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ARTICLE INFO ABSTRACT

Biological membranes are complex systems that are composed of lipids, proteins and carbohydrates. They are
difficult to study, so it is established practice to use lipid vesicles that consist of closed ‘shells’ of phospholipid
bilayers as model systems to study various functional and structural aspects of lipid organisation. To define the
effects of the structural properties of lipid vesicles on their phase behaviour, we investigated their headgroup
and chain length, and the chemical bonds by which their acyl chains are attached to the glycerol moiety of
glycerophospholipid species, in terms of phase transition temperature, enthalpy change and calcein perme-
ability. We used differential scanning calorimetry to measure the temperature and enthalpy changes of phase
transition, and fluorescence to follow calcein release through the bilayer structure. Our data show that longer
acyl chains increase the stability of the lipid bilayers, whereas higher salt concentrations decrease the thermal
stability and widen the phase transitions of these lipid bilayers. We discuss the possible reasons for the observed
phase transition behaviour.
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1. Introduction

Lipids are one of the major constituents of cell membranes. As well
as their structural role, lipid membranes have biological roles, in terms
of modulation of the other constituents of the membranes (e.g., pro-
teins) (Lee, 2004; Marsh, 2008; Yeagle, 2014) and the physicochemical
properties of the membranes themselves (Galvagnion et al., 2016;
Haque et al., 2001). In general, the membrane lipids consist of two
regions: the polar headgroup, onto which the one or two hydrocarbon
(acyl) chains are attached. The headgroup can carry a net charge, and
the acyl chains can be either saturated or unsaturated, and they give the
lipid molecule its hydrophobic character.

This dual nature of lipid molecules enables the spontaneous for-
mation of bilayers in aqueous solutions, which can be either planar or
vesicular, whereby the hydrophobic carbon chains are hidden on the
inside and are thus ‘protected’ by the polar headgroups that face the
aqueous solution (Lamond, 2002). The structure of the lipids de-
termines their physicochemical properties (e.g., phase transition tem-
perature, membrane curvature), and consequently influences their in-
teractions with the other constituents in the system.

One approach in understanding the structural effects of lipids on the
properties of a lipid bilayer is to study the phase transitions of the lipids
from the gel phase (Lg) — an ordered state — to the liquid crystalline
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phase (L) — a disordered state. In addition to the main transition, there
is an interconversion between two different gel phases. This inter-
conversion is called the ‘pretransition’ and it involves transformation of
the Lg phase to the rippled gel phase (Pg) (Koynova and Caffrey, 1998).
In the gel phase, the lipid molecules do not show much lateral motion as
all of the hydrocarbon chains are in the trans conformation, which leads
to a very closely packed structure. As the temperature rises, the lipids
move into the liquid crystalline phase, where some carbons on the
hydrocarbon chains switch to the cis conformation. This can lead to
‘kinks’ in the acyl chain structure, which can cause the bilayer to lose its
tightly packed structure, and thus to become more liquid (Akabori and
Nagle, 2015; Huang and Li, 1999; Leekumjorn and Sum, 2007;
Suurkuusk et al., 1976).

As biological membranes are a mixture of different lipids, it is dif-
ficult to study the structural effects of isolated membrane lipids on the
membrane properties, as the biological membranes have a cumulative
effect due to all of their constituents (Baoukina et al., 2017; Haque
et al., 2001; Nickels et al., 2017). Model membranes offer much more
controlled settings, especially as lipid vesicles can be made from only
one lipid species. Therefore, the selected parameters to be investigated
can be evaluated in a much more straightforward way, and in com-
parison with other varieties of lipids determined in separate experi-
ments (Eeman and Deleu, 2010).
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Such model membranes can also be used to study extremophiles —
microorganisms that can survive under extreme conditions in habitants
such as hot springs and salt lakes (Rothschild and Mancinelli, 2001).
Understanding the contributions of individual structural factors to the
stability of extremophiles is important, because these microorganisms
have the potential to enter into large-scale use in the field of bio-
technology (Coker, 2016).

Synthetic glycerophospholipids can be used as model membranes to
study the bilayer stability, water permeability (Mathai et al., 2008) and
salt tolerance of biological membranes. Comparisons of ether linkages
versus ester linkages is also of special interest, because this choice re-
presents a well-localised chemical perturbation that affects the physical
properties of the membranes (Guler et al., 2009). It has been reported
that ether-linked lipids are more stable than ester-linked lipids (Baba
et al., 1999; Balleza et al., 2014; Gmajner and Ulrih, 2011). Indeed, the
glycerol ether lipids are one of the most remarkable features that dis-
tinguish members of Archaea from those of Bacteria and Eucarya
(Phillips et al., 1970). In Bacteria and Eucarya, the membrane phos-
pholipids feature a sn-glycerol-3-phosphate scaffold, which is ester
linked to the fatty acid (acyl) chains. In contrast, archaeal lipids feature
the ‘opposite’ glycerol stereoisometry, as sn-glycerol 1-phosphate, with
isoprenoid groups connected viaether linkages (Pakchung et al., 2006;
Pereto et al., 2004; Ulrih et al., 2009).

With the aim to better understand the molecular mechanisms of
adaptation of Archaea to extreme environmental conditions, we in-
vestigated the effects of their structural properties on their phase be-
haviour (e.g, phase transition temperature), in terms of headgroup and
chain length, and chemical bonds by which of the acyl chains are at-
tached to the glycerol moiety of the glycerophospholipid species.
Subsequently, the stability of the lipid vesicles and the enthalpy of their
transitions were determined using differential scanning calorimetry
(DSC) (Ali et al., 2000; Gmajner and Ulrih, 2011; Lewis et al., 1996).
Additionally, we followed the release of the fluorescent probe calcein
over a selected temperature range using emission fluorescence spec-
trometry (Gmajner et al., 2011a, 2011b; Maherani et al., 2013; Patel
et al., 2009). The effects of ionic strength on the transition temperatures
and enthalpy of the transition and on the release of calcein from ve-
sicles composed from different lipids was also investigated. The con-
tributions of these individual structural factors on the thermal stability
and permeability of the lipid membranes are discussed.

2. Materials and methods
2.1. Materials

The following lipids were purchased in powder form from Avanti
Polar Lipids Inc. (Alabama, USA): 1,2-dipalmitoyl-sn-glycero-3-phos-
phocholine (DPPQC); 1,2-distearoyl-sn-glycero-3-phosphocholine
(DSPQ); 1,2-dibehenoyl-sn-glycero-3-phosphocholine (DBPC); 1,2-di-
hexanoyl-sn-glycero-3-phosphocholine (DHPC); 1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine (DPPE); 1,2-dipalmitoyl-sn-glycero-3-
phospho-(1’-myo-inositol) ammonium salt (DPPI); and 1,2-dipalmitoyl-
sn-glycero-3-phospho-(1’-rac-glycerol) sodium salt (DPPG). The struc-
tures of these lipids are shown in Scheme 1. NaCl, NaOH, chloroform,
ethanol and methanol were from Merck KGaA (Damstadt, Germany),
and 4-(2-hydroxyethyl)-1-piperasinethanesulphonic acid (HEPES) and
calcein were from Sigma Aldrich Chemie GmbH (Steinheim, Germany).

2.2. Preparation of liposomes

Multilamellar liposomes were prepared with DPPC, DSPC, DBPC,
DHPC, DPPE, DPPI and DPPG by the thin-layer method (Lasic, 1993).
Briefly, 10 mg lipids were dissolved as stock solutions in either 1 mL
chloroform (DPPC, DSPC, DBPC, DHPC) or 1 mL chloroform: methanol
(7:3; v/v; DPPE, DPPI, DPPG). The liposome aqueous suspensions were
prepared by transferring 1 mL phospholipids stock solution into rotary
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flasks. First, the organic solvents were completely evaporated off under
reduced pressure (17 mbar), to provide a thin phospholipid film on the
wall of the flasks. These lipid films were hydrated by adding 2 mL
20mM HEPES or 2mL 50mM calcein without or with NaCl
(0-500 mM), with the mixtures shaken for 2 h above the phase transi-
tion temperature of the phospholipids (éentjurc et al., 1999). The final
lipid concentration was 0.5mg/mL (¢ (DPPC)=0.68mM, ¢
(DSPC) = 0.63mM, c (DBPC) = 0.55mM, ¢ (DHPC) = 0.71mM, c
(DPPE) = 0.72mM, ¢ (DPPI) = 0.60 mM, c (DPPG) = 0.67 mM). The
pH of all solutions was 7.0, except the pH of DPPE, which was adjusted
to 8.0. These liposomes were in the form of multilamellar vesicles
(MLVs) as proved before (Gmajner et al., 2011a, 2011b), and they were
used for the DSC measurements. For the fluorescence emission spec-
trometry, the MLVs were converted into large unilamellar vesicles
(LUVs) using the extrusion technique. Here, after six freeze-thaw cycles
in liquid nitrogen, the MLVs were extruded 21 times through a 100-nm
polycarbonate membrane using a mini extruder (Avanti Polar Lipids,
Alabaster, Alabama, USA).

2.3. Determination of phospholipid concentration

Phospholipid C assays were used for quantitative determination of
phospholipid concentrations in-vitro (Wako Pure Chemical Industries
Ltd., Japan). This assay is an enzymatic method that uses choline oxi-
dase in a reaction that can be measured spectrophotometrically.

2.4. Differential scanning calorimetry

Differential scanning calorimetry is a very useful technique to in-
vestigate heat-induced changes in lipid structures. The gel-to-liquid
crystalline phase transitions of the phospholipids were monitored using
a NANO DSC series III system (Calorimetry Science, Provo, USA). The
concentration of all lipids was 0.5mg/ml (¢ (DPPC) = 0.68mM, c
(DSPC) = 0.63mM, c¢ (DBPC) = 0.55mM, ¢ (DHPC) = 0.71mM, c
(DPPE) = 0.72mM, ¢ (DPPI) = 0.60 mM, ¢ (DPPG) = 0.67 mM). The
phase transitions of the MLVs prepared from DHPC, DPPC, DSPC,
DBPC, DPPI, DPPG and DPPE were monitored at pH 7.0 and 8.0, in
20 mM HEPES with 0, 50, 100 and 500 mM NaCl. The reference cell was
filled with 20 mM HEPES buffer at pH 7.0 or pH 8.0 without or with
NaCl. Before measurements, the samples were degassed under vacuum
and then loaded into the calorimetric cell. Each sample was heated/
cooled repeatedly in the temperature range from 10 °C to 70 °C and to
90 °C for DBPC and DPPE, at a heating rate of 1 °C/min. The first DSC
scan was used to determine the temperature of the gel-to-liquid-crys-
talline phase transition (T,,) of the lipids, and the model-independent
calorimetric enthalpy (AH_.,). The subsequent scans were used to de-
termine the reversibility of the lipid-phase transitions. The
NanoAnalyse software (TA Instruments, USA) was used to evaluate the
enthalpies and temperatures of the transitions from the DSC thermo-
grams.

2.5. Fluorescence emission intensity of released calcein

The calcein-loaded LUVs prepared from different lipids were used to
determine the vesicle permeability as a function of temperature and
NaCl concentration, as changes in the fluorescence intensity followed
using a fluorescence spectrophotometer (Cary Eclipse; Varian,
Mulgrave, Australia). Calcein is a small fluorophore that can be released
from vesicles due to lipid bilayer relaxation (Butterfield and Lashuel,
2010).

The LUVs filled with calcein were prepared by hydrating the dried
lipids with 50 mM calcein (Sigma-Aldrich Chemie GmbH, Steinheim,
Germany) in 20 mM HEPES, pH 7.0 (8.0 for DPPE) containing 0, 50,
100 or 500 mM NaCl. Gel filtration on Sephadex G-50 (Pharmacia Fine
Chemicals AB, Uppsala, Sweden) columns was used to remove the
extra-vesicular calcein. The calcein released from the LUVs was assayed



L Prislan, et al.

I o
/\/\/\/\/\/\/\)L I
o/\_.(\o/p

Chemistry and Physics of Lipids 225 (2019) 104807

DPPC [16:0] \/\/\/\/\/\/\/Y . 4 \/\T*\
o]
/\/\/\/\/\/\/\/\)OJ\ ﬁ
DSPC[18:0] WO O/ O\/\T<
I i
DBPC [22:0] "N °%T<
MMAWM“/
i
DHPC [16:0] ONAO;/P\O\/\(
O H |
. o
/\/\/\/\/\/\/\)J\ !
DPPE [16:0] TR O T
W
o o
/\/\/\/\/\/\/\)L i Ho7 QUL ~on
DPPI [16:0] WM// L
o]
0 0
/VWVW\)L |P|
DPPG [16:0] R T

\MAAWO

[¢]

Scheme 1. Chemical structures of the glycerophospholipids used in the present study.

using a fluorescence spectrophotometer. The temperature-dependent
release of calcein from DHPC, DPPC, DSPC, DBPC, DPPI and DPPG
LUVs was studied for all lipids in the temperature range of 20 °C to
90 °C at pH 7.0, except for DPPE at pH 8.0. The heating rate was 1 °C/
min. The concentration of lipids used for the calcein release was
0.023 mg/mL (c (DPPC) = 31 uM, c (DSPC) = 29 uM, c
(DBPC) = 25uM, ¢ (DHPC) =33uM, ¢ (DPPE)=33uM, ¢
(DPPI) = 28 uM, ¢ (DPPG) = 31 uM). The intrinsic emission fluores-
cence of the calcein was measured at 515 nm, with an excitation wa-
velength of 495 nm; a 5 nm excitation and emission slit width was used.
The calcein levels released from the LUVs were calculated according to
Eq. (1):

Calcein release (%) = (F — Fpnin)/ (Fmin— Fmin) X100 (€8]

where F is the fluorescence emission intensity (measured at the dif-
ferent temperatures), Fy,;, (base line) is the minimal fluorescence of free
calcein giving the same emission intensity as the LUVs filled with cal-
cein at the start of each experiment, and F,,,x is the maximal fluores-
cence of calcein obtained after addition of 10 uL. 16 mM Triton X-100
(Sigma-Aldric Chemie GmbH, Steinheim, Germany) to the phospholipid
solution, either at the beginning or at the end of the experiment.

3. Results and discussion
3.1. Differential scanning calorimetry measurements

The temperature-induced disruption of MLVs composed of the dif-
ferent phospholipids was investigated using DSC. Fig. 1 shows the DSC
melting profiles of MLVs in the absence and presence of the selected
NacCl concentrations (0, 50, 100, 500 mM). DSC thermograms were used
to calculate the thermodynamic parameters of enthalpy and tempera-
ture of the phase transitions of the pure phospholipid MLVs. The pre-
transition peak in DSC thermogram is energetically small and it is dif-
ficult to measure it accuratelly. It is influened by NaCl and other
compounds which interacts with polar head groups of lipids. Due to the
difficulty to measure it in the presence of NaCl, it is not shown it in DSC
thermograms.

The results of thermodynamic analysis are summarised in Table 1.

For DSC measurements MLVs have been used. The determination of
enthalpy of the transition of lipids for MLVs is more precise than for the
LUV or SUV. As reported in literature, DSC results obtained with SUV
made from DPPC are rather difficult and complicated for interpretation.
The main reason is that gel-phase SUVs have tendency to fuse into
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Fig. 1. Differential scanning calorimetry profiles for NaCl effects on the phase transitions of the different multilamellar vesicles (as indicated).
larger vesicles (Biltonen and Lichtenberg, 1993). In fact, according to

literature, upon heating SUVs (T;,, = 37 °C) are in coexistence with large
unilamellar vesicles, LUVs (T,, = 41°C). When the SUVs were

incubated for sufficiently long periods of time below T,,, essentially all
of them fused into LUVs which exhibited a melting temperature of
about 41 °C and an enthalpy change that is close to that observed for the
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Table 1
Thermodynamic profiles of the phase transitions in terms of the NaCl effects on
the different multilamellar vesicles.

LUV lipid NaCl Gel-to-liquid-crystalline Calorimetric enthalpy

(mM) phase transition (Tp,; °C) (AH; kJ/mol)
DHPC 0 439 = 0.5 47.1 = 2.4
50 439 = 0.5 385 = 1.9
100 43.8 = 0.5 384 = 1.9
500 44.0 = 0.5 35.6 = 1.8
DPPC 0 41.7 = 0.5 37.6 = 1.9
50 415 = 0.5 343 = 1.7
100 41.8 = 0.5 30.7 = 1.5
500 41.2 = 0.5 328 = 1.6
DSPC 0 549 + 0.5 51.8 = 2.6
50 548 + 0.5 46.1 = 2.3
100 54.9 = 0.5 483 = 2.4
500 54.9 = 0.5 429 = 21
DBPC 0 73.2 = 0.5 61.5 = 3.1
50 73.2 = 0.5 57.5 = 2.9
100 73.2 £ 0.5 442 = 2.2
500 732 = 0.5 43.8 = 2.2
DPPE 0 63.2 = 0.5 337 = 1.7
50 63.1 = 0.5 341 = 1.7
100 625 = 0.5 340 = 1.7
500 / /
DPPI 0 445 = 0.5 447 = 2.2
50 445 = 0.5 458 = 2.3
100 443 = 0.5 419 = 2.1
500 449 = 0.5 4.0 = 0.2
DPPG 0 40.6 = 0.5 371 = 1.9
50 41.0 = 0.5 383 = 1.9
100 409 = 0.5 37.7 £ 1.9
500 41.8 = 0.5 309 = 1.5

Experimental errors are shown in parentheses: T,,, ( = 0.5 °C), AH ( = 5%).

* could not be determined, because of aggregation of MLVs.

MLVs (Biltonen and Lichtenberg, 1993).

3.1.1. Effects of chain length on T,, and AH

The data in Fig. 1 and Table 1 show that in comparison to DPPC
(16:0), an increase in the length of the acyl group by two methylene
groups (ie., —CH,—CHy-) in DSPC (18:0) and six in DBPC (22:0)
thermally stabilised the MLVs. The phase transition took place at higher
temperatures and was accompanied by higher AH. Addition of two
methylene groups to DPPC without added NaCl increased T,, by ap-
proximately 13°C and AH by 13kJ/mol. Addition of six methylene
groups to DPPC without added NaCl increased T,, by “32 °C and AH by
24 kJ/mol. As the hydrocarbon chain length was increased, the van der
Waals interactions between the lipid chains will have become stronger
and thus have required more energy to disrupt the ordered packing, and
T,, increased (Mohammed et al., 2004).

3.1.2. Effects of ester versusether bonds on T,, and AH
1,2-Dihexanoyl-sn-glycero-3-phosphocholine is obtained by repla-
cing the ester bond in DPPC with an ether bond. Fig. 1 and Table 1 show
that this replacement increased the thermal stability of the phospho-
lipid vesicles. The main phase transition took place at higher tem-
peratures and was accompanied by higher AH. For example, without
added NaCl, going from ester (DPPC) to ether (DHPC) bond, T,, was
increased by 2.2 °C and AH by 10 kJ/mol. The reason for this increase in
the thermal stability will be due to the conformational and structural
differences between these ester and ether phospholipids. The sp? hy-
bridised carbon atom of the carbonyl group in DPPC was replaced with
the sp® hybridised carbon atom in DHPC. It is speculated that the car-
bonyl in the ester bond is responsible for reducing the overall water
order, which means that the water molecules near the DHPC head-
groups will be less mobile and more ordered than those near the DPPC
headgroups (Kruczek et al., 2017). In addition, the removal of the
carbonyl groups will reduce the hydrogen bonding between the DHPC
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molecules themselves, which will allow tighter packaging of the hy-
drocarbon chains, thus increasing T, and AH (Mckeone et al., 1986;
Mukherjee and Chattopadhyay, 2005).

3.1.3. Effects of a charged polar headgroup on T,, and AH

To follow the effects of the headgroups on the thermal stability of
the lipids in the MLVs, C16 lipids were used (i.e., zwitterionic DPPC,
DPPE; negatively charged DPPG, DPPI). The DPPE MLVs could not be
dissolved in the HEPES buffer at pH 7.0, so the pH was adjusted to 8.0.
DPPE has a primary amine in its headgroup, and can thus form both
intramolecular and intermolecular hydrogen bonds. There are more H-
donors for amine groups (i.e., -NH3) than there are available H-ac-
ceptors for lipid oxygen atoms, which thus results in formation of hy-
drogen bonds with the water molecules. Intramolecular hydrogen
bonds in DPPE are formed mainly between hydrogens from amine
groups and either phosphate or carbonyl oxygens. Hydrogen bonds
between H-donors from amine groups and water molecules account for
80% of the total hydrogen bonds that are made with amine groups
(Leekumjorn and Sum, 2006). If the concentration of DPPE is too high,
then there will not be enough water molecules surrounding the MLV,
and the DPPE molecules will be arranged in hexagonal structures, to
decrease the areas of interaction. We see this process as aggregation.
Increasing the pH will deprotonate the amine groups, which will thus
reduce the number of hydrogen bonds that need to be formed with
water molecules, and will allow the DPPE molecules to form soluble
MLVs.

When comparing the data in Fig. 1 and Table 1, it can be seen that
DPPE MLVs underwent phase transition at higher temperature than
DPPC MLVs (AT = 21.5°C), although AH is approximately the same.
DPPE can form both intramolecular and intermolecular hydrogen
bonds, which will lead to a considerably more densely packed lipid—
water interface, and thus higher thermal stability of DPPE MLVs when
compared to DPPC MLVs (Gurtovenko and Vattulainen, 2008;
Leekumjorn and Sum, 2006). As the phase transitions of DPPC and
DPPE were accompanied by the same positive AH at the different
temperatures, it appears that they were accompanied by different po-
sitive entropy changes. Due to the higher temperature, the phase
transition of the DPPE MLVs should be accompanied by a smaller
change in entropy. We believe that the DPPC polar headgroup cannot
form hydrogen bonds and that the methyl groups face outwards to-
wards the water phase, which will shield the positive charge on the
nitrogen atom from the water molecules. This will give the surface of
the MLVs a slightly hydrophobic character, and will force the water
molecules into ice-like structural cages. As these cage structures are
more ordered than the surrounding water molecules, their formation
decreases the entropy. When DPPC MLVs undergo phase transition, the
lipid headgroups will become more loosely packed, thus losing some of
their hydrophobic character, which will weaken the cage structure of
the water molecules and increase the entropy. Also, the phase transition
of the DPPC MLVs will be accompanied by increases in the lateral
mobility of the lipid acyl chain tails, which will also contribute to an
increase in entropy. On the other hand, the DPPE polar group can form
hydrogen bonds with the surrounding water molecules, so when the
phase transition takes place, it will be accompanied by a positive
change in entropy, primarily because of increased lateral mobility of
the lipid acyl chain tails. Hence, we speculate that the phase transition
of the DPPC MLVs is entropically more favourable than the phase
transition of the DPPE MLVs.

1,2-Dipalmitoyl-sn-glycero-3-phospho-(1’-rac-glycerol) has a similar
phase transition temperature and enthalpy to DPPC, which means that
the strength of the headgroup interactions is similar. DPPI underwent
phase transition at slightly higher temperatures than DPPC (AT = 3 °C),
but over a wider temperature interval. The phase transition of DPPI
started at around 31°C and ended at 51 °C, whereas that of DPPC
started at 41 °C and ended at 43 °C. This might suggest that even though
the inositol groups of DPPI can form intermolecular bonds with each
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other, due to steric repulsion of the inositol groups and the dynamic
nature of the lipid molecules, these bonds can be easily broken and then
re-formed (Zaraiskaya and Jeffrey, 2005).

3.1.4. Effects of NaCl on T, and AH

Increasing the NaCl concentration from 0 to 100 mM did not sig-
nificantly change the temperatures of the heat capacity maxima during
the phase transitions of any of these phospholipids. Addition of NaCl to
the lipid solutions did however decrease AH of the phase transitions of
almost all of these phospholipids, with the exception of DPPE. Also, the
increased ionic strength changed the shapes of the profiles. The added
Na™ ions can penetrate into the headgroups, which will induce changes
in the lipid-lipid interactions, which are highly directional. The more
Na™ ions that bind to the lipids, the more their phosphate headgroups
will be shifted out of the plane of the membrane. In their simulation of a
DPPC bilayer in the fluid phase, Wohlert and Edholm (Wohlert and
Edholm, 2004) showed that dipole components perpendicular to the
bilayer plane repel, and parallel ones attract each other. Addition of
NacCl will induce repelling forces of the MLV polar headgroups, and will
increase the distance between the phosphate groups (Bockmann et al.,
2003; Ferber et al., 2011); this might lead to small decreases in the
intermolecular forces, which will thus reduce the phase transition en-
thalpy. NaCl did not change the phase transition enthalpy of DPPE. This
will be a direct consequence of the different natures of the primary
amines in the DPPE headgroup, which will result in a more densely
packed lipid-water interface compared to the other phospholipids here.
A more densely packed lipid—water interface will hinder the binding of
Na* ions, which will reduce the salt effects overall (Gurtovenko and
Vattulainen, 2008).

With the increased Na* ion concentration of 500 mM, a saturation
effect was observed. The DPPE MLVs aggregated, so it was not possible
to measure the enthalpy of the phase transition. The phase transition
enthalpy of the DPPI MLVs dropped to almost zero, and the DSC profiles
of the DSPC, DBPC and DPPG MLVs changed noticeably. This might be
due to anion-lipid interactions, which will become significant only at
the high Na* ion concentrations, as these anions are believed to only
weakly interact with lipid bilayers (Ferber et al., 2011).

3.2. Fluorescence measurements

3.2.1. Detection of membrane permeabilisation by calcein release

For fluorescence measurements the LUVs instead of MLVs were
used. A high turbidity of MLV is associated with a loss of intensity for
two reasons: (i) in the scattering of the exciting light before it passes all
of the cuvette width; and (ii) in the scattering of the fluorescent emis-
sion, part of which is scattered before it reaches the photomultiplier
(Borenstain and Barenholz, 1993). The best for fluorescence measure-
ments would be SUV, but unfortunately the comparison with MLV is not
possible. In fact, according to literature, the large unilamellar vesicles,
LUVs exhibited some physical properties that is close to that observed
for the MLVs (Biltonen and Lichtenberg, 1993).

The disruption of the model-lipid bilayer structural integrity of
LUVs with temperature was investigated without or with NaCl using the
calcein dye-leakage assay. The LUVs were loaded with the fluorescent
dye calcein and then incubated without or with NaCl. Any weakening of
the lipid packing of the LUVs as a result of increased temperature
without or with NaCl allows the calcein to leak from the LUV interior
into the external buffer medium, where its fluorescence emission in-
tensity increases (Butterfield and Lashuel, 2010). A dye-leakage data as
a function of time at 25 °C for DPPC and DPPG LUV and SUV (in gel
phase) were recorded in two hours. The calceine-leakage was observed
for SUVs and it was negligible for LUVs (data not shown).

Fig. 2 shows the effects of temperature and NaCl on calcein release
from the LUVs formed from the different lipids, and Table 2 shows the
melting temperatures determined from the fluorescence curves. At T,
and in the liquid-crystalline phase, some calcein was released from the
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LUVs because of the increased phospholipid mobility. Eq. (1) was used
to calculate the released calcein, with these data shown in Table 2 .

Almost all of the melting temperatures obtained from the fluores-
cence analysis (see Table 2) were in agreement with those obtained
from the DSC analysis (see Table 1). For DPPI, there was a discrepancy
of 10 °C, which can be attributed to the very wide T, interval with the
DSC analysis, and the subsequent uncertainty of the melting tempera-
ture evaluation.

3.2.2. Effects of chain length on calcein release

The data in Fig. 2 and Table 2 show that in comparison to DPPC
(16:0), an increase in the lengths of both alkane chains by two me-
thylene groups in DSPC (18:0) and six in DBPC (22:0) stabilised the
liquid phase of the phospholipids, with less calcein released.

3.2.3. Effects of ester versusether bond on calcein release

The release of calcein from the DHPC LUVs in the liquid-crystaline
phase was lower than that from the DPPC LUVs. It appears that the
ether bond not only contributed to higher thermal stability of these
LUVs, but also induced modest differences in the fluid phase structures
of the bilayers of the DHPC versus DPPC LUVs. Replacement of the
strongly dipolar C=0 group with a methylene group can lower the
membrane dipole potential in the fluid phase by 50% (Guler et al.,
2009), which will lead to more ordered water molecules with DHPC
than DPPC (Gawrisch et al., 1992). As a consequence of these changes,
the water permeability for the fluid phase DHPC LUVs was a little
smaller than that of the DPPC LUVs, which might explain the lower
calcein release.

3.2.4. Effects of charged polar headgroups on calcein release

To follow the effects of the headgroups on the permeability of the
liquid phase of the lipid LUVs, C16 lipids were used again (zwitterionic
DPPC, DPPE; negatively charged DPPG, DPPI). The DPPE LUVs un-
derwent phase transition at higher temperatures than for the DPPC
LUVs, which means that they were thermally more stable. Fluorescence
measurements show that the liquid phase of the DPPE LUVs was less
permeable to calcein, which might be attributed to a higher packaging
density due to a less bulky headgroup. The DPPG LUVs showed very
similar calcein release to the DPPC LUVs, which suggested that these
lipids form similar LUV bilayers in the fluid phase. The DPPI LUVs re-
leased less calcein in the fluid phase than the DPPC LUVs. We believe
that this will be because of the vertical arrangement of the inositol
groups during the phase transition, which will interact with each other
and with the surrounding water molecules, to produce steric barriers
that will hinder the transport of calcein across these bilayers.

3.2.5. Effects of NaCl on calcein release

All of the LUVs were resistant to the addition of NaCl, and they did
not leak calcein at 25 °C when the LUV lipids were in the gel phase. In
general, the T,, was lowered and the phase transition interval was wi-
dened with the increased ionic strength, especially at 500 mM NaCl. At
higher salt concentrations, the anion-lipid interactions will be sig-
nificantly weaker, which might lead to the disruption of the LUV
membranes in the liquid—crystalline state, and thus increased calcein
release. The DHPC, DSPC and DBPC LUVs appeared to be little influ-
enced by the increased salt concentration up to 100 mM. They all
showed small decreases in calcein release (100 mM NaCl: 1%, 2%, 1%,
respectively), whereas increased salt with the DPPC and DPPG LUVs led
to a greater decrease in the calcein release (100 m NaCl: 10%, 12%,
respectively). Structural changes in the LUV membranes (e.g., decreased
membrane area, increased thickness) due to the increased electrolytes
might have been responsible for these lowered permeabilities. On the
other hand, the increased salt concentration to 100 mM NaCl for the
DPPE and DPPI LUVs increased the calcein release (14%, 6%, respec-
tively). It is possible that the NaCl will compete with the water mole-
cules for binding to the lipid headgroups, which will increase the
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Fig. 2. Calcein release from the LUVs formed from the different lipids as a function of temperature and NaCl concentration, as defined by changes in the fluorescence
intensity (normalised data).



L Prislan, et al.

Table 2

Phase transition temperatures of the different lipid in the large unilamellar
vesicles, as determined from the calcein release fluorescence curves. By aver-
aging y-values of last four points on fluorescence curve (at T = 91, 92, 93 and
94 °C) we estimated final calcein release percentage.

LUV lipid  NaCl Gel-to-liquid-crystalline phase Calcein release

(mM) transition (Ty,; °C) (%)
DHPC 0 45.2 = 0.5 54
50 45.1 = 0.5 53
100 449 + 0.5 53
500 43.4 = 0.5 57
DPPC 0 41.0 = 0.5 64
50 41.0 = 0.5 52
100 41.0 = 0.5 55
500 40.0 = 0.5 44
DSPC 0 55.0 = 0.5 49
50 55.0 = 0.5 48
100 53.0 = 0.5 47
500 50.0 = 0.5 49
DBPC 0 75.0 = 0.5 51
50 74.0 = 0.5 45
100 74.0 = 0.5 50
500 69.5 = 0.5 58
DPPE 0 64.0 = 0.5 44
50 60.0 = 0.5 57
100 55.0 = 0.5 58
500 / /
DPPI 0 35.0 £ 0.5 51
50 35.0 = 0.5 52
100 33.0 £ 0.5 57
500 28.0 = 0.5 68
DPPG 0 41.0 = 0.5 67
50 41.0 £ 0.5 62
100 40.0 = 0.5 55
500 40.0 = 0.5 45

* could not be determined, because of aggregation of MLVs.

calcein release, and for the DPPE LUVs, eventually lead to aggregation.

4. Conclusions

The lipid structure of membranes determines their physicochemical
properties (e.g, T, membrane curvature, permeability), and conse-
quently this influences their interactions with other constituents in the
system. Lipid-only model membranes offer unique insight into these
interactions in well-defined systems. We used liposomes made from
different phospholipids (i.e., DHPC, DPPC, DSPC, DBPC, DPPE, DPPI,
DPPG) to study the effects of the lipid structural properties, in terms of
their headgroup and chain length, and the effects of the chemical bonds
by which their acyl chains are attached to the glycerol moiety of the
glycerophospholipid species on their phase behaviour (ie., T, AH,
calcein permeability).

The selection of lipids for this study was based on the concept that
phosphatidylcholines are the major zwitterionic class of lipids in most
eukaryotic cell membranes, and the acyl chains selected are the most
common ones in biological lipids. The DSC data show that longer acyl
chains increase the stability of the liposome lipid bilayers, which will be
due to the stronger van der Waals interactions between the lipid chains.
On the other hand, increased salt concentrations does not have a huge
impact on the thermal stability, but widen the phase transitions of all
liposome lipid bilayers. It is likely that the NaCl induce repelling forces
for the liposome polar headgroups, which will increase the distance
between the phosphate groups. The charge and the geometry of the
polar headgroup is likely to be the important for the stabilisation (e.g.
H-bonds, counter ions binging to phosphate, shielding the electrostatic
repulsion by Na™ or Cl~ ions). It is difficult to conclude from our re-
sults the effect of different concentration of the NaCl on the structure of
liposomes, since the results are not so straightforward. In the case of
zwitterionic phospholipids (DHPC, DPPC, DSPC and DBPC) from DSC
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we can see no effect on thermal stability of liposomes judged from T,
but slight effect on AH (destabilisation) can be traced by increasing the
concentration of NaCl. Higher concentration of NaCl e.g. 500 mM cause
aggregation of the lipids. The measured temperatures and enthalpy
changes of phase transition (i.e., T;,, AH) also showed that replacing the
ester bond with the ether bond that is common for Archaea will in-
crease the thermal stability of the phospholipid bilayers. The properties
of the bilayer phase transitions were also determined by fluorescence
measurements of thermally induced calcein release. Here, the tem-
peratures of phase transition agree well with the DSC measurements,
with the calcein release from these phospholipid liposomes varying
from 40% to 70%, depending on the lipid used for liposome formation
and on the salt concentration.
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