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Fluorescence Depolarization Studies of Phase Transitions and
Fluidity in Phospholipid Bilayers. 1. Single Component

Phosphatidylcholine Liposomes®

B. R. Lentz,! Y. Barenholz, and T. E. Thompson*

ABSTRACT: The fluorescence depolarization associated with
the hydrophobic fluorescent probe 1,6-diphenyl-1,3,5-hexa-
triene is used to monitor the changes in fluidity accompanying
the gel-liquid crystalline phase transition in synthetic phos-
phatidyicholine dispersions. The parameters of the phase
transition are determined for both large, multilamellar lipo-

The fluidity of the lipid bilayer component of biological
membranes has been shown by many studies to influence a
variety of membrane functions. This parameter, which has
been defined operationally by a number of different techniques,
is dependent on both lipid composition and temperature. The
most dramatic alteration in bilayer fluidity occurs as a result
of the phase transition from the gel to liquid crystalline states
exhibited by many lipid bilayer systems. Recent studies,
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somes and small, single-lamellar vesicles. These parameters
are compared with those obtained using other techniques. In
addition, the data are interpreted in terms of two limiting
molecular models, which in turn offer insight into the structural
differences between multilamellar liposomes and small ves-
icles.

summarized by Lee (1975), have suggested that some of the
physiologically important properties of biological membranes
may derive in part from lateral phase separation and from
compressibility changes in the bilayer accompanying the phase
transition.

In this paper and the following one, we report studies of the
fluidity and of the phase transition characteristics in small,
single-lamellar vesicles and multilamellar liposomes prepared
from pure synthetic phospholipids and from mixtures of these
compounds. A fluorescent probe molecule, 1,6-diphenyl-

! Abbreviations used: DPH, 1,6-diphenyl-1,3,5-hexatriene; POPC,
1-palmitoyl-2-oleyl-3-sn-phosphatidylcholine; EDTA, ethylenedia-
minetetraacetic acid; DMPC, DPPC, DSPC, and DOPC are 1,2-dimyr-
istoyl-, 1,2-dipalmitoyl-, 1,2-distearoyl-, and 1,2-dioleyl-3-sn-phospha-
tidylcholine, respectively; NMR, nuclear magnetic resonance; Tempo,
2,2,6,6-tetramethylpiperidinyl-1-oxy.
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1,3,5-hexatriene (DPH),’ first introduced by Shinitzky and
Barenholz (1974), is used to monitor fluidity within the hy-
drophobic portion of the phospholipid bilayer and to detect
changes in fluidity accompanying the gel-liquid crystalline
phase transitions in these systems. A preliminary report es-
tablishing the feasibility of this approach has been presented
elsewhere (Lentz et al., 1975).

Particular attention in this research has been focused on the
thermal characteristics of small, single-lamellar, phospholipid
vesicles first characterized by Huang (1969). The small radius
of curvature of bilayers in this type of system is responsible for
a set of physical properties which differ markedly from those
of planar bilayers. Perhaps the most striking of these differ-
ences are the transbilayer compositional asymmetries seen in
bilayers of vesicles having radii of curvature between 100 and
120 A (Litman, 1973; Michaelson et al., 1973; Huanget al.,
1974). Since the plasma membranes of cells and the mem-
branes of subcellular organelles frequently are characterized
by regions exhibiting radii of curvature in this range, the
studies on small, single-lamellar vesicles suggest that very small
radii of curvature regions of biological membranes may have
special properties of physiological importance (Thompson et
al., 1974).

Materials and Methods

Preparation of Synthetic Phosphatidylcholines. 1,2-Di-
acyl-3-sn-phosphatidylcholines (DMPC, DPPC, DSPC, and
DOPC)' were synthesized by the method of Cubero Robles
and Van den Berg (1969). 3-sn-Glycerolphosphorylcholine
prepared from egg phosphatidylcholine (Chadha, 1970) and
Sigma fatty acids (99%7% pure) were used in the synthesis. The
crude phosphatidylcholines were twice purified by silicic acid
column chromatography and multivalent cations removed by
ethylenediaminetetraacetic acid (EDTA) extraction as pre-
viously described (Suurkuusk et al., 1976). The pure phos-
phatidylcholines were dissolved in spectral grade chloroform
and stored at —20 °C until required.

1-Palmitoyl-2-oleyl-3-sn-phosphatidylcholine (POPC) was
a gift from Dr. M. Roseman of this laboratory. The synthesis,
purification, and characterization of this compound are de-
scribed elsewhere (Roseman, M., Lentz, B. R., Sears, B.,
Gibbes, D., and Thompson, T. E., manuscript in prepara-
tion).

The purity of all the phosphatidylcholines was established
by thin-layer chromatography on silica gel G plates with the
solvent chloroform-methanol-H,O (65:25:4). The chroma-
tographs were heavily loaded with I and 2 umol of phosphatide.
lodine staining of the chromatograms of all synthetic phos-
phatidylcholines showed one heavy spot and a very faint second
spot having an Ry slightly larger than phosphatidylcholine. No
other spots were observed. The ratio between the contaminant
and the dipalmitoylphosphatidylcholine was less than 0.01 as
calculated from the relative amount of [3H]}palmitic anhydride
incorporation during synthesis. No other radioactive impurities
were observed. Fatty acid analysis of the purified phosphati-
dylcholine showed that DMPC, DPPC, and DSPC contained
greater than 99% of the expected fatty acid, while DOPC
contained more than 98% oleic acid. In the case of 1-palmit-
oyl-2-oleylphosphatidylcholine, 99% of the fatty acid in posi-
tion | was palmitic acid, while position 2 was 98% esterified
with oleic acid. All phosphatidylcholines were stable for at least
6 months when stored as described.

The liposome and vesicle dispersions prepared from these
phospholipids were also examined at the end of each individual
study for signs of hydrolysis. To do this, lipids were extracted
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by the method of Bligh and Dyer (1959) and chromatographed
on thin-layer silicic acid plates.

Preparation of Multilamellar Liposomes. Multilamellar
liposomes were prepared for fluorescence studies by the method
of Bangham et al. (1967) using an aqueous phase containing
50 mM KCl (extra pure Heico) and 15% (w/v) sucrose (ultra
pure Schwarz/Mann). Sucrose prevented settling of the li-
posomes in the cuvette during the course of an experiment. The
water used to prepare solutions was first deionized, then dis-
tilled from alkaline KMnQy, and finally glass distilled. To a
4.5-ml portion of this suspension (0.5 mM in lipid), 1 ul of 2
mM DPH in tetrahydrofuran was added with rapid agitation.
The remaining portion (2.25 ml) was retained for a light
scattering blank. Samples were then gently swirled for at least
2 h above the transition temperature to allow equilibration of
the DPH with the liposome bilayers. Data presented in the
Results section show that the time required for DPH pene-
tration at these temperatures was less than 90 min.

Preparation of Small, Single-Lamellar Vesicles. Small,
single-lamellar vesicles, homogeneous in size, were prepared
in 50 mM KCl at a temperature above the lipid phase transi-
tion using a Heat Systems W-350 Sonifier following a modi-
fication of Huang’s procedure (Huang, 1969) which eliminates
the molecular sieve fractionation step (Suurkuusk et al., 1976).
Extensive autocorrelation light scattering studies carried out
on small vesicle dispersions of a variety of phospholipids pre-
pared by this procedure indicate that these dispersions are
equivalent to Huang dispersions in all respects (Barenholz, Y,
Gibbes, D., Litman, B. J., Goll, J., Thompson, T. E., and
Carlson, F., in preparation). These studies showed that the
radii of DMPC and DOPC vesicles did not exceed 120 and 150
A, respectively. To 4.5 ml of the supernatant (usually 0.4 to
0.8 mM in lipid), 1 ul of 2 mM DPH in tetrahydrofuran was
added with rapid vortexing. Tetrahydrofuran (0.5 ul) without
DPH was added to the remainder of each small vesicle prep-
aration (2.25 ml), and this sample was used as a light scattering
blank. Tests showed that the addition of this small amount of
tetrahydrofuran had no measurable effect on the 90° scattering
of representative small vesicle samples. Samples both with and
without DPH were incubated above their phase transition
temperature for at least 90 min in order to allow equilibration
of the DPH with the vesicle wall. At all times, except during
the centrifugation procedure, the samples were maintained
above the temperature of their phase transition. The concen-
trations of lipid in dispersions were determined as inorganic
phosphate by the Bartlett procedure (1959).

Fluorescence Measurements. Fluorescence depolarization
of DPH as a function of temperature was measured by a
method similar to that described by Shinitzky and Barenholz
(1974) using a modified Perkin-Elmer MPF-3 spectrofluo-
rometer (Suurkuusk et al., 1976). All measurements were
made in the ratio mode. DPH was excited at 360 nm and its
fluorescence was detected at 430 nm using instrument filter
39 as a cut-off for wavelengths below 390 nm. In all experi-
ments, the mole ratio of phosphatidylcholine to DPH was in
the range 500-2000. Control studies showed that a ratio as low
as 50 had no effect of the fluorescence depolarization results.
An average cooling rate of 20 °C per h was used. That this rate
was sufficiently slow to allow continuous temperature equili-
bration within the cuvette was established by equilibrating the
sample for 15 min at selected temperatures and comparing
data so obtained with data obtained at these temperatures
during a temperature scan. In order to be certain that small,
single-lamellar vesicles were in fact studied, dispersions were
stored above the phase transition temperature before use and
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a cooling scan was used in all studies. This precaution was
necessary since Suurkuusk and co-workers (1976) have shown
that single-lamellar DPPC vesicles maintained below, but not
above, their phase transition temperature exhibit time-de-
pendent changes in their thermotropic behavior.

The general theory of the fluorescence probe depolarization
technique as applied to membrane systems has been outlined
in detail by Shinitzky et al. (1971). The use of DPH as a flu-
orescent probe specific for the hydrophobic region of lipid bi-
layers has been described by Shinitzky and Barenholz (1974).
The technique is based on determination of the rotational
motion of the probe molecule. This motion is characterized by
the anisotropy parameter, 7, as defined by:

I T/
n+2, n,+2

where /) is the fluorescence intensity parallel toand /| is the
intensity perpendicular to the plane of polarization of the ex-
citation beam. For the geometry of our sample chamber, the
total fluorescence, F, is given by I} + 2/ ;.

In all experiments the fluorescence anisotropy and total
fluorescence intensity of DPH were calculated after correction
for light scattering. The correction was made as described by
Shinitzky et al. (1971). There was no depolarization due to
light scattering since dilution of liposomes labeled with DPH
had no effect on the fluorescence anisotropy.

As pointed out by Shinitzky and Barenholz (1974) the
emission and excitation spectra of DPH in phosphatidylcholine
dispersions indicate that the observed fluorescence originates
from DPH within the hydrophobic region of the phospholipid
bilayer. In addition, since we found the shapes of these spectra
to be unaffected by the gel-liquid crystalline phase transition,
the DPH probe must remain in the hydrophobic region of the
bilayer at all temperatures studied.

The fluorescence anisotropy is not related in a simple way
to the absolute temperature. However, the anisotropy can be
related to the apparent microviscosity, 5, of the probe envi-
ronment (Shinitzky et al.,, 1971). For a homogeneous phase,
the natural logarithm of the viscosity should be a linear func-
tion of 1 /T (Eyring, 1936; Eyring and Jhon, 1969). The an-
isotropy may be related to the apparent microviscosity expe-
rienced by the probe by means of a modified version of the
Perrin equation

ror= 1+ [kT7}/[n0(r)] 2

Here rq is the upper limit value for » in a medium of infinite
viscosity; 7, the lifetime of the excited state; n, the apparent
microviscosity; and v(r) the effective rotational molar volume
of the probe, which is itself a function of r. k is the Boltzmann
constant and 7 is the absolute temperature. In the work re-
ported here, we have used the functional dependence of v on
r for DPH determined by Shinitzky and Barenholz (1974) and
a measured value of 7 (0.362) in agreement with these au-
thors. Values of the fluorescence lifetimes for DPH in liposome
dispersions at various temperatures were estimated from a
limiting low temperature value of 11.4 ns following the pro-
cedure of Shinitzky and Barenholz (1974). This procedure
gave a value of + = 10.1 £ 0.5 ns at 21 °C for DMPC small
vesicles and a value of 7 = 10.6 & 0.5 ns at 20 °C for DPPC
multilametlar liposomes. These values are in good agreement
with a value of 9.8 ns obtained for small, single-lamellar
DMPC vesicles at 21 °C by the phase modulation technique
(Spencer, 1970) in the laboratory of G. Weber. They are also
in reasonable agreement with 7 = 9.6 ns obtained at 20 °C for
large, multilamellar DPPC liposomes by single photon
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FIGURE 1: Plot of natural logarithm of the apparent microviscosity vs.
(temperature)~! for dispersions of large, multilamellar vesicles prepared
from (&) DOPC; (@) DMPC; (¢) DPPC; (X) DSPC. Arrows a and b
designate limits of the transition range (see text).

counting (Yguerabide, 1972) in the laboratory of L. Brand.
Both independent measurements gave a single lifetime for the
excited state of the fluorophore.

The large number of data points for each experiment al-
lowed the use of statistical methods for characterization of the
plots. All calculations, plotting, and statistical analysis were
done using a CDC 6400 computer in conjunction with a Cal
Comp plotter.

Results

Figures 1 and 2 illustrate the effect of temperature on the
microviscosities derived from fluorescence anisotropies for
dispersions prepared from the four pure phosphatidylcholines.
The results for multilamellar liposome preparations are pre-
sented in Figure 1, while those for small single-walled vesicles
are presented in Figure 2. These data are presented as Ar-
rhenius plots of the microviscosity. In the temperature range
studied, only liposomes and vesicles prepared from DOPC
show the linear Arrhenius plot expected from the theory of
eyring and Jhon (1969). Liposomes and vesicles prepared from
fully saturated phosphatidylcholines give Arrhenius plots
which show two abrupt changes in slope. For multilamellar
liposomes the temperature midway between these abrupt
changes corresponds well with the temperature of the calori-
metrically observed high-temperature phase transitions. Table
I contains a summary of the physical parameters of these
transitions in multilamellar liposomes obtained by fluorescence
depolarization, scanning calorimetry, dilatometry, and spin-
label partitioning. Data for the low-temperature transition are
also included in Table I. Comparison of the data in Table I
shows that good agreement exists among the parameters
characterizing the high-temperature transitions determined
by the various methods. This is not the case, however, for the
1976 4523

BIOCHEMISTRY, VOL. 15, NO. 20,



Temperature (°C)

60.3 39.5 21.0 4.8
4.0
i I ' T T T
30
20
- E]
£ '
@ Q
8 -
g 10 2z
> ‘a
E g
e 2
>
00 —
0.1

0.30 0.32 0.34 0.36

‘/T x 102(0,(-1)

FIGURE 2: Plot of natural logarithm of the apparent microviscosity vs.
(temperature)~! for dispersions of small, single-lamellar vesicles prepared
from (a) DOPC; (@) DMPC; (¢) DPPC; (X) DSPC. Arrows a and b
designate limits of the transitions range, while arrows b and ¢ delimit a
possible low temperature structural change (see text).

low-temperature transition (see Discussion). In spite of this
discrepancy, it is interesting to note that the temperature dif-
ference between the low- and high-temperature T, values
determined fluorimetrically decreases with increasing acyl
chain length as first noted by Chapman and co-workers
(1967).

The phase transition characteristics for small, single-la-
mellar vesicles derived from Figure 2 are summarized and
compared with literature values in Table II. It is apparent that
the small vesicles exhibit a single rather broad transition in
contrast to the behavior of large, multilamellar liposomes.
Furthermore, the T\, value for this transition lies between the
low- and high-temperature T, values obtained for the same
phosphatidylcholine in multilamellar liposomes. Similar results
have been reported by Sheetz and Chan (1972) and Suurkuusk
et al. (1976) for DPPC.

The phase transition properties determined by fluorescence
depolarization summarized in Tables I and Il were obtained
as follows. With large, multilamellar liposomes, the regions
of abrupt change in the microviscosity are well defined. The
transition range was determined as illustrated in Figure 1 for
DPPC. Points a and b delimit the phase transition. The limit
temperatures were difficult to determine in the region between
the low- and high-temperature transitions, especially when
these transitions were closely spaced. In the case of small
vesicles, the transition was well defined on the high-tempera-
ture side as is shown in Figure 2. However, on the low-tem-
perature side of the transition, it was not possible to draw a
single straight line through all data. In each case, at least two
and sometimes three lines were needed to fit the data below the
transition. Points b and ¢ of Figure 2 delimit one such line.
Whether or not the curvature in this region reflects subtle
reorganizations in the lipid bilayers of smali vesicles below the
4524 NO. 20,
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FIGURE 3: Plots of natural logarithm of the apparent microviscosity vs.
(temperature)~! for dispersions prepared from POPC. (A) Large, mul-
tilamellar liposomes. (B) Small, single-lamellar vesicles.

transition is as yet unclear. It may be noted, however, that
calorimetric studies of DPPC small vesicles (Suurkuusk et al.,
1976) show baseline anomalies below the phase transition. In
order for the fluorescence depolarization data to be consistent
with the calorimetric data, it is necessary to take the low-
temperature limit of the phase transition to be determined by
the first straight line that could be fit to the data below the
transition (i.e., point b, Figure 2).

Most naturally occurring phosphatidylcholines have an
unsaturated fatty acid esterified in position 2 of thee glycer-
ylphosphorylcholine and a saturated fatty acid (usually pal-
mitic) esterified in position 1. For this reason the thermotropic
characteristics of synthetic 1-palmitoyl-2-oleyl-3-sn-phos-
phatidyicholine (POPC) were examined. Arrhenius plots of
the microviscosity of POPC multilamellar liposomes and small
vesicles are presented in Figure 3. The data in Figure 3A
suggest that POPC in multilamellar liposomes may undergo
a phase transition beginning about 8 °C. Recorded in Figure
3B is the Arrhenius plot of the microviscosity for small vesicles
composed of POPC; this plot is essentially linear to about 4 °C.
The absence of any suggestion of a transition in the small
vesicles composed of POPC may be due to the broadening and
shifting of the transition as observed for other small vesicle
systems. Recently, a differential scanning calorimetry study
has reported a phase transition for POPC centered at 3 °C (op
den Kamp et al., 1975), while an earlier study had given a value
of =5 °C (De Kruyff et al., 1973).

Incorporation of DPH into Liposomes. The incorporation
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I

TABLE I: Phase Transition Parameters of Large Multilamellar Vesicles.

High-Temp Transition

Low-Temp Transition

T, -
Reference Method Lipid T, Range“ ATa T, Range“ AT? Tpy
This work DPH DMPC 244 +0.56 22.5-29.6 7.1 9.3-14.1¢ 48 127
fluorescence DPPC  41.1 £0.5% 37.3-42.4 5.1 25.2-339¢ 87 11.5
depolarization DSPC 54.0 £ 0.5 50.7-55.1 4.4 42.5-479¢ 54 88
Hinz and Differential DMPC  23.70 £ 0.09 13.5+£0.2 10.2
Sturtevant (1972) scanning - DPPC 41.75 £ 0.06 40.3-44.0¢ 37 340+£02 30.3-36.5 6.2 7.7
calorimetry DSPC 54.24 £0.039 52.8-56.0¢ 3.2 49.1x02 47.5-51.2 37 51
Suurkuusk et al. (1976) Differential DPPC  41.2+0.1 39.4-422/ 28 344%0.1 33.2-36.7 35 6.8
scanning
calorimetry
Nagle (1975) Dilatometry DPPC 41.5¢ 41.3-42.4¢8 1.1 32.9-36.1¢ 3.2
Sheetz and Chan (1972) Dilatometry DPPC  41.5*% 39-44*% 5
Shimshick and Partitioning DMPC 232 21-24i 3 10.1 7-11! 4
McConnell of Tempo DPPC 40.5 38-42¢ 4 29.5 25-31¢ 6
(1973) spin-label DSPC 54.0 52-561 4 46.1 42-491 7
probe

9 Temperature range of the transition. » Probable standard error assigned on the basis of the ttemperature spread between data points. I,
assigned as the midpoint of the range of maximum change in microviscosity. ¢ No basis for assigning T,,; only range can be defined. 4 Corrected
value. Table I of Hinz and Sturtevant has 58.24 °C, but Figure 3 of that paper clearly indicates a transition temperature of about 54 °C. ¢ Taken
from Figure 1 or Figure 3 of Hinz and Sturtevant (1972)./ Taken from Figure 1 of Suurkuusk et al. (1976). & Taken from Figure 1 of Nagle
(1973) (25% w/w dispersion). T, taken as temperature of % change. # Taken from Figure 8 of Sheetz and Chan (1972). T, taken as temperature
of ' change. ¢ Taken from Figure 2 of Shimshick and McConnell (1973). / Tp,,, is defined operationally as the midpoint of the range of the

transition in those cases where only a range can be accurately defined.

TABLE 11: Phase Transition Parameters of Small Single-Lamellar Vesicles.

Transition
Reference Method Lipid Tm Range“ ATd
This work DPH fluorescence depolarization DMPC 20.9 £0.5°% 14.3-27.4 13.1
DPPC 36.4 £ 0.5 29.7-40.6 10.9
DSPC 51.3+ 0.5 46.5-53.8 7.3
Suurkuusk et al. (1976) Differential scanning calorimetry DPPC 369+ 0.1
Sheetz and Chan (1972) Dilatometry DPPC 39¢ 33-44¢ 11

@ Temperature range of the transition. ? Probable standard error assigned on the basis of the temperature spread between data points. T,
assigned as the midpoint of the range of maximum change in microviscosity. < Taken from Figure 8 of Sheetz and Chan (1972). T, taken
as temperature at % total change in the volume across the transition region.

of DPC into small vesicles can be easily followed since DPH
has nearly zero fluorescence intensity in an aqueous environ-
ment. The effect of the gel-liquid crystalline phase transition
on the incorporation of DPH into DMPC and DPPC small
vesicles is shown in Figures 4A and 4B, respectively. In these
figures the fraction of DPH incorporated into the lipid bilayer
is plotted as a function of time. The fraction incorporated is
given by the total fluorescence intensity, F, at any time divided
by the total fluorescence intensity at a very long time, F .
Analysis of these data clearly shows that DPH incorporation
does not follow first-order kinetics. At least two separate
processes can be detected. Of greater interest, however, is the
marked change in uptake of the DPH below the temperature
range of the gel-liquid crystalline phase transition. Comparison
of Figures 4A and 4B shows that above the phase transition,
incorporation is nearly identical in both lipids and quite rapid

BIOCHEMISTRY, VOL.

(DMPC at 33 and 45 °C; DPPC at 45 °C). Within the range
of the transition (see Table II), incorporation is still rapid
{(DMPC at 21 °C and DPPC at 33 °C). Comparison of the
results for DMPC and DPPC at 33 °C indicates that the rate
of dye uptake is similar if the vesicles are at a temperature
within the range of the phase transition or just above the tra-
isition. However, if the temperature is below the lower limit
of the phase transition range for one lipid, a marked difference
in the rate of DPH uptake occurs (compare DPPC with DMPC
at 21 °C). Uptake is nearly identical and very slow for both
lipids below their phase transitions.

The uptake of DPH by multilamellar liposomes is a more
complex process than uptake by small vesicles. The fluores-
cence intensity increases in a stepwise fashion after addition
of a small amount of DPH in tetrahydrofuran. After about 90
min above the phase transition the intensity levels off and
1976 4525
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3-9°C; (— — —)21.1°C; (---) 33.0°C; (- » -+ - y45.5°C.

thereafter remains constant. The stepwise increase is probably
due to the multi-layered structure of large Bangham-type
vesicles.

Discussion

The use of eq 2 is based on three assumptions which should
be considered in more detail (Weber, 1953): (1) the DPH ex-
cited state relaxes with a single lifetime; (2) the rotating
fluorophore behaves as a classical body undergoing Brownian
rotation; and (3) the resistance to rotation of the fluorophore
can be described by hydrodynamics as applied to macroscopic
bodies. Assumption 1 is reasonably well satisfied in the case
of DPH dispersed in pure lipid systems since a single lifetime
was found for DMPC and DPPC (see Materials and Methods).
In bilayers composed of mixed lipid in the temperature range
of the gel-liquid crystalline phase transition, however, there
probably coexist regions of different fluidity. The detailed
behavior of the observed anisotropy in such cases is considered
in the following paper (Lentz et al., 1976). Although as-
sumptions 2 and 3 cannot be strictly valid for molecular mo-
tions, their use may be justified as follows. The detailed mo-
lecular interactions that hinder the random rotational motions
of a probe molecule in an oriented lipid bilayer must be dif-
ferent from the integrated interactions expressed as a macro-
scopic viscosity. Only in a relative sense can the hindered
motions in these two systems be compared. Thus, an increase
in the rotational freedom of DPH in a lipid bilayer is associated
with decrease in macroscopic viscosity that accompanies an
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increase in rotational freedom of DPH in a hydrocarbon oil.
It is in this relative sense that the apparent viscosities obtained
by means of eq 2 are used.

This paper clearly demonstrates the utility of DPH in
monitoring the gel-liquid crystalline phase transitions of
phospholipids in bilayer array. The thermotropic behavior of
five phosphatidylcholines are reported, and, in each case, the
DPH fluorescence depolarization data are in good agreement
with the results obtained by other techniques. The extreme
sensitivity of the fluorescence depolarization technique com-
bined with its simplicity suggests its applicability to biological
membrane studies.

Agreement between fluorescence depolarization results and
calorimetrically determined data was not particularly good for
the low-temperature transition displayed by multilamellar li-
posomes. Fluorescence depolarization gave Ty, values lower
by about 5 °C than the values determined by calorimetry. It
is interesting, however, that the temperature of the transition
determined by the electron spin resonance probe, Tempo, is
in essential agreement with the depolarization of fluorescence
results in Table I (Shimshick and McConnell, 1973). Since
both our study and that of Shimshick and McConnell em-
ployed cooling scans, while both calorimetric studies (Hinz and
Sturtevant, 1972; Suurkuusk et al., 1976) employed heating
scans, it is possible that the discrepancies between these two
sets of results are due to hysteresis. The discrepancy cannot be
due to the presence of sucrose in the dispersion studied by
fluorescence depolarization (Suurkuusk et al., 1976),

It is interesting to compare in more detail the thermotropic
behavior of the various phosphatidylcholines examined. These
differ either in the length of the acyl chains or in the presence
of c¢is double bonds. Figures 1 and 2 show that the Arrhenius
plots of microviscosity for the three saturated lecithins have
nearly the same slope above the gel-liquid crystalline phase
transition. This is true for both the small vesicles and multi-
lamellar liposomes. The behavior of these three phospha-
tidylcholines in the region of their phase transitions is, however,
far from identical. As shown in Tables [ and II, the tempera-
ture range of the phase transition in both single-lamellar ves-
icles and multilamellar liposomes decreases as the length of
the acyl chains increases. This leads to the reasonable specu-
lation that with increasing chain length increased opportunities
for steric interactions between the chains lead to increased
cooperativity in the phase transition.

Also of interest is the difference in slopes of the microvis-
cosity Arrhenius plots for saturated and unsaturated phos-
phatidylcholines above their phase transition temperatures.
The plots for the multilamellar liposomes comprised of satu-
rated phosphatidylcholines all have slopes of 6300 + 400 K,
while that for DOPC has a slope of 3700 & 32 K—!. The POPC
multilamellar vesicles yield an Arrhenius plot with a slope of
4150 + 84 K—!, a value intermediate between but not the av-
erage of the values for saturated and unsaturated phospha-
tidylcholines. The Arrhenius plots for the small, single-lamellar
vesicles show similar results: saturated lecithins, 6200 + 640
K~!; DOPL, 4336 &+ 50 K~!; POPC, 4860 + 34 K~!. Thus,
it appears that the introduction of unsaturated fatty acids into
the phosphatidylcholine molecules results in a decrease in the
temperature dependence of the effective microviscosity above
the transition temperatures. The effects of unsaturated phos-
phatidylcholines in bilayers composed of mixtures of phos-
pholipids are discussed in the accompanying paper (Lentz et
al., 1976).

Bashford and co-workers (1976) have very recently reported
fluorescence depolarization measurements on DOPC liposomes
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using several different fluorophores. These authors describe
small deviations from linear Arrhenius behavior below 30 °C
in this system and others containing DOPC which they point
out may be due to “cluster” formation as first suggested by Lee
et al. (1974). The apparent linearity of our data for DOPC in
both small vesicles and multilamellar liposomes (Figures 1 and
2) suggests that, if such “clusters” do exist, they are so small
or so short-lived that the DPH molecule does not partition into
them as a separate phase within the bilayer. However, it is also
quite possible that the observed deviations from linearity are
due to the presence of impurities. Experience in our laboratory
has shown that contamination by oxidation products may
markedly modify bilayer parameters.

Our results clearly show that large differences exist between
the effective microviscosities within bilayers of small, single-
lamellar vesicles and multilamellar liposomes. Above the
gel-liquid crystalline phase transition, both the microviscosities
and microviscosity activation energies are nearly identical for
both types of dispersions. In the temperature range of the phase
transition, however, the microviscosity activation energy for
multilamellar liposomes is much larger than for small vesicles.
At still lower temperatures, the multilamellar structures un-
dergo a low-temperature transition which is not observed for
the small vesicles. Tables I and II show, however, that the
temperature range of the phase transition in small vesicles
corresponds very closely to the temperature range between the
high- and low-temperature transitions in the multilamellar
liposomes. This suggests that the two discrete transitions taking
place in multilamellar liposomes may merge into one appar-
ently continuous transition in the small vesicles. The low-
temperature transition has been suggested to be due to rear-
rangements in the polar head group portion of the phosphati-
dylcholine molecule (Ladbrooke and Chapman, 1969) and
more recently (Rand et al., 1975) to conformational changes
in the phosphatidylcholine acyl chain moiety. Our results favor
the latter interpretation since we detect this transition with a
probe that is located in the hydrophobic portion of the phos-
pholipid bilayer (Shinitzky and Barenholz, 1974). Below the
low-temperature transition of the multilamellar structures,
further cooling has almost no effect on the microviscosity
within the bilayer; and the activation energy is close to zero.
The small vesicles, on the other hand, show a continuous in-
crease in microviscosity with cooling below the phase transi-
tion, such that at about 5 °C the microviscosity within these
vesicles is nearly twice that within the multilamellar species
(Figures | and 2).

In terms of the arrangement of molecules within the bilayer,
these results suggest that both liposome systems have similar
molecular packing densities at temperatures above the phase
transition. However, at temperatures well below the phase
transition temperature, the DPH is able to undergo more rapid
rotations in multilamellar liposomes than in small vesicles. The
different behavior of the DPH can be rationalized on the basis
of either of two simple models describing the molecular packing
in multilamellar liposomes and single-lamellar vesicles.

In one model the assumption is made that, just below the
low-temperature transition, the lipid molecules in multilam-
ellar vesicles are arranged in a regular array which does not
change as the temperature is lowered. This assumption is
consistent with the fact that the anisotropy (or microviscosity)
shows no increase with decreasing temperature below the
low-temperature transition. The constant value of 0.29-0.31
for the anisotropy indicates that the probe still retains con-
siderable rotational freedom at these low temperatures in the
multilamellar species. Thus, although the structure of the lipid
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within the hydrophobic core of bilayers in multilamellar liposomes and
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array is regular and relatively fixed, it affords an occupation
volume to the probe molecule which is sufficient to permit
considerable rotational freedom.

In small, single-lamellar vesicles, on the other hand, at
temperatures just below the phase transition, the molecular
arrangement in the hydrocarbon core of the bilayer is a less
ordered glass-like structure. This is the direct result of mo-
lecular packing constraints imposed by the small radius of
curvature of the bilayer in these vesicles. Upon further cooling
below the transition temperature, such a glass-like structure
would be expected to undergo additional molecular reorgani-
zations, each of which further restricts the motion of the probe.
The result is a continuous increase in the anisotropy (micro-
viscosity) as observed.

An alternative model which rationalizes the different ro-
tational behavior of the probe molecule in multilamellar li-
posomes and small vesicles is illustrated in Figure 5. In this
figure, the bilayers of both multilamellar liposomes and small
vesicles are represented schematically. Several of many pos-
sible positions of the DPH probe in the bilayer are designated
A, B, C, D. Each position may be considered to be a possible
free energy state for the probe. Thus, there exists a tempera-
ture-dependent distribution of DPH molecules between all such
possible positions. For example, entropically favored, enthal-
pically disfavored states will be more populated at higher
temperatures and will be characterized by somewhat larger
anisotropies.

In terms of this simplified model, the probe molecule has a
choice of three states in the multilamellar liposomes at tem-
peratures just below the low-temperature phase transition: A
(=B), C, and D. The invariance of the fluorescence anisotropy
below the phase transition suggests that either these states each
impose about the same degree of rotational inhibition on the
probe molecule (i.e., all result in similar anisotropies), or one
state predominates at all temperatures below the gel-liquid
crystalline phase transition. In the case of the small, single-
walled vesicles, the probe molecules have a choice of four dis-
tinctly different states, A, B, C, and D. Thus, at temperatures
just below the phase transition, an equilibrium should exist
between states A, B, C, and D, such that the average anisotropy
observed is similar to the average anisotropy observed in the
large liposomes. As the temperature is further lowered, how-
ever, state B (the enthalpically favored state) becomes in-
creasingly more favored relative to state A (the entropically
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favored state) and the anisotropy increases, until at very low
temperature, very few molecules exist in state A and the av-
erage anisotropy becomes considerably larger than in multi-
lamellar liposomes. This model, then, accounts for the an-
isotropy (or microviscosity) differences observed between large,
multilamellar liposomes and small vesicles at low temperature
by the added variation in the microscopic environments of
small vesicles relative to large ones.

Both models, representing logical extremes, are consistent
with the suggestion based on proton NMR data that the mo-
lecular disorder in small vesicle bilayers is greater than in
multilamellar liposomes (Sheetz and Chan, 1972). The es-
sential difference between the two models is that the first
postulates temperature-induced structural changes in the bi-
layer structure of small vesicles as they are progressively cooled
below the phase-transition temperature, while the second re-
quires no structural change in the bilayer, but only that the
relative population of the various DPH binding sites change
with temperature. Evidence for possible structural changes in
the bilayers of small vesicles below the phase transition is found
in the baseline anomalies reported in the excess heat capacity
scans reported by Suurkuusk et al. (1976). No such anomalies
were observed for multilamellar vesicles.
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