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Abstract

SAXS/WAXS studies were performed in combination with freeze fracture electron microscopy using mixtures of a new Gemini catanionic
surfactant (Gem16-12, formed by two sugar groups bound by a hydrocarbon spacer with 12 carbons and two 16-carbon chains) and the zwitterionic
phospholipid 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) to establish the phase diagram. Gem16-12 in water forms bilayers with the same
amount of hydration water as DPPC. A frozen interdigitated phase with a low hydration number is observed below room temperature. The kinetics of
the formation of this crystalline phase is very slow. Above the chain melting temperature, multilayered vesicles are formed. Mixing with DPPC
produces mixed bilayers above the corresponding chain melting temperature. At room temperature, partially lamellar aggregates with local nematic
order are observed. Splitting of infinite lamellae into discs is linked to immiscibility in frozen state. The ordering process is always accompanied by

dehydration of the system. As a consequence, an unusual order—disorder phase transition upon cooling is observed.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Compounds which inhibit the HIV infection at the early stages
of its replication cycle, such as its adsorption and entry into cells,
are candidates for polytherapy with drugs already used in clinics
[1,2]. HIV infects human cells through the binding of the viral
glycoprotein gp120 to cellular receptors (CD4 and galactosylcer-
amide) [3,4]. One strategy consists in synthesizing analogues of
the cellular receptor galactosylceramide to limit HIV infection.
Amongst these analogues, a catanionic [5] gemini amphiphile
Gem16-12 (Fig. 1) displays both a high anti-HIV activity (IC5o=
0.5 pM) with a low cytotoxicity (CCsy> 100 uM) [6,7]. The IC 50
(the concentration of compound saving 50% of infected
lymphocytes cells) is below the CAC concentration (10 uM) of
the Gemini 16-12 showing that the activity is not related to the
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aggregation state of the compound. In contrast the CC50 (the
concentration of compound killing 50% of non-infected lympho-
cyte cells) is largely over the CAC value. Therefore, the aggre-
gation state of the compound could be responsible for the low
toxicity. Thus, we proposed the hypothesis that the compound
could form aggregates in which the molecules have all the three
chains in a stretched position (as shown in Fig. 1b), leading to a
reduced incorporation in membrane cells, at least up to a con-
centration range of 100 uM and for this reason presenting a low
toxicity [8,9]. In order to support this assumption, it is important
to verify the possibility of making stable bilayers in a large
composition and temperature range and consequently determine
the preferential arrangement of Gem16-12 both in pure compound
and in phospholipid bilayers.

For glycolipids being bound by ionic non-covalent bonds, in-
plane miscibility is not always ensured in the whole phase
diagram [10]. In this latter case, the immiscibility is the origin of
infinite bilayer to disc transition. However, other transitions
have been described in diluted lamellar phases. For a review of
disruption of lamellar order associated with dilution of bilayers,
see Dubois and Zemb [11].
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Fig. 1. (a) Chemical structure and (b) schematic representation of gemini catanionic surfactant Gem16-12.

Swelling of mixed lamellar phases including glycolipids also
depends on the maximum amount of glycolipids that can be
included in a bilayer without in-plane phase separation [12].
Moreover, a complete determination of the ternary phase dia-
gram including a charged synthetic lipid and a glycolipid shows
an unusual presence of two critical points at the same osmotic
pressure: this means that large changes in composition between
two coexisting bilayers respectively rich in the glycolipid com-
ponent and rich in the lipid component are not associated with
large cost in the Gibbs energy [13]. These changes in com-
position facilitate the curvature and fusion between membranes
[14].

Catanionic bilayers can be formed by a chemical acid-base
reaction mixing amphiphilic amines with acids as previously
described by Blanzat et al. [6,7].

Here we present a SAXS/WAXS combined study above and
below the chain melting transition for several molar ratios of the
catanionic glycolipid Gem16-12 and the zwitterionic phospho-
lipid DPPC. Association of small angle X-ray scattering (SAXS)
at high resolution in a g-range up to 0.3 A~ and WAXS in the g-
range from 1 to 2 A" allows the characterization of the thickness
of the polar and apolar parts within the conventional description
of bilayers as a triple layer with two polar regions embedding
an apolar core and the crystallinity state of the hydrophobic,
respectively.

2. Experimental section
2.1. Sample preparation

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) was purchased
from Sigma and used without any further purification. Gemini surfactant
was synthesized [7] in Laboratoire IMRCP in Toulouse by reacting in water
two initially neutral surfactants, N-hexadecylamino-1-deoxylactitol [15] and
1,12-dodecyldicarboxylic acid. Proton transfer between the carboxylic acid
and the amine produces a catanionic pair. Gemini surfactant was weighed and
mixed with Millipore™ water and then DPPC powder was added to the
solution. The solutions were vortexed and sonicated at 50 °C for
homogenization. A total solute concentration of 20 wt.% was used and the
molar fraction of Gemini (x=number of moles of Gemini/total number of
moles) was varied from 0.085 to 0.334. A sample with 20 wt.% Gemini in
water was also prepared. The temperature of the system was first increased
from 10 °C to 70 °C by steps of 10 °C, and then decreased from 70 °C to
10 °C to check the reversibility of the structures observed, close to the
thermodynamic equilibrium.

2.2. X-ray scattering

Small- and wide-angle X-ray scattering (SAXS and WAXS) experiments
were simultaneously performed at the beamline A2, at the storage ring
DORIS III of HASYLAB, DESY, in Hamburg. The scattered intensities were
measured with linear position-sensitive detectors [16] and the calibration was
made with rattail and tripalmitin for SAXS and WAXS, respectively. The
measured curves were corrected for the detector response and the background
was subtracted after normalization of all the curves with the counting rate of
an ionization chamber.

SAXS absolute scale measurements were performed in CEA, Saclay,
according to the procedure described by Zemb et al. [17] for the sample
Gemini/water and one sample Gemini/DPPC/water and all the SAXS results
were re-scaled according to these experiments to be in absolute scale. The
normalization was done by choosing a range in the experimental curves after
the peak of the form factor, which was free from scattering. Then, the curves
were normalized by the area under the curve for the chosen range. A
comparison of both data, in absolute scale, is shown in Fig. 2. However, no
absolute scale measurement was performed for the WAXS region, which will
be presented only in arbitrary units, without any loss of information, as the
WAXS regions will be used only to verify the ordering of the hydrocarbon
chains.

The form factor in cm™ ' of a dispersion of locally flat non-homogenous
bilayers was calculated according to Cantu et al. [ 18], modelling the bilayers as a
triple film in electron density, suspended in a homogenous buffer:

4n sin(qty) sin(qty)]?
Plg) =2 |¢ - t2(Peot— 1
(9) 7 {1(%1 Ppar) ot + 6 (Psol— Ppol) ats (1)

where ¢g=(47/N\)sind is the scattering vector, 2, is the specific area of the total
bilayer (in cm*cm® of sample), 2¢; and 2¢, are the hydrophobic core and total
thickness, respectively, ppol, Ppar and pgor are the electron densities of the polar
region, paraffinic region and solvent, respectively. The specific area is imposed
by the amphiphilic concentration ¢, (number of molecules per cm®) to be Y’ =c¢,0,
where o is the area per molecule at the hydrophobic/hydrophilic interface. In the
Gemini/DPPC mixed system, ¢ was obtained from the sum of the number of
moles of both components in the sample divided by the sample volume, so that
the total amount of bilayer per cm® of solution was obtained. In this way, the
resulting area per molecule represents a value which is averaged for both
components. For a flat bilayer:

ty = Voar/0 and t, = t) + (Vpol + Nu 'VW)/J, (2)

being V. and V01 the volumes of the paraffinic and polar parts of the molecule.
Ny is the number of water molecules bound per headgroup (or hydration number)
and V,, is the molecular volume of water, equal to 30 A>. The term “hydration” in
the form factor has a very precise meaning in SAXS studies [19]: it includes all
water molecules that remain in the headgroup region of the bilayer and are
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Fig. 2. Scattering curves of the system 20 wt.% Gemini in water at: 20 °C
(crosses) and 60 °C (circles). (a) SAXS: solid line shows the data obtained in
absolute scale, in CEA, Saclay; (b) WAXS: solid line represents the scattering
curve of the water, as reference. WAXS curves are vertically shifted for clarity.

counted in its electron density. The volumes Varpory, in the case of mixed system,
were given by:

Vpar(po]) = Vpar(po])gemini X+ Vpar(pul)DPPC (l - x)' (3)
The electron densities were calculated by:
Ppol = (nepol + Newater ‘NH)/(ZZ —t)o and pp,, = Nepar /110, (4)

where ne,,; is the number of electrons in the polar region given by ne,,, =number of
electrons of Gemini polar head, for the pure Gemini system, and ne,,;=(number of
electrons of Gemini) x+number of electrons of DPPC-(1 —x), for the mixed Gemini/
DPPC system. ne,,, is the number of electrons in the paraffinic region, being :
nep,=number of electrons in the hydrocarbon chains (2 tails and spacer) of the
Gemini molecule in the case of the pure system and ne,,.=(number of electrons in
the hydrocarbon chains of Gemini) x+(number of electrons in the DPPC hydro-
carbon chains)-(1 —x). neyq, is the number of electrons in a water molecule. p,, was
0.33 electrons/A>, constant in all fittings.

For the interdependence of the thicknesses and electron densities, #; and #,
were linked by a strong constraint: molecular volume and incompressibility of
the sample. Using any fitting procedure in real space as proposed by Glatter et al.
does not take into account this strong constraint [20]:

tH = nepm/pparo and t, = t; + (nepm + newmrNH)/ppul ‘G. (5)

In this way, from the cross-check of the thickness calculated from the
electron density values, we recovered the molecular volume of Gemini.

The broad peak due to the interacting micelles can be described by a
nematic phase [21,22], characterized by micelles presenting orientational order
but no long-range positional order. Likewise, the broad shoulder present in our
scattering curves, at the left side of the peak originated by the form factor, was
interpreted as being caused by aggregates with short-range order. This
assumption will be proved to be correct by Freeze Fracture Electron
Microscopy (FFEM), in the Discussion Section. This system of bilayers
lacking long-range order has been largely studied. Structure factors of ordered

bilayers with disorder of 1st (thermal disorder, in which the position of each
bilayer will oscillate having as reference always the same equilibrium position)
and 2nd (where the position of each bilayer is determined by the position of the
neighbouring bilayers instead of being determined from an ideal position, so
that the deviation from the equilibrium position is increased for each layer)
kinds [23] of stacking of bilayers of infinite size in a core-shell-disk model
[24], including the effect of finite multilayer domains [25,26] and also
including diffuse scattering of single uncorrelated bilayers [27], have been
developed. In our case, we stick to the structure factor of stacked bilayers
subjected to disorder of second kind [28], especially because our scattering
curves are practically dominated by the form factor of the bilayers and the
effects of diffuse scattering or decay are hidden. The structure factor is then
given by [29]:

N .
S(g) =N +2 Z (N — i)cos(gdi)exp (— éq2A2> , (6)

where N is the number of stacked bilayers, d is the bilayer d-spacing, A is the
mean square fluctuation of the bilayers, which is higher the more disordered
the system is, being exp(—¢>A%/2) the Debye—Waller factor.

Thus, for the mixed Gemini/DPPC system, which shows a structure peak
besides the form factor of the bilayers, the total scattered intensity is given by:

1(q) = (= + S(9))P(q), 7

where o is the number of non-correlated bilayers, which are in the nematic
phase.

2.3. Freeze-fracture electron microscopy

Freeze fracture electron microscopy is an excellent method to visualize the
individual lamella as well as multilamellar vesicles in lamellar liquid crystalline
systems [30]. Samples of 20 wt.% of the product in water were freeze etched
starting from 20 °C and 60 °C, respectively, to detect temperature dependent
structural changes. Freeze-fracturing, etching and coating were made at either
—120 °C or —150 °C using a Balzers BAF 400 freeze-etching unit (Balzers,
Liechtenstein). The platinum/carbon coated replicas were cleaned with sulphuric
acid. After rinsing in distilled water, the replicas were collected on uncoated copper
grids. The cleaned replicas were examined in a transmission electron microscope
EM 902 (Zeiss, Germany).

2.4. Differential scanning calorimetry (DSC)

Ultra high resolution DSC-measurements were carried out with a Micro DSC
1II (Setaram). The samples were cooled down to —20 °C and kept frozen for 5 h.
The first heating cycle ends at 80 °C with a second isotherm (15 min). The
cooling/heating procedure was repeated several times. Within the experimental
precision the different cycles led to the same results. Heating and cooling rates
were 0.25 K/min.

3. Results

Pure Gemini surfactant in water solution, as well as mixtures
of Gemini surfactant with DPPC at different Gemini molar
fractions and different temperatures, were studied. Firstly, we
present the scattering curve of pure Gemini in water (Fig. 2)
where a broad shoulder centred around ¢=0.12 A~ indepen-
dent of temperature was identified as an oscillation in the form
factor.

Fig. 2a exhibits the SAXS curves corresponding to tempera-
tures of 20 °C and 60 °C, illustrating that the non-ordered disk-
like aggregates are present at all studied temperatures. However, a
sharp peak corresponding to a d-spacing of 31 A is observed for
temperatures of 20 °C and below. This corresponds to a lamellar
gel phase with very little water between the bilayers.



1800 C.V. Teixeira et al. / Biochimica et Biophysica Acta 1758 (2006) 1797-1808

Concomitantly, the WAXS curves (Fig. 2b) demonstrate that the
hydrocarbon chains are ordered at 20 °C and disordered at 60 °C.
The transition was observed at 30 °C. Notice that the peak at 20 °C
is not very strong, but can still be detected and shows that the
chains are perhaps in a glassy state, less ordered than pure DPPC
for instance.

The gemini:DPPC mixtures at low temperatures also
present a broad shoulder centred around ¢=0.12 A™' (Fig.
3), contrarily to what is expected for DPPC in water,
indicating that the presence of Gemini destroys the order of
the DPPC bilayers. Nevertheless, one should notice a subtle
concentration dependent shoulder at lower g-values, eviden-
cing two different contributions to the total scattered
intensity: one of these contributions is the form factor of
the bilayers (the main broad peak) and the broad shoulder is
caused by a structure factor of stacked bilayers lacking long-
range order. This effect can be better observed in Fig. 7,
which shows the shoulder superposed to the form factor of
the bilayer.

The WAXS curves for the mixtures show a peak at low
temperatures, but broad compared to the pure DPPC, indicating
much smaller positional correlation. At 60 °C, all Gemini/DPPC
samples are in the L,, phase, with a sharp peak at (63.5+0.5) A,
and the WAXS curves show that the hydrocarbon chains are
molten. However, the transition temperature to the L, phase
depends on the mole fraction of Gemini. A sample with x=0.167
forms a well-defined L, phase already at 50 °C, whereas for
x=0.229 the formation of this phase is completed only at higher
temperatures. At 50 °C, only a small peak at 63.5 A (circles in the
curve) can be seen. This fact shows that the higher the Gemini
molar fraction, the higher the transition temperature to a well-
defined L, phase.

x= 0.229

4. Discussion
4.1. Binary system of Gemini in water

Gemini surfactant in water exhibits a phase separation below
20 °C. Well-ordered bilayers with a d-spacing of 31 A coexist with
non-ordered, non-correlated bilayers. This corresponds to tie-lines
in the phase diagram, as in other charged bilayer systems [31]. The
ordered phase was more prominent in samples stored in fridge for a
long time. In the samples kept in the fridge at 4 °C for 3 days, the
ratio between the intensities of the sharp to the broad peaks was
0.74, whereas for the samples stored at room temperature it was
only 0.28. Besides, this phase was not recovered during the
measurements when the samples were cooled down after being
heated to 70 °C. This means that the nucleation of small crystallites
containing ordered bilayers needs a long time and is kinetically
hindered. Therefore, the ordered phase coexists with the non-
ordered phase, which is kinetically stable bellow and thermo-
dynamically stable above the transition temperature. At high
temperatures, only the non-correlated bilayers are present. This
statement was confirmed by freeze fracture electron microscopy,
where one could see stacked non-fracturable bilayers [8] at a
concentration of 20 wt.% of Gemini in water.

The form factor oscillation of the curves was fitted on absolute
scale by using Eq. (1), and the results are shown in Table 1. A
typical result of a fitting procedure is shown in Fig. 4, together
with the form factor calculated by varying the area per molecule
(and consequently the layer thickness — #,) by 10%, in order to
illustrate the sensitivity of the method. The hydration number, as
well as the area per molecule, remained constant in the whole
temperature range studied. The obtained values of #; (half the
thickness of the hydrocarbon region) and #, (half thickness of total
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Fig. 3. Scattering curves of the system Gemini/DPPC/water, at approximately 20 wt.% of Gemini+DPPC in water for Gemini molar fractions of 0.229 and 0.334, at:
20 °C (crosses), 50 °C (circles) and 60 °C (squares). (a) SAXS; (b) WAXS: triangles represent the scattering curve of the water, as reference.
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Table 1
Parameters obtained from the fitting of form factor of disk-like objects

Parameter Gemini/water Gemini/DPPC/water
Area (A?) 588+15 82

50 °C Other T
Ny 73£05 9+2 24
Ppol (electrons/A%) 0.462 0.400 0.382
Py (electrons/A%) 0.326 0.279

10 °C 20 °C 30 °C 40 °C 50°C 60 °C 70 °C

t; (A) 19.3 18.6 17.9 18.9 18.3 18.2 18.3 11.5

50 °C Below Tc
t (A) 37.8 36.4 34.7 35.0 35.2 353 35.5 2.2 27@

1

@ s an average value for all temperatures below the transition temperature.

bilayer) are shown in Fig. 5. Both parameters are nearly constant
around an average value of (18.4+0.5) A for #, and (36=1) A for
t,. This shows that the hydrocarbon chains are disordered at all
temperatures investigated and that the overall thickness of the
bilayer does not change, indicating a constant hydration value as
well. The value of 18 A obtained for #, is very reasonable for
disordered C16-chains. The headgroup layer has a length of 18 A,
suggesting an extended conformation of the sugar head group,
which is supported by the rather small area per molecule of 59 A2,
for two sugar groups. From the values obtained for area per
molecule, electron density and bilayer thickness, and making use
of Egs. (2) Egs. (3) Egs. (4) Egs. (5), one obtains a molecular
density of 1.2 g/em® for Gemini. The values presented in the
literature for the density of sugar surfactants vary from 1.06 g/cm3
[32] (for dodecyl-malono-bis-N-methylglucamide (DBNMG) in
SDS micelles studied by Electron Paramagnetic Resonance) to
1.72 g/em?, for lactose-based surfactants [33]. Bales et al. [34]
found theoretically a molecular density for DBNMG of 1.18 g/
cm?, which is very close to the value obtained by us.

The portion of sample that presents a d-spacing of 31 A
exhibits ordered hydrocarbon chains. The possible configura-

50x10”
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Intensity (cm“]
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Fig. 4. SAXS curve of 20 wt.% Gemini in water at 40 °C. Crosses: experimental
curve (A2 beamline, HASYLAB at Desy); squares: experimental curve measured
in CEA, Saclay; solid line: modelled form factor (area per molecule=58.8 A2,
number of bound water molecules per polar head=7.3, p,,;=0.462 electrons/A3,
t,=18.1 A, £,=35 A); dotted line: calculated form factor with a variation of 10% of
area per molecule (higher) (area per molecule=64.6 A%, ,=16.8 A, ,=32.5 A);
dashed line: calculated form factor with area per molecule 10% smaller (area per
molecule=53.0 A2, 1,=20.4 A, ,=39.6 A).

is an average value of the obtained values for all temperatures below and above the transition temperature.

tions of the Gemini molecule within the gel bilayer are presented
in Fig. 6. Let us first consider the possibilities for configuration
in Fig. 6a: if the C16 chains are in all-trans conformation, they
have 20 A each. Thus, the bilayer would be too thick for the
obtained d-spacing of 31 A. So if we consider that the chains are
interdigitated, the back-folded spacer does not allow their
complete interdigitation and the bilayer will still be too big for
the found d-spacing. Therefore, the conformation of Fig. 6a is
not possible for the portion of sample in the ordered phase. Let us
then consider the conformation presented in Fig. 6b: the
extended C12 chain has approximately 15 A, shorter than the
C16 chains. This means that the longer chains are disordered
and/or can be slightly extended towards the hydrophilic region.
In this configuration we have 16 A available to be occupied by
the two headgroups (at each end of the bilayer) plus the inter-
bilayer water. We know that the sugar headgroups have approx-
imately 18 A. This means that the headgroups should be strongly
tilted and covering the area of three hydrocarbon tails. Such a
conformation was suggested by Brun et al. [9] based on mono-
layer experiments. This phase seems to be poorly hydrated.
Stacks of Gemini were also observed by Blanzat et al. in a
concentration range of 40—80 wt.% of Gemini in water (little
hydration), where the stacks formed spherulites and exhibited no
phase transition upon heating [6]. On the other hand, the co-
existing nematic phase seems to have much more water between
the aggregates, and a number of hydration water molecules of
7.3.

4.2. Ternary system Gemini/DPPC/water

The curves were fitted by using Eq. (7) (through Egs. (1) and
(6)). Fig. 7 shows an example of the fittings below and above the
order—disorder phase transition and the parameters obtained are
presented in Table 1. Here, as a start, the averaged area per
molecule was left as a free parameter and the values obtained were
nearly the same for all concentrations and temperatures, and
amount to (82+2) A%. So, we considered this value as constant for
refinement of fittings. The sample with smaller mole fraction of
Gemini, x=0.085, showed a constant value of 29 molecules of
water bound per polar head, whereas for samples with higher
concentration of Gemini the number of bound water molecules
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Fig. 5. Variation of the bilayer thicknesses, #, (crosses) and #; (squares), with
temperature, for the system 20 wt.% Gemini in water. Error bars are not shown
for being smaller than symbols.

decreases at the non-order/order transition, from (24+2)to (9+2),
recovering its initial values after the completion of the ordering
process. The variation of # with temperature for all the
concentrations studied is shown in Fig. 8a. It also decreases at
the order—disorder transition. A constant value of (11.5+0.5) A
was obtained for #; for all the samples. The electron densities, ppo
and py,y, are also constant, except at the transition temperature,
when the L, phase is formed, at which p, reached a value of
0.400 electrons/A>. The value of ; indicates that the hydrophobic
chains are also interdigitated for mixed samples, as the expected
value for ¢, would be 17.5 A for pure tilted DPPC [35] and 18.4 A
for pure gemini (see above). Considering the averaged area per
headgroup, 82 A, we see that it is larger than the area per
headgroup of pure DPPC (45.9 A?) [35] and of pure gemini
(58.8 A?, see above). The value obtained is reasonable if we
consider that each headgroup occupies the same interfacial area as
4 chains, which can only be possible if the chains are inter-
digitated. The large cross-section of sugar headgroups, imposing a
large lateral pressure, is probably the molecular origin of this

(a)

generalized tendency for interdigitation of the hydrophobic chains
encountered in most of the samples studied.

The more relaxed space between the head-groups is also seen
by the larger number of water molecules in the polar region (24
molecules). This value is much larger than that obtained for pure
Gemini (7.3) or expected for pure DPPC (10.6) [35]. The total
thickness of the half bilayer (27 A) is slightly larger than the
value expected for pure DPPC (24.9 A) [35]. This gives a
thickness of 14.5 A for the polar shell, which is expected, as the
headgroup of Gemini surfactant is much bigger than the DPPC
headgroup. Besides, by considering the values obtained for the
d-spacing of the small part of ordered bilayers at lower
temperatures (86.2 A) one sees that the interbilayer water in the
Gemini/DPPC mixtures is approximately 34 A thick, as the total
bilayer thickness has an average value of 52 A. The swelling
relation d=2t,/®, where @ is the hydrated volume fraction,
indicates that only 60% of the volume is occupied by the bilayer
at low temperatures. On the other hand, in the L, phase with the
obtained d-spacing of 63.1 A, approximately 80% of the space
is occupied by the bilayers, with a water layer of 11 A. These
results evidence a significant dehydration of the sugar heads and
of the interbilayer region upon heating. This is consistent with
known properties of all single-chain surfactants, such as alkyl
polyglucosides [18,36]. With some alkylpolyglucosides, the
loss of hydration is large enough to provoke phase separation
(cloud point). This is not the case for the catanionic systems,
which always remain hydrophilic enough to inhibit phase
separation due to loss of solubility in water.

The formation of flat bilayers at high temperatures was
observed by Cantu et al. [18], for ganglioside GM3 in water, via
loss of water bound to the sugar headgroups, which also caused a
decrease in the bilayer thickness. However, in their system the
bilayers are not well correlated and only a broad interaction peak
is observed. The Gemini/DPPC system exhibits the same number
of water molecules bound per surfactant molecule in the polar
region (9) and a minimum in the thickness of the hydrophilic shell
(9 A, compared with 14.5 A at low temperatures), at 50 °C. In our
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Fig. 6. Models of bilayer used, for Gemini in water with (a) the back-folded spacer and with (b) the extended spacer. p, is the electron density of the polar region, py,, the
electron density of the paraffinic region, py the electron density of the solvent, #; half the thickness of the hydrocarbon region and #, half the total thickness of the bilayer.
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Fig. 7. SAXS curves of the system Gemini/DPPC/water, for x=0.229. Crosses:
experimental curve; Solid line: modelled curve for the total intensity using Eq.
(7); (a) 20 °C; Dashed line: form factor (Eq. (1)); (b) 60 °C.

case, after the rearrangement of the molecules and the formation
of the infinite bilayers, above 50 °C, the thickness of the bilayer
and the number of hydration water molecules was recovered,
whereas the highest temperature studied by Cantu et al. [18] was
50 °C. Notice, however, that in our system the water layer is
thinner when the system is ordered at higher temperatures.
Another example of a system that orders at high temperature
due to dehydration is the block-copolymer Pluronics (tm) in
water. Zhang and Khan [37] and Alexandridis et al. [38] detected
dehydration of the hydrophilic parts of the Pluronic L64 (ethylene
oxide (EO)-propylene oxide (PO)-ethylene oxide (EO) triblock
copolymer (EO;3PO3,EQO;3)) in water in the lamellar phase with
increasing temperature. At low temperature, the well-hydrated
headgroups, EO, have a repulsive interaction [39,40]. As the
temperature increases, the interaction between the headgroups
becomes less repulsive and the distance between the headgroups
decreases, changing the order parameter at the same time as
dehydration occurs. There are many other studies on pluronic
(EO—-PO-EO) copolymers which associate loss of hydration by
the hydrophilic groups at high temperature with ordering of the
system, like stability of highly ordered symmetries [41] or for-
mation of bigger aggregates [42,43]. It must be clarified that in the
case of Zhang and Khan [37] and Alexandridis et al. [38] the order
parameter refers to the local molecular order, whereas in the
present work there is an overall order of the aggregates. Never-
theless, in both cases dehydration is related to the ordering pro-
cess. In our case, when a great part of the water between the
aggregates is lost they tend to grow forming long flat bilayers.

The increase in the number of ordered bilayers N (from 1.5 to
50) and the decrease in the disorder parameter A (from 6 to 1) with
increasing temperature were evident, although the numbers are
interdependent. Even so, the general trend is obvious, as for all
concentrations an increase of more than 100% in the number of
ordered stacked bilayers was observed, accompanied by a
considerable decrease of A, the disorder of the bilayers. For all
mole fractions studied, we see a decrease in the number of
lamellae in the correlated stacks. This demonstrates that infinite
bilayers are fragmented. Fragmentation can only occur in the form
of discs by continuity of curvature [44].

The suggested model, that at low temperatures the system is
formed by two different domains, one consisted of ordered stacked
bilayers with frozen chains and the other made of extremely diluted
non-correlated flat objects, is confirmed by freeze fracture electron
microscopy for 20 wt.% Gemini concentration in water. Fig. 9
shows a well-ordered set of multilayers (multilamellar vesicles) of
pure DPPC in the gel phase at 20 °C as well as in the L,, phase at
60 °C. Forx=0.085, the tendency to form multilamellar vesicles is
less pronounced, but at 20 °C spherical multilamellar arrange-
ments can still be detected by means of electron microscopy. For
x=0.334, a further loss of ordering on the supramolecular level
can be observed, and more open curved structures were detected
at 20 °C. By heating up the system to 60 °C the lamellae show a
more longitudinal orientation and for x=0.085 extended rods
were predominantly formed. At significantly higher Gemini
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concentration (x=0.334) the system becomes more homogeneous,
but a longitudinal orientation still exists.

Based on these results, one can conclude that at low temperature
the Gemini disturbs the long-range order of the DPPC lamellae.
The non-homogeneous distribution of the Gemini molecules,
resulting in shorter bilayer segments (see Fig. 10), interferes in the
formation of multilamellar vesicles. However, the shorter seg-

20°C

DPPC

x=0.085

x=0.334

Gemini

ments with end-standing Gemini surfactant molecules can still
rearrange to spherical multilamellar aggregates, but the supramo-
lecular ordering is significantly lower.

When the temperature increased to 60 °C, the more homo-
geneous distribution of Gemini in the bilayer leads to larger
segments, which tend to form longitudinal ordered structures. In
this case, the formation of spherical structures is inhibited.

60 °C

Fig. 9. Micrographs of Gemini/water, DPPC/water and Gemini/DPPC/water at 20 °C and 60 °C, for concentrations of 20 wt.%.
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Another striking point is the dependence of #, on the Gemini
molar fraction. Fig. 8b shows the variation of this parameter for
three different temperatures representing the three different
trends obtained for the whole set of results, below (20 °C), close
(40 °C) and above (60 °C) the melting temperature of the chains.
At all temperatures, the values of £, are nearly constant, as their
variation is inside an error bar of £ 0.5 A (shown only for one
temperature). Thus, we do not have an ideal mixing of both
components, as t, does not present a linear variation with the
Gemini molar fraction.

In-plane miscibility of Gemini with phospholipids is excellent
in the molten state, but bellow the chain melting, it decreases and
the large dehydrated sugar headgroups form the edges of discs.
Infinite bilayers (at high temperature) change to discs by going to
lower temperature. This unusual behaviour has already been
observed by J. Katsaras and co-workers for mixtures of charged
phospholipids [45]. They observed infinite bilayers in mixtures of
long- and short-chain lipids at high temperatures, which break
down as the temperature decreases, forming a bicellar morphol-
ogy in which the short-chain lipid concentrates at the edges of the

disks, whose flat part is made of the long-chain lipid. In the system
studied by Nieh and co-workers even the infinite lamellas have
regions with defects, as the short-chain lipid molecules either
concentrate at the edges of the bilayers or create “pores” (defects)
in the large aggregates. In our system it is also possible that the
edges of the disks are mainly formed by Gemini, which, for
having two headgroups, will occupy a larger area, whereas the
DPPC will be located in the body of the aggregates.

A reversible phase transition (bilayer-micelle) upon tempera-
ture decrease has also been observed by Beyer and coworkers
[46,47] in mixtures of phospholipids with a non-ionic surfactant,
in which the two components are segregated in the micelles with
the hydrocarbon chains in the gel state. When the temperature
increases and the hydrocarbon chains are molten, both compo-
nents form bilayers. In this case, however, the bilayers seem not to
be ordered, as the SAXS curves present a broad peak even at high
temperatures.

A similar order to disorder transition upon cooling has also
been observed by Benvegnu et al. [48]. Lecollinet et al. [49] found
a transition from an optically isotropic to an ordered phase in

L
CECE

60 - B E 4
P F
7 D T
B b
0 \

:)I.o \ \olNol.s 1 !o Ej Eiﬂ fj

Gemlnl molar fraction G

2007 | S
Vg SRS

o
=iy e
SRS

ST
SYm<

S
=Wy

Fig. 10. Proposed phase diagram for the system Gemini/DPPC/water. (A) L, phase of DPPC; (B) L, phase of Gemini/DPPC; (C) L, phase of DPPC/water; (D) Non-
correlated bilayers of Gemini/DPPC, with crystalline interdigitated chains; (E) Non-correlated Gemini bilayers, with non-interdigitated molten chains; (F) Stacked
Gemini bilayers with interdigitated crystalline chains; (G) Stacked non-correlated Gemini bilayers with crystalline non-interdigitated chains.
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lipids containing sugar head-groups. The phases involved in this
transition were isotropic cubic at low temperatures and a hexago-
nal phase at higher temperatures.

When small amounts of Gemini are added to the DPPC
(notice that in all studied samples the Gemini concentration is
smaller than the DPPC), the Gemini has the tendency to be
located at the edges of the bilayers, due to the large area
requirement mismatch between the compounds: due the
presence of two headgroups, separated by the spacer, the
cross-sectional area of the Gemini molecules in the configuration
of Fig. 6a will be much higher than the cross sectional area of the
DPPC molecules. According to the packing parameter [50] the
higher area gives the Gemini the tendency to form spherical
structures that will be located at the edges of the bilayers.

The small part of Gemini molecules found in the spanning
configuration (Fig. 6b) will be placed well inside the apolar region
of the bilayers. As just a small percentage of Gemini molecules
are in this configuration, as seen from the case of pure Gemini in
water, these few molecules of Gemini located inside the hydro-
phobic region of the bilayers will not be able to affect the overall
X-ray scattered intensity, so that the total intensity will correspond
to the bilayers formed by a DPPC body with Gemini at the
corners. In the pure Gemini system, the pronounced change into
the configuration of Fig. 6b might be the reason for the slow
kinetics of the gel phase formation. In this case, for being so well
ordered, the intensity of this phase will be dominated by the Bragg
reflection and the broad peak will correspond to the form factor of
the tail-to-tail configuration.

The DPPC main-transition temperature is not affected by the
added Gemini. However, the sharp DSC peak with the maximum
at 41.8 °C, indicating the melting of the DPPC hydrocarbon
chains, becomes significantly smaller and broader [51] after the
addition of Gemini, and a peak splitting (40.4 °C and 42.0 °C) is
observed. A main-transition enthalpy of 7.9 J/g (7.28 kcal/mole)
was obtained for pure DPPC, whereas 0.46 J/g (0.33 kcal/mole)
was measured for the sample with a Gemini molar fraction of
0.229. As the enthalpy for the mixed system is so much lower than
for pure DPPC, we conclude that a part of the hydrocarbon chains
is already molten before the overall melting point observed in the
DSC experiments, and possibly some of them could be already
molten even before 30 °C (melting temperature of Gemini
chains), as we conclude from the WAXS curves of Gemini at
20 °C (Fig. 3b) in which the peak is not as sharp as observed for
DPPC [52].

In conclusion, there are three different aspects of the Gemini
catanionic surfactants in bilayers. Firstly, when purely mixed with
water at high concentration (20 wt.%), it forms small disks in the
whole temperature range studied (10 to 70 °C), being abundant
surrounded by water. The crystalline/non-crystalline state of the
hydrocarbon chains has no influence on these aggregates, and the
hydrocarbon chains are mostly non-interdigitated. Secondly, at
temperatures lower than 30 °C it forms lamellae which are very
poorly hydrated and arranged with the extended spacer (binding
two headgroups at opposing ends, as in Fig. 6b). These last results
comfort our hypothesis that, at low concentration (2 wt.%), the
masked hydrophobicity of the Gemini is responsible for its high
anti-HIV activity as well as its low toxicity [8].

Finally, when mixed in the frozen (gel) state in DPPC bilayers,
segregation occurs promoting interdigitation of the chains, and
the general organisation of the bilayers is a dispersion of small
non-correlated disks with catanionics. The rearrangement into
microdomains of Gem16-12 in DPPC bilayers confirms the
difficulty of this compound in incorporating in phospholipid
membranes, which is in agreement with its low toxicity. Upon
heating, the interbilayer water is expelled and infinite ordered
bilayers in the highly repulsive L, phase are present. The peaks
are very sharp, due to the electric charge, as shown by G. Brotons
et al. [53]. The bilayers at high temperature have nearly the same
thickness as the disks at low temperature. According to our
discussion, we propose the phase diagram presented in Fig. 10. In
all mentioned cases, the ordering process was accompanied by
dehydration.
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