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ABSTRACT: The results of a calorimetric and fluorescent 
probe study of the thermotropic behavior of various types of 
dispersions of dipalmitoylphosphatidylcholine bilayer ves- 
icles are  reported. Bangham-type, multilamellar vesicles ex- 
hibit two distinct phase transitions a t  34.6 and 41.2 OC. On 
the other hand, single-lamellar spherical vesicles appear to 
exhibit a single transition a t  37 O C .  The single-lamellar ves- 

c o n s i d e r a b l e  information about the physical properties 
and molecular organization of phospholipids in bilayers has 
been obtained from the study of various types of liposome 
dispersions. This information has provided a basis for un- 
derstanding the contributions made by lipid components to 
the physiological properties of biological membranes. Two 
types of liposome dispersions have been utilized in such 
studies: The  first, introddced by Bangham Qnd co-workers 
(1965, 1967), consists of liposomes in which the lipid is or- 
ganized into concentric bimolecular lamellae, each sepa- 
rated from its neighbor by an interspersed water lamella. 
Since each lipid lamella is a topologically closed surface, a 
single liposome is composed of many concentric vesicles. A 
typical aqueous dispersion of this type contains multilamel- 
lar liposomes which vary in size from several hundred ang- 
stroms in diameter to objects observable in the light micro- 
scope. The second type of phospholipid dispersion is that ih- 
troduced by Huang (1969). This system is comprised of 
spherical vesicles, which are  homogeneous in size and con- 
sist of a single continuous lipid bilayer enclosing a volume 
of aqueous solution. 

Each type of dispersion has its own particular experimen- 
tal advantages and frequently the two preparations are  used 
interchangeably. There is, however, evidence that the physi- 
cal properties of the bilayers in these two systems are  mark- 
edly different (Sheetz and Chan, 1972; Thompson et al., 
1974). An early report by Steim (1968) also suggesied that 
the gel-liquid crystalline phase transition characters of son- 
icated and nonsonicated dipalmitoylphosphatidylcholine li- 
posomes were different. This paper reports a calorimetric 
and fluorescent probe study of the gel-liquid crystalline 
phase transition of dipalmitoylphosphatidylcholine in aque- 
ous dispersions of both types. The results of this study not 
only show that the characteristics of this transition are  dif- 
ferent in the two systems, but also suggest that the small 
vesicles a re  a metastable system a t  temperatures below ap- 
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icles are  thermodynamically unstable below 27 OC and 
slowly transform into a multilamellar structure with a sin- 
gle phase transition of 41.2 O C .  These transformed struc- 
tures resemble, but are  not identical with, Bangham-type 
vesicles. An experimentally testable thermodynamic and ki- 
netic model based upon these results is developed. 

proximately 27 OC. 

Experimental Procedure 
Materials. 1,2-r)ipalmitoyl-3-sn-phospbatidylcholine 

was synthesized by the method of Cubero Robles and Van 
den Berg (1969) from L-a-glycerolphosphorylcholine pre- 
pared from egg phosbhatidylcholine (Chadha, 1970) and 
from palmitic acid (purity 99%) obtained from Sigma. The 
crude dipalmitoylphosphatidylcholine was twice purified by 
silicic acid column chromatography in chloroform-metha- 
no1 mixtures (Mallinckrodt Silicar CC-4). The fractions 
containing dipalmitoylphosphatidylcholine yithout traces 
of free fatty acid or lysolecithin were pooled. The solvent 
was removed under reduced pressure. The dipalmitoylphos- 
phatid)kholine was dissolved in spectral gradt: chloroform. 
In order to remove traces of multivalent ions including 
heavy metals ions, 4 vol of methanol and 3 vol of EDTA so- 
lution (pH 7.2) were added to 8 vol of chloroform contain- 
ing dipalmitoylphosphatidylcholine. The mole ratio of 
EDTA to phospholipid was 1 in the final mixture. After re- 
peated mixing, the two phases were separated. The  chlo- 
roformic lower phase was extracted three times with ideal 
upper phase to remove traces of EDTA. The  organic solvent 
was then removed under reduced pressure. The resulting 
nearly pure dipalmitoylphosphatidylcholine was twice 
reprecipitated from chloroform by the addition of acetone. 
The  final Droduct was dissolved in spectral grade chloro- 
form and stored a t  -20 O C  until used. 

Thin-layer chromatography with 2 p m d  of loading gave 
one heavy spot and a faint second spot having a slightly 
larger Rf value than dipalmitoylphosphatidylcholine (devel- 
oping solvent, CHC13-CH30H-H20, 65:25:4; I2 staining). 
The  ratio between the contaminant and the dipalmitoyllec- 
ithin was less than 0.01 as calculated from the relative 
amount of [3H] palmitic anhydride incorporation during 
synthesis. All commercial samples examined gave several 
minor spots under similar conditions corresponding to this 
same contaminant, to lysolecithin, and to other faster mov- 
ing components (B. Lentz, Y. Barenholz, and T. E. Thomp- 
son, manuscript in preparation). 

Preparation of Multilamellar Liposomes. Dispersions of 
large, multilamellar liposomes were prepared by the method 
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of Bangham (Bangham et  al., 1967). When the dispersion 
was prepared for fluorescence studies, 50 m M  KCI in 15% 
(w/v) sucrose was used as  the aqueous phase. This was 
done to prevent settling of the liposomes in the fluorescent 
cuvette during the course of an experiment. Dispersions of 
this type were prepared as follows. A measured amount of 
dipalmitoylphosphatidylcholine solution was added to a 
50-ml pear-shaped flask and the chloroform removed on a 
rotary evaporator a t  30 OC. The  phospholipid coating the 
flask wall was heated to 50-55 O C  and a measured amount 
of preheated 15% sucrose (Ultra Pure, Schwarz/Mann) and 
50 m M  KCI (Extra pure, Heico, Inc.) solution was added. 
The water used to prepare this solution was first deionized, 
then distilled from alkaline KMn04,  and finally redistilled 
from glass. The lipid dispersion was vortexed for 1 min a t  
50-55 OC. One microliter of a 2 m M  solution of the fluo- 
rescent probe 1,6-diphenyI-l,3,5-hexatriene (DPH) '  in tet- 
rahydrofuran was added with rapid agitation to one portion 
of this solution. A second portion was retained as a light 
scattering blank. The solutions were then gently swirled for 
at  least 2 h a t  48-50 O C  before use to  permit equilibration 
of the dye with the vesicle bilayers (the time for dye pene- 
tration at  these temperatures is less than 60 min) (B. Lentz, 
Y. Barenholz, and T .  E. Thompson, manuscript in prepara- 
tion). Samples for the calorimetric studies were prepared in 
a similar fashion except that a 50 m M  KCI solution. usually 
without sucrose or added DPH,  was used. 

Preparation of Small ,  Single-Lamellar Vesicles. Small, 
single-lamellar vesicles, homogeneous in size, were prepared 
following a modification of Huang's procedure (Huang and 
Thompson, 1974) which eliminates the molecular sieve 
fractionation step. Dispersions of these vesicles were pre- 
pared by sonication of the lipid in 50 m M  KCI at  a temper- 
ature of 50-55 OC using a Heat Systems W-350 Sonifier. 
Small vesicles were fractionated from larger liposomes by 
high-speed centrifugation. Extensive autocorrelation light 
scattering studies carried out on small vesicle dispersions of 
a variety of phospholipids prepared by this procedure indi- 
cate that these dispersions are equivalent to Huang disper- 
sions in all respects ( Y .  Barenholz, D. Gibbes, B. J .  Litman, 
J .  Goll, T. E. Thompson, and F. Carlson, manuscript in 
preparation). For fluorescence measurements, 1 p1 of 2 mM 
D P H  in tetrahydrofuran was added to a portion of the su- 
pernatant with rapid stirring; the remaining portion was 
used as a light scattering blank. Comparative calorimetric 
and fluorescence studies were usually carried out on the 
same dispersion of small vesicles or Bangham-type lipo- 
somes. 

Determination of Phospholipid Concentration. The lipid 
concentration of each dispersion was measured as inorganic 
phosphate by the Bartlett method (1959). At  least ten phos- 
phate determinations were made on each sample with a re- 
sulting standard deviation of f l %  for small vesicle and 
f2.5% for large vesicle dispersions. Phosphatidylcholine 
concentrations in dispersions examined calorimetrically 
were 7-10 m M  and in dispersions studied fluorimetrically, 
0.4-0.5 mM. 

Calorimetry. A newly developed differential scanning 
calorimeter of the heat conduction type (Ross and Gold- 
berg, 1974) was used for these studies. The calorimeter was 
designed for measuring heat capacities and heat effects ac- 
companying thermally induced transitions of solute mole- 

' Abbreviation used is: DPH. I ,6-diphenyl- I ,3,5-hexatriene. 
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cules in dilute solution. The temperature range for the in- 
strument is 0-75 O C ,  and scanning rates from 3 to 50 deg/h 
can be selected. The total volume of the sample compart- 
ment is approximately 0.7 ml. The precision in terms of 
baseline noise is better than f 2 5  Fcal/deg. Absolute tem- 
perature determination is better than f 0 . 0 5  OC. 

The calorimeter consists of two rectangular aluminum 
cells each with a hole to contain a sample or reference am- 
pule. Each cell is sandwiched between a pair of thermoelec- 
tric modules (Cambion, Inc.) in thermal contact with a cop- 
per heat sink by means of a wedge system. The thermopiles 
surrounding the two cells a re  connected electrically in series 
with opposing polarity so that when the cell temperatures 
are  equal, the differential voltage signal is zero. The heat 
sink is positioned inside a cylindrical adiabatic shield. The 
assembly is insulated from the surroundings by 5 cm of 
polyurethane foam. The differential voltage signal from the 
thermopiles is amplified (Kiethly 150 B Voltmeter), digi- 
tized (Hewlett-Packard Digital Voltmeter, 3450-A; Cou- 
pler/controller, 2570-A), and recorded on a punch tape to- 
gether with time and heat sink temperature (as measured 
by a Hewlett-Packard Quartz-Thermometer, 2801 -A)  at  a 
rate of one reading every 13.1 s. 

When the heat sink temperature is increased at  constant 
rate, temperature differences are  created because of ther- 
mal barriers between the heat sink and cells. The measured 
differential voltage signal is proportional to the temperature 
difference between the cells and thus to the heat capacity 
difference. For an ideal calorimeter the relation between 
heat capacity difference between cells, AC, and the voltage, 
V ,  is given by: 

A C  = ( E / L Y ) [ V +  ( d V / d T ) m ]  ( 1 )  

where LY is the scanning rate, E is a calibration constant 
(calories volts-' sec-I), and T is the time constant (sec- 
onds). By comparing AC values from buffer and sample ex- 
periments apparent partial heat capacities of the solute can 
be obtained. Due to imperfectly matched thermoelectrical 
module pairs, a temperature dependence of the calorimetric 
constants, and a correction of the measured heat sink tem- 
perature to the actual sample cell temperature, an extensive 
computer calculation is necessary to obtain AC as a func- 
tion of sample cell temperature (J.  Suurkuusk, D. M. 
Mountcastle, and R.  L. Biltonen, manuscript in prepara- 
tion). 

All measurements were carried out by placing the sample 
in the calorimeter a t  20-40 "C. After cooling to about 0 
"C, the heat capacity was measured during heating a t  a 
rate of 15 OC/h. The time required to cool and equilibrate 
the sample in the calorimeter was about 3-6 h. 

Fluorescence Measurements. Fluorescence measure- 
ments were made on a modified Perkin-Elmer M P F  3 spec- 
trofluorometer operating in the ratio mode. The modifica- 
tions included addition of two  polarizers, one in  the excita- 
tion beam and the other in the emission beam, and installa- 
tion of a multiwave plate wedge depolarizer in the emission 
beam. This latter modification eliminated the correction for 
preferential photo tube sensitivity to horizontally or verti- 
cally polarized light. Instrument output was displayed on a 
digital voltmeter and strip chart recorder. The temperature 
of the sample chamber was controlled by means of a Lauda 
MK-2 thermoregulated bath. A Yellow Springs Instrument 
thermistor probe connected to a digital ohmmeter was used 
to measure the temperature of the fluorescence sample in 
the cuvette to within f O . l  O C .  When fluorescence depolar- 
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ization was determined as a function of temperature, the 
sample in the cuvette was heated to 5 5  "C and then cooled 
a t  a rate of 20 O C .  Fluorescence intensity and temperature 
measurements were made continuously during cooling. 
D P H  was excited a t  360 nm and fluorescence recorded a t  
430 nm using instrument filter 39 as a cutoff for wave- 
lengths below 390 nm. 

The  general theory of the fluorescence probe depolariza- 
tion technique as  applied to membrane structure has been 
outlined in detail by Cogan et al. (1973). The  use of D P H  
as  a fluorescent probe specific for the hydrophobic region of 
lipid bilayer has been described by Shinitzky and Barenholz 
(1974). The technique is based on determination of the ro- 
tational motion of the probe molecule. This motion is char- 
acterized by the anisotropy parameter, r ,  as defined by: 

where Ill is the fluorescence intensity parallel to and I 1  is 
the intensity perpendicular to the plane of polarization of 
the excitation beam. Total fluorescence is given by Ill i- 
211. The theoretical upper limit for r when the probe is in a 
medium of infinitely high viscosity is 0.40. The lower limit 
in a medium of very low viscosity is zero. With D P H  the ex- 
perimentally determined upper limit for r was 0.362. 

In all experiments the ratio was corrected for light scat- 
tering using the following equation (Shinitzky et  al., 1971): 

(3) 
Ill - I ~ ~ ' - - I ~ I ~  _ -  
I 1  I L t - I l q  

Here 11;' and I l l  are  the measured intensities for liposome 
dispersions containing D P H  and Ills and I l s  are  the values 
of light scattering obtained for control dispersions without 
the DPH.  The scattered light from small vesicle dispersions 
without D P H  measured as  Ills was always less than 1% of 
11' determined for vesicles containing DPH.  For large, 
multilamellar liposomes Ills was less than 3% of I l l .  These 
limits were obtained for both types of dispersions over the 
entire temperature range examined. Light scattering itself 
did not cause depolarization of fluorescence since dilution 
of each type of dispersion did not alter the value of Il l /I1.  

Turbidity Mensurements. The turbidities of the dipalmi- 
toylphosphatidylcholine dispersions were measured as ab- 
sorbances in a Gilford spectrophotometer. 

Results 

Calorimetry. Figure 1 shows a typical heat capacity vs. 
temperature scan of a fresh suspension of large, multilamel- 
lar Bangham-type liposomes prepared from dipalmitoyl- 
phosphatidylcholine. The scan is characterized by two tran- 
sitions with T ,  values of 35.4 and 41.2 O C  and correspond- 
ing enthalpy changes of 1.6 and 8.2 kcal/mol, respectively. 
T ,  is defined as  the position of a maximum in the heat ca- 
pacity function and the corresponding AH is the integral of 
the C, function over the appropriate temperature range cal- 
culated as  described below. These thermodynamic quan- 
tities are  in reasonable agreement with T ,  values of 34.0 f 
0.2 and 41.75 f 0.06 O C  and the corresponding values of 
AH = 2.3 f 0.2 and 9.7 f 0.2 kcal/mol obtained by Hinz 
and Sturtevant ( 1  972) on a very similar preparation of di- 
palmitoylphosphatidylcholine liposomes. Our estimate of 
8.2 kcal/mol for AH of the high-temperature transition is 
in better agreement with values reported by other workers 
(Ladbrooke and Chapman, 1969; de  Kruijff et al., 1973; 
Klopfenstein et al., 1974; Vaughn and Keough, 1974; de 
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FIGURE 1 :  Calorimetric scan of a fresh dispersion of multilamellar 
Bangham-type liposomes prepared from dipalmitoylphosphatidylcho- 
line; aqueous phase composition 50 m M  KCI. 
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F I G L R E  2: Calorimetric scan of small single-lamellar vesicles prepared 
from dipalmitoylphosphatidylcholine. The vesicle dispersion was intro- 
duced into the calorimeter immediately after preparation and allowed 
to reach temperature equilibrium at about 0 "C for 3.0 h before com- 
mencing the scan; aqueous phase composition, 50 mM KCI. 

Kruijff et al., 1975). 
Although the temperature-dependent behavior of small 

vesicle preparations of varying degrees of homogeneity has 
been described using nuclear magnetic resonance (NMR) 
spectroscopy (Sheetz and Chan, 1972; Lee et al., 1972; 
Uhing, 1975), electron spin resonance (Hubbell and 
McConnell, 1971), dilatometry (Sheetz and Chan, 1972; 
Melchior and Morowitz, 1972), light scattering (Yi and 
MacDonald, 1973), and fluorescence (Lussan and Faucon, 
1971; Vanderkooi and Chance, 1972; Cogan et  al., 1973; 
Papahadjopoulos et al., 1973), the transition characteristics 
of a homogeneous population of small, single-lamellar phos- 
pholipid vesicles, prepared as described in the preceding 
section, have not previously been determined by direct ca- 
lorimetric measurements. A calorimetric scan of such ves- 
icles freshly prepared from dipalmitoylphosphatidylcholine 
is shown in Figure 2. Two distinct heat capacity maxima a t  
36.9 and 41.2 O C  are  observed. The  enthalpy changes asso- 
ciated with each are  3.9 and 2.9 kcal/mol, respectively. It is 
clear that the thermal characteristics of the small vesicles 
a re  quite different from those displayed by multilamellar 
Bangham-type liposomes. 

The thermal characteristics of Bangham-type liposomes 
are  stable with respect to time; the basic features of the 
transitions, T ,  and A H ,  are  reproducible after several tem- 
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FIGURE 3: Calorimetric scans of small vesicle dispersions prepared 
from dipalmitoylphosphatidylcholine as a function of time under dif- 
ferent conditions; aqueous phase composition 50 mM KCI: (A) sample 
held at 48-50 O C  for 1 week before scanning; (B) identical with Figure 
2, sample was introduced into the calorimeter immediately after prepa- 
ration and allowed to equilibrate at about 0 OC for 3 h before scanning; 
(C, D, E, and F) samples after 2, 7, 13. and 19 cycles from 4 to 50 OC; 
(C) a small vesicle preparation stored in the frozen state at  -10 "C for 
90 h ;  (H) identical with Figure 1. scan of a fresh dispersion of Bang- 
ham-type liposomes. 

perature cycles. This, however, is not the case for the small 
vesicles whose thermotropic behavior is highly dependent 
upon the history of the sample. With successive calorimetric 
scans of the same vesicle preparation, it was observed that 
the heat associated with the transition at  41.2 OC increased 
while that associated with the 36.9 "C transition decreased. 

The changing thermotropic behavior of the small vesicles 
as a function of time under different conditions is illustrated 
in Figure 3 .  Scan A was performed with a sample stored 
above the highest transition temperature for 1 week. Scan 
B, qhich is identical with Figure 2, was initiated within 3 h 
after preparation. The thermal characteristics of the two 
samples are  very similar indicating that the small vesicle 
preparation is essentially stable by this criterion if  main- 
tained above the highest transition temperature. However, 
as described below, a distinct increase in turbidity is ob- 
served after prolonged storage above the transition temper- 
ature. 

Scans C, D, E, and F were performed after increasing 
numbers of temperature cycles from 0 to 70 OC with the 
same sample used in scan B. It is quite evident that  the en- 
thalpy change of the transition a t  41 "C grows a t  the ex- 
pense of that associated with the transition a t  37 O C .  Scan 
G was performed on a sample of the small vesicle prepara- 
tion stored frozen a t  '-10 OC for approximately 80 h. The 
thermotropic behavior of this sample is similar to that 
shown in scan F, and to that of a fresh multilamellar Bang- 
ham-type preparation shdwn in scan H and Figure 1. These 
results demonstrate that small vesicle preparations stored a t  
temperatures below T, are  unstable. While it is clear that 
the thermotropic behavior of small vesicles is substantially 
different from that of multilamellar Bangham-type lipo- 
somes, it appears that upon exposure to temperatures below 
the T,, species slowly form spontaneously which resemble 
in some respects multilamellar Bangham-type liposomes in 
their calorimetric characteristics. The absence of a well- 
defined low-temperature transition in scan G clearly indi- 
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F I G U R E  4: Comparison of calorimetric and fluorescence results for 
Bangham-type liposomes: (curve 2)  fluorescence anisotropy of DPH as 
a function of temperature; (curve 1) calorimetrically determined excess 
enthalpy as a function of temperature. These data are the integral 
under the curve shown in Figure 2 after a baseline correction. 
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FICLRE 5: Comparison of calorimetric and fluorescence results for 
small vesicle preparations: (curve 1 )  calorimetrically determined excess 
enthalpy as a function of temperature; (curve 2) fluorescence anisotro- 
py of DPH vs. temperature after the small vesicle preparation has been 
held below the transition temperature for 6 h; (curve 3,4) fluorescence 
anisotropy of DPH vs. temperature for freshly prepared small vesicles 
(0) and for small vesicles held at  48-51 OC for 5 days (0). 

cates that this species is not, however, identical with Bang- 
ham-type liposomes. 

Fluorescence Depolarization Measurements. Fluores- 
cence depolarization measurements were carried out on 
preparations similar to those examined calorimetrically. 
The resulting DPH fluorescence anisotropies and the calori- 
metrically determined excess enthalpies (the integral of the 
C, curve in Figure 2 corrected for baseline heat) are  plotted 
as  a function of temperature in Figures 4 and 5 .  

The correspondence between calorimetric and fluores- 
cence data for multilamellar Bangham-type liposomes is ex- 
cellent in the region of the main phase transition as shown 
in Figure 4. The transition temperature determined from 
fluorescence depolarization measurements, 41.1 f 0.5 O C ,  

is in good agreement with the value of 41.2 "C determined 
calorimetrically. However, a significant difference between 
the calorimetrically and fluorometrically measured range of 
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the lower temperature transition in multilamellar Bang- 
ham-type liposomes is apparent in Figure 4. While the tem- 
perature range for the lower temperature transition mea- 
sured by the fluorescence polarization technique was 25.2- 
33.9 O C ,  a range of 33.2-36.7 O C  was obtained by the ca- 
lorimetric method. Instrumental uncertainties cannot ac- 
count for this difference, nor can the fact that  in the fluoro- 
metric studies sucrose was present in the aqueous phase and 
the vesicles contained D P H  but both were absent in the ca- 
lorimetric experiments. Identical calorimetric scans were 
obtained in systems with and without 15% sucrose or DPH.  
Since the calorimetric data were taken during a heating 
scan, and the fluorometry data  during a cooling scan, this 
difference could be due to a real histeresis associated with 
the low-temperature transition. It should be mentioned that 
the values of this transition temperature range obtained by 
studies of tempo partitioning into dipalmitoyllecithin dis- 
persions (Shimshick and McConnell, 1973) (25-31 " C )  are  
also lower than those obtained calorimetrically. Work is 
now in progress in order to resolve this point. 

A comparison of the calorimetric and fluorometric re- 
sults for small vesicles is shown in Figure 5. Curve 1 is the 
integrated calorimetric scan for a small vesicle preparation 
held below the transition temperature for 6 h. Curve 2 is a 
plot of the fluorescence anisotropy as  a function of tempera- 
ture  for a similar preparation maintained a t  4 OC for 6 h. 
The similarity between curves 1 and 2 is apparent. Both 
show clear transitions a t  37 and 41-42 O C .  Curves 3 and 4, 
which a re  completely coincident, are  fluorescence anisotro- 
py data  obtained for freshly prepared small vesicles and for 
small vesicles held a t  48-51 O C  for 5 days. Curve 3,4 shows 
a single transition centered a t  37 O C  with no indication of 
the high-temperature transition a t  41-42 OC seen in curves 
1 and 2. 

The following conclusions can be drawn from the data  in 
Figure 5. (i) Comparison of curve 1 with curve 2 indicates 
that the fluorescence probe accurately monitors the phase 
transition characteristics of small vesicles as  defined by the 
calorimetric scan. (ii) Comparison of either curve 1 or 2 
with curve 3,4 clearly shows that storage a t  4 O C  alters the 
transition characteristics of small vesicles, while storage a t  
temperatures above the transition region (48-51 " C )  pro- 
duces no alteration in these characteristics. (iii) The fact 
that curve 3 shows only a single transition a t  37 OC strongly 
suggests that pure small vesicles exhibit a single distinctive 
transition. A calorimetric scan of small vesicles immediate- 
ly after preparation and thus completely equivalent to the 
fluorescence data of curve 3 was impossible to obtain. For 
technical reasons the scan in the calorimeter employed in 
the study must be made from low to high temperature. 
Since the equilibration time in the calorimeter below T ,  is 
about 3 to 6 h, it is clear that a t  the initiation of the scan, 
the phase transition characteristics of the small vesicle 
preparations have already been altered. In contrast to this 
situation, the fluorescence spectrometer is best suited for a 
high- to low-temperature scan. Thus, in this instrument the 
sample is above the transition range during the initial tem- 
perature equilibration, a condition under which alteration 
in the thermal characteristics does not occur as  is shown by 
the identity of curves 3 and 4, Figure 5. 

The effect of repeated cycling of a sample of small ves- 
icles from 4 to  50 OC is illustrated in Figure 6. Curve 1 in 
this figure is a plot of the fluorescence anisotropy of the 
D P H  probe vs. temperature obtained for freshly prepared 
vesicles. Curve 2 is a similar plot of data  obtained after the 
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FIGURE 6: Plot of fluorescence anisotropy of DPH vs. temperature: 
(curve I )  freshly prepared small vesicle dispersion; (curve 2) the same 
small vesicle preparation shown in curve 1 but after 4.3 h in the tem- 
perature range 4-50 O C  (cycled 13 times); (curve 3) the same sample 
shown in curve 2 after freezing at -10 OC followed by 12 h at  48-50 
O C .  

same preparation has been cycled 13 times between 4 and 
50 O C .  The appearance of a transition a t  about 41 O C  is in 
agreement with the calorimetric data for the same sample 
shown in Figure 3E. Curve 3, Figure 6, is a plot of data ob- 
tained after the cycled sample was frozen a t  -10 O C  and 
then gently stirred a t  48-50 O C  for 12 h before fluorescence 
depolarization was measured. 

It is apparent that this treatment of small vesicles pro- 
duces a species whose temperature-dependent behavior is 
similar to that displayed by multilamellar Bangham-type l i -  
posomes as  shown in Figure 4, curve 2. Curve 3, Figure 6, 
however, shows no evidence of the low-temperature transi- 
tions displayed by Bangham-type liposomes. These results 
a re  in agreement with the calorimetric data  discussed 
above. 

Turbidity Measurements. An independent assessment of 
spontaneous changes in small vesicle structure was obtained 
from turbidity measurements a t  350 and 400 nm. In gener- 
al, for objects which a re  less than 1/4 the wavelength of light, 
a n  increase in either particle size or relative refractive index 
will produce an increase in turbidity (Mysels, 1959). Thus, 
the simple aggregation of small vesicles would be expected 
to lead to an increase in turbidity. 

Figure 7A is a plot of turbidity measured a t  400 nm vs. 
time for dispersions of small vesicles stored below the tran: 
sition a t  4 O C  and above the transition at  48-50 O C .  It is ap- 
parent that the turbidity increases with time under both sets 
of conditions. However, the time dependence of the turbidi- 
ty increase in the two samples is markedly different. Small 
vesicles stored above the phase transition a t  48-50 O C  ex- 
hibit a tenfold increase in turbidity over a 25-h period and 
then show very little if any additional change for as long as  
192 h. Storage below the transition temperature a t  4 O C  on 
the other hand leads to a nearly linear rise in turbidity over 
a 60-h interval. 

Additional information can be obtained from the ratio of 
turbidities measured a t  two different wavelengths. For Ray- 
leigh scatters the following theoretical relation obtains 
(Mysels, 1959): 
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F I G U R E  7: (A) Plot of turbidity of a small vesicle preparation as a 
function of time at 4 OC ( X )  and at  48-50 O C  (0). (9) Plot of the ratio 
of turbidities at  350 and 400 nm for a small vesicle preparation as a 
function of time at  4 O C  (X)  and 48-50 "C (0). Turbidities are the op- 
tical density per micromole of lipid phosphorus in 1 ml of dispersion. 

7 1 / 7 2  = [ X 2 / X l 1 4  (4) 

Here, 71 and 7 2  are  the turbidities measured at  wavelengths 
X I  and Xz, respectively. This ratio is relatively insensitive to 
changes in refractive index of the scattering particle (Yi 
and MacDonald, 1973). 

The small vesicles have been shown to have a radius of 
approximately 1 I O  A and to behave as Rayleigh scatters 
(Y.  Barenholz, D. Gibbes, B. J. Litman, J. Goll, T. E. 
Thompson, and F. D. Carlson, manuscript in preparation). 
Thus, for measurements carried out a t  400 and 350 nm, the 
expected turbidity ratio is 1.7. For large, multilamellar lipo- 
somes prepared according to the Bangham procedure, it has 
been found empirically that the ratio of the turbidities a t  
these two wavelengths is 1.  I .  

The results of turbidity ratio measurements a t  400 and 
350 nm made on small vesicles as a function of time at  4 
and 48-50 OC are  presented in Figure 7B. It is apparent 
that although the small vesicle preparation has a turbidity 
ratio essentially equal to the value expected for Rayleigh 
scatters, the value of the ratio decreases with time under 
both temperature conditions. The time course of the change 
in 7 1 / 7 2  for the preparation a t  48-50 OC closely parallels 
the turbidity change with time observed for that prepara- 
tion, Such is not the case, however, for the dispersion a t  4 
"C. Although the turbidity rise shown in Figure 7A is lin- 
ear, the decrease in 7 1 / 7 2  is small and appears to plateau 
after I O  h. 

The data of Figure 7 indicate that small dipalmitoylphos- 
phatidylcholine vesicles slowly associate to form larger 
objects when stored either above or below the liquid crystal- 
line phase transition. The calorimetric and fluorescence re- 
sults, however, clearly show that, while association of small 
vesicles above the phase transition produces no alteration in 
the thermal behavior of the dispersion, association below 
the phase transition range ultimately results in thermal 
characteristics similar but not identical with those of Bang- 
ham-type liposomes. This similarity suggests that the asso- 
ciation of small vesicles a t  low temperature results in the 
formation of multilamellar structures by a fusion process. 
The invariant characteristics of the small vesicle dispersions 

above the transition temperature suggest that association 
under these conditions results in an aggregate of small ves- 
icles which retain their individual characteristics. 

If this interpretation is correct, the relatively large in -  
crease in turbidity and the concomitant small change in the 
turbidity ratio obtained for small vesicles a t  4 OC are most 
simply explained if it is assumed that an increase in refrac- 
tive index of the bilayer accompanies the formation of mul- 
tilamellar structures. Thus, the turbidity change at  4 O C  re- 
flects both a size and refractive index increase while the tur- 
bidity ratio change reflects mainly the increase in size. I n  
contrast, the aggregation of the small vesicles a t  48-50 OC 
produces objects of increased size but no concomitant re- 
fractive index change occurs. As a result, the time courses 
of the turbidity and turbidity ratio changes are  similar in  
this temperature range. 

Although complete refractive index data are  not avail- 
able for well-defined small vesicles and large multilamellar 
liposomes, there is evidence that the specific volume of the 
lipid in small vesicles is about 4% larger than it is in larger 
liposomes (Sheetz and Chan, 1972; B. Sears and T. E. 
Thompson, unpublished observation). Since this volume dif- 
ference must be associated with a corresponding refractive 
index difference of opposite sign (Yi and MacDonald, 
1973), i t  is reasonable to expect that an increase in refrac- 
tive index occurs with the fusion of small vesicles to produce 
multilamellar structures. 

Discussion 
The observations presented in the preceding section 

strongly suggest that the time- and temperature-dependent 
behavior of small vesicle dispersions reflects a fusion pro- 
cess occurring at  temperatures below the gel-liquid crystal- 
line phase transition. The relation between vesicle fusion 
and the time-dependent thermal characteristics of the sys- 
tem can be formulated as  a model with the following char- 
acteristics. (i) A pure dispersion of pure small vesicles, S, 
exhibits a single phase transition at  37 O C  with an enthalpy 
change AHs.  (ii) A dispersion of multilamellar structures, 
L, containing no small vesicles has a phase transition at  41 
OC with an enthalpy change AHL.. (iii) At  temperatures 
below the phase transition, the L forms are  thermodynami- 
cally more stable than small vesicles. In  this temperature 
range the small vesicles slowly associate unt i l  an equilibri- 
um mixture of S and L of minimum free energy is formed. 
(iv) At temperatures above the transition, where both L and 
S are  in the liquid crystalline state, a kinetic barrier pre- 
vents interconversion between forms. (v) The calorimetric 
scans obtained for small vesicle preparations maintained 
below the transition are a composite of contributions from 
both S and L forms. 

The following scheme summarizes this model: 

5 L 

?t ' -  tl 
s* I" 

Here S and L represent the gel forms of the small vesicles 
and aggregates and S* and L* the liquid-crystal states. kl 
and k - l  are  the forward and reverse apparent first-order 
rate constants for the interconversion of S and L. It should 
be stressed that, although the thermal characteristics of the 
L form are similar to the main transition of Bangham-type 
liposomes, the two types of liposomes are not identical. Both 
the fluorescence anisotropy measurements and the calori- 
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Table I:  Thermodynamic Characteristics of Various Liposome Dispersions." 

Transition 1 
Time T ,  = 33-36 O C  

PreDaration* (h)  A H ,  (kcal mol-')' 

Transition 2 
T ,  = 36.9-37 'C 

AH2 (kcal mol-')d 

Transition 3 
T ,  = 41.2 O C  

AH3 (kcal mol-')e 

A 5 0.8 3.7 3.2 
B 4.7 0.8 3.9 2.9 
C 17 0.8 3.1 4.9 
D 25 0.6 2.2 5.1 
E 43 0.9 1.9 5.5 
F 80 0.8 1.7 6.7 
G 90 0.9 (0.4Y 8.3 
H 1.6 ( O W  8.2 
I 8.8 1 .1  3.6 4.3 
J 26 0.7 2.0 5.2 
K 80 0.4 1.9 5.5 

adH values were estimated as described in  the text. %amples A-G were all small vesicle preparations with different histories as described below. 
The time which each preparation spent in the 0-30 O C  temperature range is given in the second column. Sample A was stored at about 50 O C  for 80 
h prior to cooling and initiation of the calorimetric scans. The calorimetric scan for sample B was initiated within 3 h after preparation. C was a re- 
peat scan of sample 9. D was a repeat scan of sample B after seven 0-50 OC temperature cycles, E after 13 cycles, F after 19 cycles. Sample G was 
a preparation of small vesicles stored in the frozen state for -90 h. Sample H was a fresh preparation of Bangham-type liposomes. Samples I ,  J, and 
K were small vesicles stored at 5 O C  for the approximate length of time indicated in column 2. CAHl refers to the enthalpy change obtained by inte- 
gration of the 33-36 O C  transition. The width at half-height of this transition was estimated to be between 1.4 and 2.6 OC for all experiments. dAH2 
is the estimated enthalpy change for the transition at 37 O C .  The width at  half-height for this transition was estimated to be between 2.3 and 3.0 O C  
for all small vesicle preparations. eAH3 is the enthalpy change estimated for the transition at 41.2 O C .  The width at half-height for the transition 
varied between 1 .O and 1.6 'C for all small vesicle preparations and was equal to 0.7 O C  for the Bangham-type liposomes. The latter value provides 
an estimate of the cooperative melting unit of 126, in good agreement with the results of Hinz and Sturtevant (1972). /These values are subject to 
large error and could in fact be equal to zero: is . ,  preparations G and H do not give clear evidence for the existence of the 33 O C  transition. See text 
and figures for details. 

metric studies clearly show that the low-temperature transi- 
tion a t  T < 36 "C observed in Bangham-type liposomes is 
absent in the L form. In addition the width a t  half-height of 
the main transition a t  41.2 O C  is 1.3 f 0.3 O C  for the L type 
vesicles whereas freshly prepared Bangham-type liposomes 
exhibit a width a t  half-height of 0.7 "C. 

On the basis of this model, the calorimetric scans of the 
various vesicle preparations were resolved into three sepa- 
rate transitions to yield estimates of A H , ,  AH2, and AH3, 
the enthalpies associated with the transitions a t  34.6, 36.9, 
and 41.2 O C .  The procedure used is illustrated in Figure 8. 
First, the average high-temperature baseline was extrapo- 
lated to lower temperature. Next symmetrical peaks, cen- 
tered a t  34.6 and 36.9 O C ,  were constructed in a manner to  
account for essentially all the area under the C, curve from 
approximately 34 to 38 O C .  The  curve associated with the 
highest temperature transition was then constructed by sub- 
traction. Finally, A H , ,  AH2, and AH3 were calculated from 
the measured areas under the three component curves. Al- 
though this procedure is somewhat arbitrary, the errors as- 
sociated with it are  relatively small. Thus, the error in AH3 
is & I O %  while the error in AH2 is less than &0.5 kcal 
mol-'. Errors of this magnitude do not seriously affect the 
principal conclusions discussed below. 

It should be noted that the low-temperature baselines ob- 
tained with preparations of small vesicles were generally ir- 
regular and were not used in the analysis. This was permis- 
sible since the baselines a t  temperatures above 42 O C  ob- 
tained for all systems and the baselines a t  low temperatures 
obtained for the Bangham-type liposomes did not exhibit 
such irregularity. In all cases heat capacity maxima were 
observed a t  the previously indicated transition temperatures 
as well as occasionally a t  temperatures below 34 O C .  These 
latter "maxima" were not generally reproducible and were 
ignored in the analysis. 

The results of the resolution of the heat capacity curves 

1600 i 
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FIGURE 8: Illustration of the method used to resolve calorimetric 
scans of small vesicle preparations into contributions from S and L 
forms. 

for several experiments are  summarized in Table I. The en- 
thalpy changes associated with the 34.6"C transition a re  
highly susceptible to error and were not utilized in the sub- 
sequent analysis. The results in Table 1 clearly show the in- 
verse correlation between AH2 and AH3, the  enthalpy 
changes associated with the transitions a t  36.9 and 41.2 O C .  
The quantitative nature of this correlation is demonstrated 
in Figure 9 in which AH2 is plotted vs. AH3. The solid curve 
is the linear least-squares regression line. The value of AH3 
extrapolated to AH2 = 0 is 8.4 kcal/mol. This is very simi- 
lar to  the value of 8.2 kcal/mol experimentally obtained for 
a fresh preparation of Bangham-type liposomes. These re- 
sults suggest that AH2 and AH3 are  in fact independent 
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FIGLRE 9: Plot of AH2 vs. AH3 calculated from calorimetric scans ob- 
tained for vesicles under different conditions. The points labeled A-K 
correspond to the correspondingly labeled data listed in Table I .  

measures of the relative amounts of small vesicles, S, and 
multilamellar structures, L, in each preparation. The results 
further suggest that the pure small vesicles a re  character- 
ized by a single phase transition a t  36.9 "C, whereas the L 
form is characterized by a phase transition a t  41.2 O C .  
These results are  consistent with the basic assumptions of 
the model. 

Within the terms of this model the results in Figure 9 can 
be represented by: 

(5) 
Values of A H L  = 8.4 kcal/mol and AHs = 6.3 kcal/mol 
were estimated from the parameters of the least-squares re- 
gression line. 

Although these results a re  consistent with the hypothesis 
that small vesicles spontaneously transform into L struc- 
tures a t  temperatures below the main transition, because 
these preparations experienced several 0-70 " C  tempera- 
ture cycles it was impossible to define time independently of 
temperature. However, since the transformation process ap- 
pears to be slow we shall, for the purposes of kinetic analy- 
sis, define time as  that time the small vesicle preparation 
was in the temperature range 0-30 "C. 

Assuming that a t  time zero the small vesicle preparation 
was pure small vesicle, S,  and that transformation into an S 
and L mixture proceeded according to first-order kinetics, 
the fraction of phosphatidylcholine molecules in multilam- 
ellar L structures and the fraction of phosphatidylcholine 
molecules in small vesicles in the mixture are: 

AH3 = A H L  - (AHL/AHs)AH2 

Here f~ and fs are  the fractions of phospholipid molecules 
in L structures and small vesicles a t  time t ,  and kl and k-l  
are  the apparent first-order rate constants previously de- 
fined. 

According to the model, f L  = AH3/AHL and fs = 
AH*/AHs.  These quantities, estimated from the results in 
Table I and the linear regression analysis shown in Figure 
9, are  plotted as  a function of time in Figure 10. The solid 
line was computed using values of kl = 0.0878 h-] and k P l  
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FIGURE I O :  Plot of the fraction, f ~ ,  of phosphatidylcholine molecules 
in  multilamellar L structures vs. time. The sample was held in the tem- 
perature interval 0-30 O C .  The pairs of points labeled B-K are calcu- 
lated from the correspondingly labeled data listed in Table I .  

= 0.0412 h-l. Thus, the conversion of small vesicles of di- 
palmitoylphosphatidylcholine into an equilibrium mixture 
of small vesicles and L structures follows apparent first- 
order kinetics with a half-time of about 5.4 h in the temper- 
ature range 0-30 O C .  

The apparent standard Gibbs energy change for the S - 
L transformation at  15 OC can be estimated from the ratio 
of k ~ / k -  1 .  If the sizes of the S and L vesicles are  identical 
then AGO' = -RT In ( k l / k - l )  = -0.4 kcal/mol is the 
standard Gibbs energy change per mole of vesicle.'If L is 
larger than S,  which is most likely the case, it follows that 
AGO' < -0.4 kcal/mol. 

Because of our lack of knowledge regarding the size of 
the L liposomes, this calculation cannot be exact, but within 
the terms of the model, an important conclusion can be de- 
rived from it: the L-type vesicle is thermodynamically more 
stable than the S type a t  15 "C, but the Gibbs energy dif- 
ference per mole of phospholipid is small. 

Calculations of the difference in the standard Gibbs ener- 
gy change for the gel-liquid crystalline transition of the S 
and L type vesicles also lead to some interesting conse- 
quences within the terms of the proposed model. For these 
transitions AHs" = 6.3 and AHLO = 8.4 kcal/mol of phos-- 
pholipid. The corresponding standard entropy changes can 
be calculated from ASS" = A H s o / T m 2  to be.20 cal/(mol 
deg) and A S L O  = A H L o / T m ,  to be 27 cal/(mol deg). The 
difference in the Gibbs energy changes is given by: 

&(AGO) = (AHSO - TASsO) - (AHLO - TASL.') 
At 15 "C &(AGO) = -0.4 kcal/mol of phospholipid. This 
result suggests that a t  15 "C the free-energy difference per 
mole of phospholipid between the liquid crystalline forms 
S* and L* is also very close to zero. If  this is indeed true 
and is maintained a t  all temperatures, then two important 
conclusions follow from the model. First, since at  high tem- 
peratures the S* and L* forms do not appear to intercon- 
vert, then a substantial kinetic barrier between them must 
exist. Second, since the differences in the thermodynamic 
quantities associated with the gel-liquid crystal transitions 
must be accounted for in the gel states, it is necessary that 
the enthalpy and entropy of the S state must be greater 
than the L state. Therefore, the L-type liposomes will be 
more stable a t  low temperatures and the S-type liposomes 
will be more stable a t  high temperatures. The temperature 
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a t  which this inversion in stability will occur can be estimat- 
ed from ( ~ H L O  - I1Hso)/(AS~O - ASSO) to be approxi- 
mately 27 "C. 

Although the above calculations are approximate, and in 
addition depend upon some restrictive assumptions, they 
lead to conclusions which can be experimentally tested. 

Recently, de Kruijff and coworkers (1975) have reported 
that the calorimetric behaviors of sonicated and unsonicat- 
ed liposomes are indistinguishable. These results are appar- 
ently not in agreement with our data nor are  they consistent 
with data in the literature. For example, Sheetz and Chan 
(1972) clearly showed that the phase transition in small di- 
palmitoylphosphatidylcholine vesicles lies well below that 
recorded for larger liposomes. Calorimetric studies on large 
liposomes have established that the main phase transition 
for this lipid is centered a t  about 41 OC (Ladbrooke and 
Chapman, 1969; Hinz and Sturtevant, 1972; Vaughn and 
Keough, 1974). Many N M R  studies necessarily carried out 
on small vesicle dispersions have shown the transition for di- 
palmitoylphosphatidylcholine to be centered a t  about 37 OC 
(e.g., Uhing, 1975). 

The basis for this discrepancy between the results of de 
Kruijff and others is unknown. Several points are, however, 
worth noting in this connection. (1) Although de Kruijff 
and co-workers (1975) show similar calorimetric scans for 
sonicated and unsonicated liposomes which have a transi- 
tion centered a t  about 45 OC, their N M R  studies on soni- 
cated liposomes clearly show a transition centered a t  about 
37 OC. (2) Their thermal data show no pretransition for 
large vesicles, a characteristic feature of the thermal behav- 
ior of dipalmitoylphosphatidylcholine liposomes (Lad- 
brooke and Chapman, 1969). (3) Since the sonicated prepa- 
ration of small vesicles utilized by de Kruijff and co-work- 
ers (1 975) was not fully characterized, it may possibly con- 
tain an appreciable quantity of large, multilamellar lipo- 
somes. Because of the relative sharpness of their transition, 
these multilamellar structures may well dominate the ca- 
lorimetric behavior of the system. 

The results reported in this paper add to the evidence al- 
ready in the literature that the physical properties of phos- 
pholipid bilayers in small, single-lamellar vesicles are  dif- 
ferent than they are in multilamellar liposomes. The varia- 
tion in these physical and thermodynamic properties may 
be a manifestation of the difference of the radii of curvature 
or a reflection of single- vs. multilamellar character of the 
two types of liposome. The small single-lamellar vesicles de- 
scribed in this report have been shown by autocorrelation 
light scattering to be homogeneous in size with a radius of 
approximately 110 A (Y.  Barenholz, D. Gibbes, B. J. Lit- 
man, J. Goll, T. E. Thompson, and F. Carlson, manuscript 
in preparation). If it is assumed that the bilayer thickness is 
about 40 A, then the radii of curvature of the two faces of 
the bilayer comprising the vesicle wall differ by a factor of 
about 2. In addition, the signs of the radii of curvature in 
opposite bilayer faces are  different. This situation suggests 
that the molecular packing in the bilayer of a small vesicle 
will, on the average, be different than it is in bilayers of 
large Bangham-type liposomes. 

It is not known whether the differences in bilayer proper- 
ties that exist between small single-lamellar vesicles and 
large multilamellar Bangham-type liposomes have function- 
al significance in biological membranes. All available evi- 
dence suggests that  biological membranes are  comprised of 
single bilayers. Multilamellar systems exist only in such 
specialized multimembrane structures as the myelin sheath 

of myelinated nerve fibers. Biological membranes frequent- 
ly, however, exhibit minimum radii of curvature structures 
of the order of 100 A. It is possible that the alteration in the 
properties resulting from the small radii of curvature of the 
component bilayers has functional significance in these bio- 
logical membrane structures (Thompson et al., 1974). 
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