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Abstract

The phase heterogeneity of giant unilamellar dinervonoylphosphocholine (DNPC) vesicles in the course of the main phase transition was

investigated by confocal fluorescence microscopy observing the fluorescence from the membrane incorporated lipid analog, 1-palmitoyl-2-

(N-4-nitrobenz-2-oxa-1,3-diazol)aminocaproyl-sn-glycero-3-phosphocholine (NBDPC). These data were supplemented by differential

scanning calorimetry (DSC) of DNPC large unilamellar vesicles (LUV, diameter ¨0.1 and 0.2 Am) and multilamellar vesicles (MLV). The

present data collected upon cooling reveal a lack of micron-scale gel and fluid phase coexistence in DNPC GUVs above the temperature of

20.5 -C, this temperature corresponding closely to the heat capacity maxima (Tem) of DNPC MLVs and LUVs (Tem �21 -C), measured upon

DSC cooling scans. This is in keeping with the model for phospholipid main transition inferred from our previous fluorescence spectroscopy

data for DMPC, DPPC, and DNPC LUVs. More specifically, the current experiments provide further support for the phospholipid main

transition involving a first-order process, with the characteristic two-phase coexistence converting into an intermediate phase in the proximity

of Tem. This at least macroscopically homogenous intermediate phase would then transform into the liquid crystalline state by a second-order

process, with further increase in acyl chain transYgauche isomerization.
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1. Introduction

Lipids provide the basic structural framework of all

cellular membranes and, characteristically for liquid crys-

talline materials, exhibit a variety of different phases with

connecting transitions [1]. The physical properties and

thermodynamic state of the bilayer modulate both the

activity and the lateral organization of the contained

membrane proteins [2–4], while the proteins also determine

in part the ordering of the lipids in the bilayer [5–7]. The

molecular mechanisms underlying this dynamic interplay

are being intensively investigated (e.g. [8–10]), as lateral

heterogeneity and domain formation are known to be

involved in several biological processes [11,12]. Biomem-

branes of eukaryote cells mainly exist in the fluid, liquid

disordered state in physiological conditions. Yet, physical

changes in the nerve membrane accompanying the prop-
cta 1713 (2005) 83 – 91
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agation of action potential clearly involve a transient liquid

disordered–ordered phospholipid phase change [1,13]. The

physical properties and co-operative modes underlying

thermal phase behavior of phospholipids also contribute to

the established nanoscale lateral heterogeneity [14].

The theory of structural phase transition dynamics of soft

materials remains incomplete [15]. The phase diagrams of

multicomponent lipid mixtures can be exceedingly complex

since, in addition to the different phases possible for single

component membranes, there can be solid–solid [16,17],

solid–fluid [18], as well as fluid–fluid [19,20] immisci-

bility. In order to establish a detailed description of the

properties (including lateral organization) of lipid mixtures,

it is mandatory to understand the mechanism of phase

transition in single component membranes.

Dynamic lateral heterogeneity due to coexisting fluctuat-

ing gel and liquid crystalline domains accompanies the main

transition of phospholipids [21–24]. Upon TYTm the

intensity of these fluctuations are enhanced causing the

bending elasticity and both lateral (area) and transversal

compressibilities to have their maxima at Tm [25–27]. The

permeability maximum of bilayers and augmented activity of

phospholipases A2 near Tem have been attributed to the length

of the phase boundary also having a maximum at Tem [28–

30]. Many of the previous studies on main phase transition

have assumed the heat capacity maximum to be identical to

Tm [25,26]. However, transition temperature Tm is, by

definition, the melting point where 50% of the transition is

completed and it is thus not necessarily identical to the

temperature of the heat capacity maximum (Tem), particularly

in the case of strongly asymmetric Cp peaks [31,32].

Our previous studies on the main transition of phospho-

lipid LUVs suggest that the discontinuities seen in the

fluorescence properties may require modification of the

existing models describing the phospholipid main transition

as a first-order process involving only gel and fluid phases.

More specifically, we have recently forwarded a more

detailed description of the main transition based on time-

resolved fluorescence spectroscopy of DPPC and DNPC

[31,32]. In brief, characteristically to a first-order transition,

fluid-like domains start to form in the gel phase bilayer upon

heating. This fraction of the Fmelted_ lipids and the length of
the interfacial boundary both increase with temperature, i.e.

with the progression of the transition. In keeping with the

model by Heimburg [33], the fluid-like domains would start

to form in the line defects initiated at the corrugations

appearing at Tp. Upon approaching Tem, the phase boundary

seems to disappear, with the formation of an intermediate

phase. The latter was suggested to result from the properties

of the coexisting fluid-like and gel phases approaching each

other as two parallel second-order processes developing

with temperature, causing progressively diminishing line

tension and hydrophobic mismatch. At Tem, fluctuations

would be most intense, the entire membrane reaching an

intermediate phase and becoming equivalent to the

Fboundary_-like lipids. This strongly fluctuating intermedi-
ate phase would then transform into the liquid disordered

phase as a second-order transition with weak first-order

characteristics due to heterophase fluctuations [34], with

further increase in acyl chain transYgauche isomerization.

Upon the completion of this process, the bilayer is in a

liquid disordered phase [32,35].

The above model was mainly derived from the behavior

of a pyrene-labelled fluorescent phospholipids derivate

1-palmitoyl-2[10-(pyren-1-yl)]decanoyl-sn-glycero-3-phos-

pho-choline (PPDPC) in DMPC [36], DPPC [31], and

DNPC [32] matrices. Accordingly, it must be emphasized

that because of the presence of the fluorophore, we were

observing the transition of an Fimpure_ lipid matrix and the

mechanism forwarded applies in strict sense to the bilayer

melting in the presence of the contained probes.

In the current study, we addressed the putative inter-

mediate phase by confocal microscopy of dinervonoylphos-

phocholine (DNPC) giant liposomes using NBD-labeled

phosphocholine as the fluorescent probe (X =0.02). DNPC

contains very long 24:1-cis15 chains and thus forms

significantly thicker bilayers than DPPC, for instance. We

are not aware of DNPC being found in cells and its use as a

model was merely dictated by the possibility of being able

to study the macroscopic organization of a bilayer under-

going thermal phase transition using fluorescence micro-

scopy. The augmented partitioning of NBD-labelled

phosphatidylcholine analogs into the liquid disordered

phase has been utilized to observe the coexisting micron-

scale phases in the course of the main transition [37,38]. The

impact of the fluorescent probe on the main phase transition

of the matrix phospholipid was studied by differential

scanning calorimetry (DSC).
2. Materials and methods

2.1. Materials

1,2-nervonoyl-sn-glycero-3-phosphocholine (DNPC)

and 1-palmitoyl-2-(N-4-nitrobenz-2-oxa-1,3-diazol)amino-

caproyl-sn-glycero-3-phosphocholine (NBDPC) were from

Avanti Polar Lipids (Alabaster, USA). The concentration of

DNPC was determined gravimetrically. In brief, 50 Al
aliquot of the lipid in chloroform was transferred with a

Hamilton microsyringe onto weighing pans. The solvent

was subsequently removed under a gentle flow of nitrogen

and keeping the samples under reduced pressure for approx.

1 h before recording the weight of the lipid residue with a

high-precision electrobalance (Cahn 2000, Cahn Inc.,

Cerritos, USA). The concentration of NBDPC was deter-

mined by spectroscopy using a molar absorptivity

q465=19,000 (in C2H5OH). The purity of the lipids was

checked by thin layer chromatography on silic acid coated

plates (Merck, Darmstadt, Germany) using chloroform/

methanol/water (65/25/4, v/v/v) as eluent. An examination

of the plates after iodine staining or upon UV-illumination
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revealed no impurities. The buffer used in DSC experiments

was 20 mM HEPES, 0.1 mM EDTA, pH 7.0, prepared in

freshly deionized Milli RO/Milli Q water (Millipore, Bed-

ford, USA) with the pH adjusted with NaOH. The buffer

used in giant liposome experiments was 0.5 mM HEPES,

pH 7.4.

2.2. Preparation of liposomes

Lipids were dissolved and mixed in chloroform to yield

the indicated compositions, where after this solvent was

removed under a stream of nitrogen. The lipid residue was

subsequently maintained under reduced pressure for at least

4 h and then hydrated at 60 -C, i.e. above the main transition

temperature Tm of DNPC (26 -C) to yield multilamellar

vesicles at a lipid concentration of 0.7 mM. To obtain

unilamellar vesicles the hydrated lipid mixtures were

extruded with a LiposoFast small-volume homogenizer

(Avestin, Ottawa, Canada) above Tm. Samples were

subjected to 19 passes through one polycarbonate filter

(0.1 or 0.2 Am pore size, Nucleopore, Pleasanton, USA).

Extrusion through filters with 100 nm and 200 nm pores

typically yield LUVs with a mean diameter of 130T10 nm

and 170T15, respectively [39,40], and the fraction of

vesicles with more than two bilayers should be less than

15% [40]. Minimal exposure of the lipids to light was

ensured throughout the procedure. Subsequently, the lip-

osome solutions were divided into proper aliquots and

diluted with the above buffer for DSC.

2.3. Differential scanning calorimetry

Heating and cooling heat capacity scans were recorded

using VP-DSC microcalorimeter (Microcal Inc., North-

ampton, USA) at a rate of either 5-/h or 30-/h, as indicated,
and using final lipid concentration of 0.7 mM in the DSC

cell. The obtained endotherms were analyzed using the

routines of the software provided by the instrument

manufacturer.

2.4. Confocal fluorescence microscopy of giant liposomes

Giant liposomes were prepared as described elsewhere

[41]. Approx. 2 to 4 Al of the indicated lipids dissolved in

diethylether:methanol (9/1, v/v) at a concentration of 1 mM

was applied onto the surface of two Pt electrodes and

subsequently dried under a stream of nitrogen. Possible

residues of the organic solvent were removed by evacuation

for 1 h. A glass chamber with the attached electrodes and a

quartz window bottom was placed on the stage of an

inverted fluorescence microscope (Olympus IX 70, Olym-

pus Optical Co., Tokyo, Japan). The temperature was

maintained at 35 -C and an AC field (sinusoidal wave

function with a frequency of 8 Hz and amplitude of 0.2 V)

was applied before adding 1.5 ml of 0.5 mM HEPES buffer,

pH 7.4. During the first minute of hydration, the voltage was
increased to 2 V. The AC field was turned off after 2 h and

giant liposomes were observed with differential interference

contrast (DIC) optics with a 20/0.40 objective. The temper-

ature in the chamber was controlled with a thermoelectric

module (TS-4, Physitemp Instruments, Inc., Clifton, USA)

and monitored using a thermal probe (Type T thermocouple:

IT-18, Physitemp Instruments, Inc., Clifton, USA) immersed

in the chamber and connected to a thermometer (DP41,

Omega Engineering, Inc., Stamford, USA). The sizes of

GUVs were measured using calibration of the images by

motions of the micropipette as proper multiples of the step

length (50 nm) of the micromanipulator (MX831 with

MC2000 controller, SD Instruments, Grants Pass, USA).

The diameter of the DNPC vesicles formed varied between

10 and 50 Am. Fluorescent images were obtained using the

above inverted microscope with a confocal optical scanner

(Yokogawa Inc., Tokyo, Japan) and an argon ion laser

(Melles Griot 643R, Carlsbad, USA) with 488 nm excitation

wavelength. Images were recorded with a Peltier-cooled 12-

bit digital CCD camera C4742-95 (Hamamatsu Inc.,

Hamamatsu City, Japan), interfaced to a computer, and

operated by the software (HiPic 5.0.1 or Aquacosmos 1.2)

provided by the camera manufacturer.
3. Results

3.1. Differential scanning calorimetry

We have previously reported on the thermal phase

behavior of DNPC MLVs and LUVs assessed by DSC

heating scans [32]. As the preliminary experiments on the

thermal behavior of DNPC GUVs showed only cooling

scans to be feasible (see below), differential heat capacity

scans for DNPC MLVs and LUVs were recorded upon

heating and cooling by DSC. Since both the vesicle size as

well as the included phospholipid analog could influence the

phase behavior, we first studied neat MLVs and LUVs, the

latter extruded using two different filter pore sizes, 0.1 Am
and 0.2 Am. The enthalpy peak (with a maximum heat

capacity at Tem �26.8 -C) for neat DNPC MLVs upon

heating is asymmetric, with 47.4 kJ/mol below and 14.6 kJ/

mol above Tem. The corresponding cooling scan exhibits a

broad exotherm followed by a sharp major exotherm at 21.8

-C (Fig. 1), with a combined enthalpy of 64.6 kJ/mol

(Table 1). Repeating the heating–cooling cycle reproduced

the above features independent from the scan rate, varying

between 5-/h and 10-/h (data not shown). For MLVs, the

Tem reported corresponds to the temperature of the major

enthalpy peak, while the values for DH represent the

underlying total enthalpies in the peaks. The origin of the

high temperature shoulder upon cooling of MLVs is at

present unclear. However, differences in the geometrical

constraints and changes in the bilayer hydration between the

thermal cycles could explain the observed inequality of the

Cp peaks (see Discussion).



Table 1

Values for Tem (in -C) and enthalpy (kJ/mol) measured by DSC for MLV

and LUV cooling scans of different lipid compositions (in mole fractions,

within brackets)

Vesicle composition Tem DH

MLV

DNPC (1.00) 21.8 64.6

DNPC/NBDPC (0.98/0.02) 21.0 66.3

LUV

DNPC (1.00) 21.0 n.a.

DNPC/NBDPC (0.98/0.02) pore size 0.1 Am 20.7 n.a.

DNPC/NBDPC (0.98/0.02) pore size 0.2 Am 21.0 n.a.

The total lipid concentration in the DSC cell was 0.7 mM for MLVs, whereas

because of the loss of lipid in the extrusion through the polycarbonate filter,

reliable values for the transition enthalpies could not be measured for LUVs.

The buffer was 20 mM HEPES, 0.1 mM EDTA, pH 7.0.

Fig. 1. Differential heat capacity traces upon the heating (a) and cooling (b)

of DNPC MLVs. The upper traces were recorded for liposomes containing

the fluorescent phospholipid analog NBDPC (X =0.02). The total lipid

concentration was 0.7 mM in 20 mM HEPES, 0.1 mM EDTA, pH 7.0.

Fig. 2. Differential heat capacity traces upon the heating (a) and cooling (b)

of DNPC LUVs obtained by extrusion through 0.2 Am pores. The upper

traces were recorded for the liposomes containing the fluorescent

phospholipid analog NBDPC (X =0.02). The buffer was 20 mM HEPES,

0.1 mM EDTA, pH 7.0.
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The extrusion of MLVs to yield LUVs broadens the

observed enthalpy peaks for both neat DNPC liposomes and

those containing the fluorescent lipids. We have suggested

this broadening to reflect reduced co-operativity and

coherence of the membrane due to a lack of interbilayer

coupling, with both the increased curvature of the vesicles

and the smaller size of the LUVs limiting the maximum size

of the co-operative unit [31]. In contrast to MLVs, repeated

heating and cooling cycles for DNPC LUVs exhibited single

endo- and exotherms, respectively, with approximately

equal enthalpies (Fig. 2). Similarly to MLVs, the heat

capacity scans for DNPC LUVs are characterized by a

pronounced hysteresis of ¨5- with Tem at ¨26 and ¨21 -C
upon heating and cooling, respectively. The Tem for LUVs

obtained by extrusion through a 0.2 Am pore size filter

exceeded by 0.3- the Tem for LUVs extruded through 0.1

Am pores (Table 1). Because of the loss of lipid in the

extrusion through the polycarbonate filter, reliable values

for the transition enthalpies could not be obtained for LUVs.

No significant change in the width of the enthalpy peaks

was observed for these LUVs. Instead, the effect of the

number of layers (MLV vs. LUV) on the width of the

enthalpy peak was pronounced (Figs. 1 and 2), and

compared to LUV cooling scans, the heating scans for

LUVs show a broader enthalpy peak, yet remain asymmetric

(Fig. 2).

The fluorescent phospholipid analog NBDPC used in this

study represents a substitutional impurity in the DNPC

matrix and should thus broaden the endotherms. Previous

studies on main transition have shown that fluorescent
probes may also modestly decrease the temperature of the

heat capacity maximum [31,36]. This effect was observed

also in the present study. Accordingly, the presence of

NBDPC (XNBDPC=0.02) in DNPC MLVs lowers Tem from

21.8 to 21.0 -C, with slight broadening of the peak (Table

1). The freezing point depression effect by the fluorescent

probes could result from their preferential partitioning into

the interfacial boundary between coexisting the fluid and gel

state domains in the transition region [25–27], as reported

earlier for PPDPC in DMPC [36] and DPPC [31]. This

enrichment would stabilize the boundary and thus favor the

formation of the nascent phase at lower temperatures.



Fig. 3. Confocal microscopy images for DNPC/NBDPC (0.98/0.02) GUV

observed upon cooling, with Tem=21 -C, defined as the heat capacity

maximum measured from the exotherm of the corresponding LUVs

(extruded through 0.2 Am filters). Panel A: (T�Tem)=4 -C; Panel B:

(T�Tem)=�0.5 -C; Panel C: (T�Tem)=�1.5 -C.

Fig. 4. Change of diameter (Am) of five DNPC/NBDPC (0.98/0.02) GUVs

as a function of temperature during cooling.
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3.2. Confocal microscopy

The phase transition ofDNPCgiant vesicles containing the

fluorescent phospholipids analog NBDPC (XNBDPC=0.02)

was studied during cooling scans between 6>(T�Tem)>�3

-C, with Tem derived from the cooling scans for DNPC LUVs

(Ø �0.2 Am). It is possible that the actual thermal phase

transition of equivalent GUVs is broader and the Tem slightly

higher than that measured for LUVs, as suggested by the

DSC data for different sized LUVs. Accordingly, Brumm and

coworkers [42] reported that for cooling scans of supported

binary bilayers, the highest Tem value was measured for

planar membranes, while the lowest value was found for

small unilamellar vesicles (SUVs). These authors concluded

that an increase in membrane curvature lowers the equili-

brium lateral pressure of the lipid membrane, which causes
the temperature shift. The predicted broadening of the phase

transition of GUVs with respect to that found in MLVs is, in

part, also explained by the intrinsic difference between the

structures of the GUVs and MLVs, the latter representing a

stack of bilayers. Related to this, it appears that the thermal

phase behavior of LUVs rather than MLVs corresponds more

closely to the thermal behavior of GUVs.

Based on the fluorescence spectroscopy and DSC data,

we have previously suggested the presence of an inter-

mediate phase in the course of main phase transition [31].

Accordingly, the absence of micron-scale gel and fluid

phase coexistence above Tem was proposed, with hetero-

phase fluctuations in the nanometer scale [32,35]. The

present data show that upon reducing temperature from

(T�Tem)�7 to 1 -C, the vesicle sizes remain almost

unchanged (Fig. 3). When (T�Tem)�1 -C is reached, the

GUVs start to shrink. Importantly, lateral distribution of the

NBDPC probe in DNPC GUVs remains homogenous until

(T�Tem)��0.5 -C (i.e. 20.5 -C). At this temperature, dark

domains become visible while the GUVs continue to shrink.

The gradual decrease in the vesicle diameter was approx-

imately 25% for vesicles with diameters in the range 15 to

25 Am, whereas changes of ¨15% were observed for the

smallest GUVs (diameters ranging from 5 to 15 Am, Fig. 4).

Related to this, a decrease in vesicle diameters by approx.

7–8% in the course of the main transition has been reported

for DMPC and DPPC GUVs [43,44]. Importantly, in these

experiments, no concomitant rupture of the vesicles was

observed. After approx. 2 min at (T�Tem)��0.5 -C, the



Fig. 5. Confocal microscopy image for DNPC/NBDPC (0.98/0.02) GUV

observed upon cooling at (T�Tem)=�0.5 -C, with Tem=21 -C, defined as

the heat capacity maximum measured from the exotherm of the

corresponding LUVs (extruded through 0.2 Am filters).
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fluorescent probes in most vesicles cluster along the edges of

the black domains (Fig. 5). As the temperature is decreased

further to (T�Tem)��1 -C, the relative size of the dark

domains in the intact vesicles increases. Simultaneously with

the appearance of the dark domains, i.e. the coexistence of

gel and fluid phases at (T�Tem)��0.5 -C, vesicles have a
tendency to detach from the Pt-wire. After reaching

(T�Tem)��1.5 -C, most of the GUVs had detached from

the electrode and collapsed, ending up as small particles (Fig.

3, panel C). This process did depend on the size of the giant

liposomes so that the decrease in the diameter of the largest

vesicles occurred at higher temperatures. Interestingly, most

vesicles collapsed in the gel–fluid coexistence region, before

reaching the gel phase. Upon heating of the intact vesicles,

the diameters increased almost linearly and the giant

liposomes became homogenous at T�26 -C, this temper-

ature coinciding with the Tem value measured by DSC for the

heating scan of the corresponding LUVs. However, only

modest recovery of the GUV diameter (¨73%) was

observed, suggesting lipid loss during the cooling scan. No

shape hysteresis was observed, in contrast to the study by

Bagatolli and Gratton [43] reporting shape hysteresis and

lack of temperature hysteresis for the main transition of

DPPC and DMPC GUVs.
4. Discussion

Our previous studies on main transition have indicated

the lack of a true two phase region for DMPC and DPPC at

temperatures T >Tem [31,36]. Accordingly, we have sug-

gested the transition to proceed upon heating initially as a

first order process with coexisting solid ordered and liquid

disordered phase (up to approx. Tem) and, subsequently, as a

second order process, in which a putative intermediate phase

converts into the true liquid disordered phase [31,32,35,36].

This model was assessed in the present study by observing

giant vesicles composed of DNPC by fluorescence imaging.

More specifically, we studied DNPC giant vesicles under-

going main phase transition by confocal microscopy and
using NBD-labeled fluorescent phospholipid partitioning

preferentially into the fluid, liquid disordered phase [35].

This probe has a strong tendency for self-quenching [45],

and in monolayers of pure NBD-labeled lipids, there is

evidence for hydrogen bond mediated interactions between

the NBD moieties [46]. Aggregation and self-quenching of

NBD-lipids in the gel phase is supported by analysis of the

fluorescence lifetimes for a headgroup-labeled NBD-phos-

pholipid analog [47]. In the fluid phase and for NBD

attached to the acyl chain, the fluorescent NBD moiety is

partly distributed into the interface [48,49].

Intriguingly, our microscopy data reveals a lack of

micron-scale coexistence of gel and fluid phases at

temperatures above the Tem of DNPC LUVs. Yet, it must

be emphasized that the absence of the two-phase region at

T >Tem could be apparent only and be due to the limited

resolution of the microscope. Accordingly, the possibility

of nanometer-scale gel/fluid coexistence at these temper-

atures [43] cannot be explicitly excluded. However, our

data do not support two-state transition models that

assume Flarge-scale_ gel/fluid coexistence above the heat

capacity maximum [50], and align instead with the

interpretation of our previous results obtained with

fluorescent probes [31,32,36]. Importantly, our model

does readily comply with the so-called anomalous

swelling seen for saturated PCs [51,52]. More specifically,

the sharp, non-linear increase in the interbilayer repeat

distance observed by X-ray scattering has been suggested

to be caused by softening of the bilayers causing entropic

repulsion between the bilayers. Intriguingly, the anom-

alous swelling coincides with the region which our model

postulates to be the strongly fluctuating intermediate

phase.

DSC measurements cannot be accomplished for giant

vesicles, and the thermal phase behavior of DNPC GUVs as

well as the impact of the fluorescent probe, NBD-PC, had to

be deduced from the DSC data of DNPC LUVs. Although

the actual difference is likely to be small, LUVs seem to

exhibit narrower endo- and exotherms and perhaps also

somewhat lower values for Tem than GUVs [42,43]. Fourier

transform infrared spectroscopy and DSC data for DMPC

and DSPC (1:1) membranes on a solid support with varying

curvatures suggest that with increasing curvature, the

temperatures of the liquidus and solidus points are shifted

to lower values by up to 7- and 15-, and the mixing of the

two lipid species in the two-phase region is altered [42]. It

was further shown that planar membranes have the highest

transition temperatures, while the lowest value is found for

small unilamellar vesicles. Theoretical considerations sug-

gest that the shift of the liquidus point can be understood as

a reduction in the equilibrium lateral pressure of the bilayer

with an increasing vesicle curvature [42]. In keeping with

the latter study, our present data on LUVs reveals that the

Tem for LUVs obtained by extrusion through a 0.2 Am pore

size filter exceeded by 0.3- the Tem for LUVs extruded

through 0.1 Am pores (Table 1). Instead, the curvature
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appears to have a smaller impact on the width of the

enthalpy change.

A pronounced hysteresis of about 5- for the strongly

asymmetric enthalpy peaks is observed for both DNPC

MLVs and LUVs. There is no reason to expect this to apply

also to GUVs. The molecular level processes associated

with the thermal hysteresis of phospholipid phase changes

are incompletely understood. However, the increased

repulsion between the acyl chains because of increasing

acyl chain lengths or chain unsaturation appears to play an

important role in the width of the hysteresis [53]. This

polymorphism is likely to enhance the expansive impact of

trans6gauche isomerization in the course of the main

transition resulting in metastable intermediates and the

observed hysteresis upon cooling [54]. The enthalpy change

associated to the phenomenon of hysteresis not necessarily

has to be symmetric, and the asymmetric enthalpy peaks of

DNPC observed here could reflect the sum of multi-

component transitions, as reported for PE dispersions

[55,56]. Yet, unlike for PCs, direct intermolecular hydrogen

bonding at the headgroup level is possible for PE, which

could make the molecular mechanisms associated with the

melting of bilayers comprised of this lipid more complex.

Notably, according to our interpretation of the data for

DMPC, DPPC, and DNPC, the transition would be a

multicomponent process, progressing upon heating first as

first-order process with true gel–fluid co-existence region

until Tem, where after these, phases merge due to intense

fluctuations into an intermediate phase, developing into true

fluid phase by a second-order process. Unlike PEs that do

not display a pretransition, PCs exhibit a low co-operativity

pretransition that merges with the main transition [33]. The

broadening of the low temperature region of the DNPC

MLV and LUV enthalpy peaks could correspond to

pretransitional reorganization, and the formation of periodic

membrane ripples, occurring at these temperatures. More

specifically, the ripples are considered to be one-dimen-

sional defects of fluid lipid molecules that cause a local

bending of the membrane [33]. The number of fluid lipid

line defects would be approximately equal in both mono-

layers to minimize the free energy superimposed by

geometrical boundary conditions. Yet, the number of

bilayers is likely to influence the domain growth, as

discussed below.

The existence of a highly cooperative sub-main

transition has been reported for multilamellar bilayers

composed of long-chain saturated diacyl phosphatidylcho-

lines [57–59]. This transition takes place over a narrow

temperature range positioned between the pretransition and

main transition. The associated enthalpy change is a few

percent of the transition enthalpy for the corresponding

main transition [58]. Since the pretransition of the

unsaturated DNPC vesicles merges with the main tran-

sition, we cannot exclude the possibility that a similar

transition would occur also for DNPC. However, a sub-

main transition would appear as a relatively narrow
anomaly in the DSC trace. The absence of such change

for DNPC suggests that the decoupling of the translational

and conformational variables, other than pretransition,

would not contribute to the observed endotherm.

Although not being the main focus of the present study,

it is worth mentioning that the splitting of the DSC curve

for the MLV cooling scan (Fig. 1) is enigmatic. The

thermal behavior of MLVs upon cooling should be

basically similar to that of GUVs. Rather than a two-state

process, Rappolt and Rapp [56] have suggested the main

transition to be a sequence of transitions, with different

cluster growth modes from the gel to the liquid crystalline

phase and vice versa. The main difference between the

thermal cycles is the area per lipid molecule of the initial

phase that is significantly greater for the fluid bilayer. In

order to keep the system at its energy minimum, the

transition would start at the outer shells of the liposomes

upon heating, and inner shells upon cooling. The broad

component of the MLV cooling scan is thus likely to

reflect crystallization of the inner bilayers of the liposome.

This second-order transition first proceeds in both radial

and tangential directions. The corresponding increase in

the interfacial tension is modest, and no extensive interface

boundaries within the emerging intermediate phase are

observed, in keeping with diffusion controlled kinetics.

Weak geometrical constraints and steric hindrance occur-

ring between the inner and outer bilayer shells and

between the fluid and intermediate phase regions presum-

ably contribute to the observed thermal phase behavior of

the MLVs. As demonstrated by Rappolt and Rapp, these

curvature-induced constraints are expected to be less

perturbing upon heating [56].

In the context of the present data, it is important to

consider the possibility of slow formation of the nascent

phase in the course of the transition. Slow rearrangement

modes with relaxation times exceeding the experimental

time scales could influence the observed thermal phase

behaviour of the liposomes. Related to this, X-ray diffrac-

tion and temperature oscillation calorimetry measurements

demonstrate that the main transition for DPPC MLVs is fast

(transit times of less than 1 s) on heating and very slow on

cooling extending to time scale of hours [60,61]. These data,

collected with slow heating rate (0.05–0.5 -C/min), reveal a

loss of long-range order in the interbilayer lattice in a

narrow temperature range of ¨100 mK. In contrast, data

measured by IR-laser induced rapid T-jump techniques

display a well-concentrated transition without loss of order

[62]. Under the conditions of the latter experiment, the

transition is clearly discontinuous between the two states

with a half-life for the development of the product phase

signal of about 10 ms. These data suggest that a difference

in the driving force and the rate of the thermal cycle may

lead to differences in the transition order. However, our

present static excess Cp data with a heating/cooling rate

varying between 5-/h and 30-/h exhibit the same irreversible

characteristics, independent of the scan rate.
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