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ABSTRACT Bipolar tetraether lipids (BTLs) are abundant in crenarchaeota, which thrive in both thermophilic and nonthermo-
philic environments, with wide-ranging growth temperatures (4–108�C). BTL liposomes can serve as membrane models to
explore the role of BTLs in the thermal stability of the plasma membrane of crenarchaeota. In this study, we focus on the lipo-
somes made of the polar lipid fraction E (PLFE). PLFE is one of the main BTLs isolated from the thermoacidophilic crenarchaeon
Sulfolobus acidocaldarius. Using molecular acoustics (ultrasound velocimetry and densimetry), pressure perturbation calorim-
etry, and differential scanning calorimetry, we have determined partial specific adiabatic and isothermal compressibility, their
respective compressibility coefficients, partial specific volume, and relative volume fluctuations of PLFE large unilamellar vesi-
cles (LUVs) over a wide range of temperatures (20–85�C). The results are compared with those obtained from liposomes made
of dipalmitoyl-L-a-phosphatidylcholine (DPPC), a conventional monopolar diester lipid. We found that, in the entire temperature
range examined, compressibilities of PLFE LUVs are low, comparable to those found in gel state of DPPC. Relative volume fluc-
tuations of PLFE LUVs at any given temperature examined are 1.6–2.2 times more damped than those found in DPPC LUVs.
Both compressibilities and relative volume fluctuations in PLFE LUVs are much less temperature-sensitive than those in DPPC
liposomes. The isothermal compressibility coefficient (bT

lipid) of PLFE LUVs changes from 3.59 � 10�10 Pa�1 at 25�C to 4.08 �
10�10 Pa�1 at 78�C. Volume fluctuations of PLFE LUVs change only 0.25% from 30�C to 80�C. The highly damped volume fluc-
tuations and their low temperature sensitivity, echo that PLFE liposomes are rigid and tightly packed. To our knowledge, the data
provide a deeper understanding of lipid packing in PLFE liposomes than has been previously reported, as well as a molecular
explanation for the low solute permeation and limited membrane lateral motion. The obtained results may help to establish new
strategies for rational design of stable BTL-based liposomes for drug/vaccine delivery.
INTRODUCTION
Crenarchaeota are traditionally referred to as thermophilic
archaea with optimal growth temperatures between 60 and
108�C (1). More studies that are recent have shown that
crenarchaeota are also present in nonextreme environments
such as soils, lakes, and pelagic areas (4–22�C) (2–4).
Bipolar tetraether lipids (BTLs) are abundant in both ther-
mophilic and nonthermophilic crenarchaeota (5,6), but not
in bacteria and eukaryotes. In many cases, BTLs constitute
~90% of the total polar lipids in the crenarchaeota. The
structures of BTLs are distinctly different from the struc-
tures of lipids found in bacteria and eukaryotes (5,7). To
date, the structural and functional role of BTLs in the cren-
archaeota over such a wide-ranging growth temperature
(4–108�C) remains elusive.

Liposomes made of BTLs can serve as membrane models
to explore the role of BTLs in the plasma membrane of cren-
archaeota. However, in a given crenarchaeon, there are
several different kinds of BTLs (7–9). To gain a better
molecular understanding of BTL liposomes, it is of consid-
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erable interest to use a purified BTL component, rather than
total BTL extracts from the archaea.

In this article, we shall focus on the polar lipid fraction E
(PLFE), which is one of the main BTLs isolated from the
thermoacidophilic crenarchaeon Sulfolobus acidocaldarius
(10). PLFE is a mixture of calditolglycerocaldarchaeol
(also termed glycerol dialkylcalditol tetraether, or GDNT)
and caldarchaeol (also termed glycerol dialkylglycerol tet-
raether, or GDGT) (10–13) (see Fig. 1 and (14)). The
GDNT component (~90% of total PLFE) contains phos-
pho-myo-inositol on the glycerol end and b-glucose on the
calditol end, whereas the GDGT component (~10% of total
PLFE) has phospho-myo-inositol attached to one glycerol
and b-D-galactosyl-D-glucose to the other glycerol skel-
eton. The nonpolar regions of these lipids consist of a pair
of 40-carbon biphytanyl chains, each of which contains up
to four cyclopentane rings. In aqueous solutions, PLFE
can form multilamellar and unilamellar vesicles of varying
sizes (from 65 nm to 100 mm) (15–17).

PLFE liposomes are remarkably stable against environ-
mental stressors (reviewed in (7,14,18)). PLFE liposomes
exhibit an unusually low temperature sensitivity of proton
permeation and dye leakage (15,16,19). The size of PLFE
liposomes remains unchanged for at least six months at 25–
55�C (20). At high [Ca2þ] (>12 mM), aggregation of
PLFE liposomes occurs, but it is accompanied by only
doi: 10.1016/j.bpj.2010.09.061
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FIGURE 1 Bipolar tetraether lipids: molecular structures of (a) GDGT (or caldarchaeol) and (b) GDNT (or calditolglycerocaldarchaeol). GDG(N)T-0 and

GDG(N)T-4 contain 0 and 4 cyclopentane rings, respectively. The number of cyclopentane rings in each biphytanyl chain can vary from 0 to 4 for the polar

lipid fraction E (PLFE) derived from S. acidocaldarius. (c) Headgroups: R1 ¼ myo-inositol; R2 ¼ b-D-galactosyl-D-glucose; and R3 ¼ b-D-glucose.
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a relatively low extent of membrane fusion (20). The aggre-
gation or fusion of PLFE liposomes is slow, on the order of
tens of minutes (20–22), as compared to the aggregation of
negatively charged monopolar diester liposomes at compa-
rable Ca2þ and lipid concentrations (on the order of seconds)
(23). PLFE liposomes also showed remarkable stability
Biophysical Journal 99(10) 3319–3326
against autoclaving, displaying only 4.3% carboxyfluores-
cein leakage in the presence of 160 mM NaCl at pH 7.1
(24). In the pH range 4–10, PLFE-based liposomes are able
to retain vesicle size and morphology through at least six
autoclaving cycles (24). By contrast, at the same pH range,
most conventional liposomes made of monopolar diester
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lipids and cholesterol or pegylated lipids cannot withhold
vesicle size against just one cycle of autoclaving (24).

The unusual stability of PLFE liposomes has been attrib-
uted in part to tight and rigid lipid packing as suggested by
fluorescence probe techniques. For example, the generalized
polarization values of Laurdan (6-lauroyl-2-(dimethyla-
mino)naphthalene) fluorescence in PLFE giant unilamellar
vesicles (GUVs) were low at all of the temperatures and
pHs examined (17). When excited with light polarized in
the y direction, Laurdan fluorescence in the center cross
section of the PLFE GUVs exhibited a photoselection effect
showing much-higher intensities in the x-direction of the
vesicles, a result opposite that observed on monopolar
diester liposomes. This surprising result indicates that the
chromophore of Laurdan in PLFE GUVs is aligned parallel
to the membrane surface. This photoselection effect and the
low generalized polarization values suggest that the Laurdan
chromophore resides in the polar headgroup region of the
PLFE liposomes, whereas the lauroyl tail inserts into the
hydrocarbon core of the membrane. This unusual L-shape
disposition is presumably caused by the unique lipid struc-
tures and by the rigid and tight membrane packing in
PLFE liposomes.

Packing tightness/rigidity in PLFE liposomes has also
been studied by noninvasive methods such as pressure
perturbation calorimetry (PPC). PPC data showed that all
of the phase transitions of PLFE liposomes involve very
small volume changes compared to the main transitions of
saturated diacyl phosphatidylcholine bilayers (25). Note
that PLFE liposomes may exhibit two thermally induced
lamellar-to-lamellar phase transitions at ~42–50�C (varied
with growth temperature and the pH used for the measure-
ments) and ~60�C (7,17,25,26) and a lamellar-to-cubic
phase transition at ~74–78�C (25,26).

In this study, we further investigate packing properties of
PLFE liposomes with regard to volume changes. Specifi-
cally, we used molecular acoustics (ultrasound velocimetry
and densimetry), PPC, and differential scanning calorimetry
(DSC) to determine adiabatic and isothermal compress-
ibility coefficients and volume fluctuations of PLFE
liposomes as a function of temperature (22–82�C). Com-
pressibilities and volume fluctuations of lipid membranes
are not well documented in the literature.

To our knowledge, this work is the first study of
isothermal compressibility coefficient and volume fluctua-
tions of BTL liposomes. The results are compared with
those obtained from liposomes made of dipalmitoyl-L-a-
phosphatidylcholine (DPPC), a conventional monopolar
diester lipid. We found that compressibilities of PLFE lipo-
somes are low, comparable to those found in gel state of
DPPC. Volume fluctuations of PLFE liposomes at any given
temperature are much more damped than DPPC liposomes.
Both compressibilities and volume fluctuations of PLFE
liposomes are much less temperature-sensitive than those
in DPPC liposomes. The data provide a deeper under-
standing of membrane packing and a molecular explanation
for low solute permeation (15,16,19) and slow membrane
dynamics (27,28) in PLFE liposomes. The obtained results
may help to establish new strategies for rational design of
thermally stable BTL-based liposomes for technological
applications such as targeted drug delivery.
MATERIALS AND METHODS

Materials

Sulfolobus acidocaldarius cells (ATCC No. 49426; American Type Culture

Collection, Rockville, MD) were grown aerobically and heterotrophically

at 65�C and at pH 2.5–3.0. The cells were harvested before the stationary

phase. PLFE lipids were isolated from dry cells as previously described

(10,29). DPPC (dipalmitoyl-L-a-phosphatidylcholine) was purchased

from Avanti Polar Lipids (Alabaster, AL).
Methods

Preparation of PLFE and DPPC liposomes

PLFE liposomes were prepared by dissolving PLFE lipids in chloroform/

methanol/water (14:5:1, v/v/v), mixing the solution thoroughly using

a vortex, and drying the solution first under a stream of nitrogen gas and

then under high vacuum for at least 12 h. The lipid film was rehydrated

with Millipore water (Purelab Classic; ELGA Labwater, Siershahn,

Germany) followed by vortexing, sonication, and seven freeze/thaw cycles.

Unilamellar vesicles (LUVs) were prepared by extrusion using a Mini-

Extruder (Avanti Polar Lipids) and passing the solution 21 times through

a 100-nm polycarbonate membrane at ~65�C. The final PLFE concentration

used in the calorimetric, and density measurements, was 5 mg/mL. The

PLFE concentration used in the ultrasound velocity measurements was 4

mg/mL. PLFE is a mixture of GDGT (glycerol dialkylglycerol tetraether)

and GDNT (glycerol dialkylcalditol tetraether) containing varying numbers

of cyclopentane rings. For simplicity, all the calculations performed in this

study used a single molar weight of 2300 g for one mole of PLFE. DPPC

LUVs were prepared by the same extrusion method.

Differential scanning calorimetry

Differential scanning calorimetry (DSC) measurements were made with

a VP DSC calorimeter from MicroCal (Northampton, MA). The sample

cell of the calorimeter was filled with ~0.5 mL of solution, with a lipid

concentration of 5 mg/mL, while the reference cell was filled with a match-

ing aqueous solution. Both heating and cooling scans were made at a scan

rate of 10�C/h. Before each heating scan, the vesicles were kept at the start-
ing temperature for ~2 h. The heat capacity cp values are given with respect

to the reference cell.

Pressure perturbation calorimetry

Pressure perturbation calorimetry (PPC) measurements were performed on

the same MicroCal calorimeter equipped with a MicroCal pressurizing cap.

A nitrogen gas pressure of 5 bar was applied to the samples (5 mg/mL)

during all PPC cycles (30,31). The effective scan rate was 10�C/h. Under
the same experimental conditions, a set of reference sample-water and

water-water measurements was carried out each time. For calculation of

the relative volume changes, a partial specific lipid volume of 1 cm3 g�1

was used.

Density measurements

Density measurements were performed on a densitometer (model No.

DMA5000; Anton Paar, Graz, Austria), using the principle of mechanical
Biophysical Journal 99(10) 3319–3326
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harmonic oscillator to obtain the densities of the solution (r) and the water

(r0) as a function of temperature. The partial specific volume (no) of the

lipid vesicles can be calculated by the equation (provided that the lipid

vesicle solution is sufficiently diluted):

vo ¼
�
vv

vn

�
y

1

r0
� r� r0

r0c
: (1)

Here n is the specific volume (in mL/g), n is the number of solute molecules,

and c is the specific lipid concentration (in g/mL) in the solution (32,33). In

this and the subsequent equations, the subscript ‘‘0’’ and superscript ‘‘o’’

denote water and the lipid vesicles or the solutes, respectively. For the

density measurements, the average heating scan rate is 8�C/h.

Ultrasound velocity measurements

Ultrasound velocity u was measured using a ResoScan apparatus (TF

Instruments, Heidelberg, Germany) which generates standing waves at

a resonance frequency (fN) in a resonator with a distance D between the

resonator plates with a fixed order number N:

u ¼ 2DfN
N

: (2)

The velocity number [u] is given by

½u� ¼ ðu� u0Þ
u0c

; (3)

where u and u0 are the ultrasound velocity of the solution and the water,

respectively. The values u and u0 were measured as a function of tempera-

ture using a heating scan rate of 10�C/h (32,33).

Determinations of compressibility

The propagating ultrasound wave depends on the density (r) and adiabatic

compressibility coefficient (bS) of the medium. In combination with the

density and ultrasound velocity measurements, we can calculate the adia-

batic compressibility coefficient (32–34):

bs ¼ 1

u2r
: (4)

In a two-component system (lipidþ buffer), the partial specific molar adia-

batic compressibility (kS
�) of the solute (i.e., lipid) is given by

koS ¼
�
vkS

vn

�
¼

�
vvo

vp

�
S

ybS;0

�
2ðvo � ½u�Þ � 1

r0

�
; (5)

where bS,0 is the adiabatic compressibility coefficient of the solvent (i.e.,

buffer). The value kS
� is related to the partial specific adiabatic compress-

ibility coefficient (bS
lipid) of the lipid through the partial specific volume

of the lipid, no:

koS ¼ voblipid
S :

The partial specific isothermal compressibility of the lipid (kT
�) can be

calculated from kS
� according to the equation (32,33)

koT ¼ koS þ Ta2
0

r0cp;0

�
2
aovo

a0

� cop
r0cp;0

�
: (6)

The partial specific thermal expansion coefficient of the lipid (ao) can be

obtained from PPC measurements. The thermal expansion coefficient (a)

is defined as
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a ¼ E=V;
where E is the thermal expansion and V is the molar volume. The DSC

measurement yields the heat capacity at constant pressure (cp) over

a wide temperature range. The partial specific heat capacity (cp
�) of the

solute can be calculated according to

cop ¼ DCp

m
þ vo

vo0
cp;0; (7)

where cp,0 is the partial specific heat capacity of the solvent (i.e., buffer),

DCp is the heat capacity change through a phase transition, and m is the

molecular mass of the lipid. Analogous to the adiabatic compressibility

coefficient, the isothermal compressibility coefficient of the lipid (bTlipid)

is defined by

bT
lipid ¼ koT=v

o:

Determination of fluctuation parameters

From the partial specific volume (no) and isothermal compressibility (kT
�),

the square average of the volume fluctuations�
DV2

� ¼ RTKT ¼ RTkoTM

and the relative volume fluctuationsffiffiffiffiffiffiffiffiffiffiffiffiffi�
DV2

�
V2

s
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RTblipid

T

Mvo

s

can be calculated (34,35).
RESULTS AND DISCUSSION

This study reports, for the first time to our knowledge, the
isothermal compressibility and volume fluctuations of
archaeal BTL liposomes. These important thermodynamic
properties are calculated from the data obtained from
acoustic and calorimetric measurements as described in
Materials and Methods.

The acoustic measurements alone yield interesting infor-
mation about PLFE liposomes. The ultrasound velocity
number ([u]) of PLFE LUVs decreases slightly with
increasing temperature, from 0.075 mL/g at 20�C to 0.025
mL/g at 85�C (Fig. 2). In this plot, there is a small change
of slope at ~40�C, which may reflect a lipid phase transition.
In sharp contrast, DPPC LUVs exhibit a dramatic change of
[u] with temperature, changing from 0.1 mL/g at 20�C to
�0.16 mL/g at 65�C. There is an abrupt biphasic change
in [u] at the main phase transition temperature (~41�C) of
DPPC. The slopes of [u] versus T for both the gel (<
37�C) and liquid-crystalline (> 45�C) state of DPPC are
much greater than that for PLFE liposomes. The velocity
number [u] of PLFE liposomes is much less temperature-
sensitive than that of DPPC.

In addition, [u] changes little through the phase transitions
of PLFE liposomes, in sharp contrast to the abrupt change
of [u] through the main phase transition of DPPC. The



FIGURE 2 Temperature dependence of the ultrasound velocity number

([u]) of PLFE (squares) and DPPC (circles) liposomes.
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[u]-versus-T profile for DPPC (Fig. 2) is similar to that previ-
ously reported, which is typical for a pseudo-first-order kind
of phase transition (35–37). Fig. 2 also shows that PLFE and
DPPC vesicles have the same ultrasound velocity number at
~30�C, which implies that, at this temperature, molecular
packing in both membranes is approximately the same. The
equivalence at this temperature propagates to the compress-
ibility data shown later in Figs. 5 and 6. Further, in the
temperature range examined, the velocity number for PLFE
is always positive, while that for DPPC becomes negative
at the phase transition. According to Eq. 3, [u] is positive
when the ultrasound velocity of the liposomes (u) is greater
than that of water (u0). This result indicates that the intermo-
lecular interactions and molecular packing in PLFE lipo-
somes remain strong and tight and change relatively little
with temperature from 20 to 85�C.

The heat capacity (cp) of PLFE LUVs measured from
DSC exhibits an endothermic transition at ~40�C (Fig. 3).
This transition temperature agrees with the break-point
shown in the plot of [u] versus temperature (Fig. 1) and
with the DSC data of PLFE MLVs (25). Our previous study
(25) has shown that the enthalpy changes of the phase
transitions in PLFE liposomes are small, compared to that
in saturated diacyl phosphatidylcholines. The partial
FIGURE 3 Effect of temperature on the heat capacity (cp, squares) and

partial specific heat capacity (c�p, triangles) of PLFE liposomes. The

heat capacity was determined by DSC using a heating mode. [PLFE] ¼ 5

mg/mL.
specific heat capacity (cp
�), which is calculated from Eq.

7, also shows a small but abrupt change at ~40�C (Fig. 3).
These data echo the previous finding that ultrasound
velocity number and heat capacity are strongly correlated
(35,37,38).

The effect of temperature on the thermal expansion coef-
ficient (a) of PLFE LUVs measured from PPC is presented
in Fig. 4 (top). The data are more scattered and the peak is
broader and shifted to a lower temperature, compared to our
previous thermal expansion coefficient data obtained from
PLFE MLVs (25). The differences may be attributed to
the use of LUVs, which have less cooperativity in the phase
transition than MLVs.

The temperature dependence of the partial specific
volume (no) of PLFE liposomes is presented in Fig. 4 as
well (bottom). There is a small change in slope at ~35�C
(Fig. 4, bottom). This break-point matches with the weak
transition at the similar temperature detected by PPC
(Fig. 4, top). Above 35�C, the no value increases almost line-
arly with increasing temperature until ~78�C, which corre-
sponds to the transition temperature from the lamellar to
the cubic phase (26). Previous studies showed that PLFE
liposomes exhibit two thermally induced lamellar-to-
lamellar phase transitions at ~42–50�C (varied with cell
growth temperature and the pH used for the measurements)
and ~60�C (7,17,25,26). Our data (Fig. 4) indicate that there
is a very small change in no near the first lamellar-to-
lamellar phase transition and that there is virtually no
change in no for the second lamellar-to-lamellar transition.

In sharp contrast, no of DPPC MLVs changes abruptly at
the main phase transition, changing from 0.93 mL g�1 at
38�C to 0.98 mL g�1 at 42�C (33). The slope of no versus
temperature (<78�C) for PLFE liposomes is ~0.00062 mL
g�1 K�1 (Fig. 4). This value is comparable to the no varia-
tion with temperature in the gel state of DPPC MLVs but
much smaller than that for the liquid-crystalline state of
DPPC (0.00109 mL g�1 K�1, estimated from Fig. 3 of
(33)). These results imply that the temperature dependence
of membrane packing in PLFE liposomes is similar to that
FIGURE 4 Temperature dependence of the thermal expansion coefficient

(a) (top) and partial specific volume (no) (bottom) of PLFE liposomes.

[PLFE] ¼ 5 mg/mL.

Biophysical Journal 99(10) 3319–3326



FIGURE 6 Temperature dependence of the partial specific isothermal

compressibility (kT
�) of PLFE (squares) and DPPC (circles) LUVs. (Inset)

The full profile of the partial specific isothermal compressibility of DPPC

LUVs. [PLFE] ¼ [DPPC] ¼ 5 mg/mL.
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found in the gel state of DPPC, but unlike that in liquid-crys-
talline state of DPPC.

Fig. 5 shows how the partial specific adiabatic compress-
ibility (kS

�) of PLFE LUVs (squares) and DPPC LUVs
(circles) varies with temperature. The kS

� of DPPC LUVs
undergoes a dramatic increase at the main phase transition
temperature (~41�C), yielding a change of ~1.9 � 10�10

mL g�1 Pa�1 over the 5� transition temperature span. In
sharp contrast, kS

� of PLFE LUVs changes almost linearly
with increasing temperature and changes very little over
a wide temperature range (21–83�C). Specifically, kS� of
PLFE LUVs changes 0.008 � 10�10 mL g�1 Pa�1 per
degree. The kS

� for PLFE LUVs is much less temperature-
sensitive than that for the gel or liquid-crystalline state of
DPPC LUVs. The values of kS

� for PLFE LUVs in the entire
temperature range examined are low, close to the kS

� values
for the gel state of DPPC.

Similar results were obtained for the partial specific
isothermal compressibility (kT

�) (Fig. 6), despite that, as ex-
pected, the values of kT

� are slightly higher than those of kS�.
The value kT

� also changes little with temperature, with an
average change of 0.013 � 10�10 mL g�1 Pa�1 per degree.
The plot of kT

� versus temperature (Fig. 6) shows a small
deviation from linearity at 37–45�C, which corresponds to
one of the lamellar-to-lamellar phase transition temperatures
of PLFE LUVs (7,17,25,26). The values of the isothermal
compressibility coefficient (bTlipid) (calculated by bTlipid ¼
kT

�/n�) for PLFE LUVs at different temperatures are given
in Table 1. These values are comparable to the bTlipid values
for the gel state of DPPC (5.2� 10�10 Pa�1 (39); 2.3� 10�10

Pa�1 (35); 3.8� 10�10 Pa�1 (33); and 4.2� 10�10 Pa�1 (40)).
The temperature dependence of bTlipid for PLFE LUVs is
~0.0092 � 10�10 Pa�1 K�1 (estimated from Table 1).

The most striking result lies in the relative volume
fluctuations ��

DV2
��

V2
	1=2

;

FIGURE 5 Temperature dependence of partial specific adiabatic

compressibility (kS
�) of PLFE (squares) and DPPC (circles) LUVs.

[PLFE] ¼ [DPPC] ¼ 5 mg/mL.
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(Fig. 7), which can be calculated from the isothermal
compressibility data. The relative volume fluctuations for
DPPC LUVs are higher than those for PLFE LUVs by
a factor of 1.6–2.2 at any given temperature examined. In
addition, relative volume fluctuations of PLFE LUVs
change only 0.25% from 30�C to 80�C. Relative volume
fluctuations are closely related to solute permeation across
lipid membranes and lateral motions of membrane compo-
nents (41,42). Thus, the low values for relative volume fluc-
tuations explain why PLFE liposomes exhibit an unusually
low value and low temperature sensitivity to proton perme-
ation and dye leakage (15,16,19) and limited lipid lateral
motion in the membrane (17,27).

There is a small but noticeable slope change at ~39�C in
the plot of (hDV2i/V2)1/2 versus temperature (Fig. 7). This
slope change corresponds to a known lamellar-to-lamellar
phase transition of PLFE liposomes at ~42–50�C
(7,17,25,26), in good agreement with the [u], cp, and no

data mentioned earlier. It appears that this phase transition
does not involve a large change in relative volume fluctua-
tions, which might be expected for lamellar phase transi-
tions with minor changes in the chain packing density.

The highly damped volume fluctuations and their low
temperature sensitivity are consistent with the concept that
bipolar tetraether liposomes are rigid and tightly packed
over a wide temperature range. Because the bipolar tetraether
lipids are the major lipid component in crenarchaeota, our
present finding may provide a partial explanation as to why
crenarchaeota can sustain awide range of growth temperature
4–108�C (as mentioned earlier).
TABLE 1 The isothermal compressibility coefficient of PLFE

(blipid
T ) determined at different temperatures

Temperature / �C b
lipid
T (10�10 Pa�1)

25 3.59

40 3.76

53 3.83

67 3.95

78 4.08



FIGURE 7 Temperature dependence of relative volume fluctuations

(hDV2i/V2)1/2 in PLFE (squares) and DPPC (circles) LUVs. (Inset) The

data of DPPC LUVs presented in a larger scale. [PLFE] ¼ [DPPC] ¼ 5

mg/mL.
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It is interesting to note that, even in this kind of tough
membrane environment, a few proteins, including a leucine
transport system, cytochrome-c oxidase, quinol oxidase,
primary proton pumps, and isoprenylcysteine carboxyl
methyltransferase, can still insert into the lipid matrix and
remain biochemically active (43–48). In the future, it would
be of interest to investigate the way in which protein inser-
tion affects volume fluctuations of PLFE liposomes. It
would also be important to study the changes in protein
conformation that occur when the proteins insert into the
tightly-packed PLFE lipid matrix.

In addition, liposomes made of either natural or synthetic
BTL can be used for technological applications. A consider-
able effort has been devoted to develop BTL or BTL-con-
taining liposomes as carriers of therapeutic agents and as
adjuvants of drugs and vaccines (49–52). A full thermody-
namic characterization of the PLFE membranes such as pre-
sented in this study may help to establish new strategies for
rational design of thermally and biochemically stable BTL-
based liposomes for targeted delivery and controlled release
of drugs/vaccines.
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