head 
group of phosphatidylcholines (increasing of relaxation times 
of polar group and decreasing of 31P (‘H) NOEE).  Taken 
together, the data reported suggest that the polysaccharide 
moiety was important for the adsorption phenomena and for 
the interfacial effects, while the presence of FITC groups was 
important for the penetration of the polymer and for the 
formation of vesicles. 

From the cell-surface organization point of view, the data 
reported in the present paper suggest that natural poly- 
saccharides “anchored” to the cell membrane (by adsorption, 
ionic or covalent bonds) may interact with phospholipid do- 
mains of the cell surface. In this hypothesis, it is also likely 
that natural polyglycans could be preferentially adsorbed in 
domains with a characteristic degree of packing and mobility. 
It is interesting to observe that recent studies (Lee, 1977; 
Marsh et al., 1976) suggest that some physiologically im- 
portant properties of biological membranes may derive from 
the lipid lateral phase separation in the bilayer accompanying 
phase transitions. 
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