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Abstract
The Small Angle Neutron Scattering technique (SANS) has been applied to investigate the

interaction between a cyclodextrin (CD) and liposomes. From the modelling of the experimental
neutron scattering cross sections, the detailed structure of dimyristoylphosphatidylcholine
(DMPC) liposomes is assessed upon addition of increasing amounts of randomly methylated -
CD (RAMEB). This study has been performed at two temperatures bracketing the phase
transition of the DMPC bilayers. The fraction of DMPC molecules incorporated into the vesicles
is inferred. The dose-dependent phospholipidic extraction by RAMEB is quantified as well as the
concomitant evolution of the liposome radius and of the thickness of the hydrophobic and
hydrophilic parts of the membrane. The possible formation of CD-DMPC inclusion complexes is
also assessed. The data suggest the dose-dependent coverage by RAMEB of the outer liposome
interface. Our analysis highlights the important role of temperature on the mechanism of action of

RAMEB. These results are discussed in the framework of the Area-Difference-Elasticity model.

KEYWORDS: cyclodextrins; dimyristoylphosphatidylcholine; vesicles; membranes; neutron

scattering; structure






1 Introduction

Cyclodextrins (CD) were first described by Villiers in 1891[1,2]. However, Schardinger and
Cramer, at the beginning of the 20™ century, really laid the foundations of cyclodextrin chemistry
[3,4]. They discovered three types of natural cyclodextrins (CD), a-, B- and y-CD, which consist
respectively of six, seven and eight glucopyranose units linked head-to-tail to build a ring and
which adopt each the shape of a truncated cone. CD present an hydrophilic surface and a
lipophilic central cavity leading to inclusion and non-inclusion complexes for a variety of host
molecules [5,6]. Intensively investigated due to their cavitant properties, CD are nowadays

widely used in the food, cosmetic, textile or pharmaceutical industry [7-14].

B-CD are prone to include cholesterol because their cavity size is sufficiently large [15]. As a
consequence, they are relevant tools to investigate the plasma cell membrane and particularly the
lipid raft function [16-18]. Several studies showed that cholesterol-containing membranes are
more sensitive to methylated CD than to natural CD [16,19,20]. Among the former, the randomly
methylated B-CD (RAMEB) passed all toxicological tests [16,19-23].

Despite several studies [24], the mechanism of action of RAMEB on cell membranes remains
poorly understood. Most measurements focused only on the cholesterol extraction and did not
address the possible competitive phospholipid removal which might also be of major importance.
B-CD are widely used indeed in the presence of phospholipids and some recent investigations
have pointed out that lipid desorption induced by CD can lead to the formation of aggregates with
solubilizing properties[25,26]. The understanding of CD action on phospholipid membranes is
thus of the highest importance. In this paper, we investigate the interaction between a methylated
B-CD and a model membrane using the Small-Angle Neutron Scattering technique (SANS),
which is a powerful method to investigate model membranes [27-36]. This technique will first be
applied to analyze the interaction between RAMEB and liposomes containing only
phospholipids. In a second paper, the interaction between cyclodextrins (RAMEB) and

cholesterol-doped liposomes will be addressed.

In a previous work, our group focused on the evaluation of the RAMEB action directly on

cell membranes using electron spin resonance [37]. A more common way to evaluate the damage
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caused by a CD on biomembranes is to use a lipid assay kit [16]. As the CD action on natural
membranes is extremely complex, the use of models consisting of lipid bilayers is a relevant
approach to reach a better understanding of the involved processes. Liposomes represent such an
appropriate model. In addition to mimicking the membrane, liposomes can also be used as drug
enhancers [38-43]. Another field also uses cyclodextrins as drug release modulators within

liposomes [44-46].

Various techniques have been applied in order to understand the influence of CD on the
stability as well as on the integrity of vesicle bilayers. Electron spin resonance highlighted the
microviscosity changes induced by CD on liposome membranes [37]. The release of a fluorescent
probe initially encapsulated in the liposomes has been used to evaluate the liposome integrity in
contact with different amounts of CD [47]. Turbidity measurements have been performed to
quantify the lipid leakage induced by CD on the liposome bilayer [19]. The structural changes
were also assessed using differential scanning calorimetry [48], freeze-fracture electron
microscopy [47], binding isotherms [49] or photon-correlation spectroscopy [19,23,49,50].
Despite all these studies, rare are those involving specifically the interaction between B-CD and
phospholipids [19,49,51]. And, to the best of our knowledge, only information on the global
liposome size and dispersity could be inferred from the previously mentioned techniques which

do not give access to the internal structure of the bilayer.

The SANS technique is a powerful way to infer, from the modelling of the experimental
neutron scattering cross sections, the detailed liposome structure which we define by the
following parameters: average radius, thickness of both the hydrophobic and hydrophilic parts of
the liposome bilayer, and liposome size polydispersity. In the present work, the evolution of these
parameters has been monitored as a function of RAMEB concentration. The possible coverage by

the RAMEB molecules at the liposome-water interface was also considered.

Because of the existence of a phase transition associated with a change in the conformational
order of the phospholipid acyl chains influencing the membrane fluidity [52], the influence of
RAMEB on the liposome structure was considered at two temperatures (above and below the

bilayer phase transition). In this study, we selected liposomes resulting from the self-assembling
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of dimyristoylphosphatidylcholine (DMPC) which have a phase transition temperature close to
23°C. Dynamic light scattering (DLS) and surface tension measurements were performed in

parallel to the SANS investigation.

2  Materials and methods

2.1 Liposome preparation

Dimyristoylphosphatidylcholine (DMPC) and octadecylamine (also called stearylamine , SA)
were purchased from Sigma (Aldrich, Belgium) and were used without further purification.
Phospholipid vesicles were prepared by hydration of lipid films as described by Hope et al. [53].
DMPC was first dissolved in chloroform to a concentration of 7.4 mM. The liposomes contained
a molar fraction of 90% of DMPC (4.5 mg/mL) and were doped with 10% of SA (0.2 mg/mL):
SA was added to the vesicles in order to prevent their spontaneous fusion, which is known to
appear above the DMPC bilayer phase transition temperature [54]. The chloroform/phospholipid
mixture was then stirred for 5 min and the solvent was evaporated under vacuum. The resulting
lipid film was suspended in deuterium oxide (Sigma Aldrich, Belgium), and stirred by a vortex
mixer in order to obtain large multilamellar vesicles (MLV) [55]. After hydration, five freeze-
thaw cycles using liquid nitrogen were carried out to allow a better incorporation of the SA into
the liposome phospholipidic bilayers. The MLV suspension was then transferred into an extruder
(Lipex Biomembrane, Canada) with two (stacked) polycarbonate filters (0.1 um pore size,
Nucleopore, CA), under a pressure gradient up to 6800Pa of nitrogen (Air Liquide, Belgium).
The procedure was repeated ten times at 35°C and resulted in unilamellar liposomes, as
demonstrated by Olson et al. [S6]. Once prepared, the liposomes were incubated with RAMEB
(degree of substitution equal to 12.6; purchased fromWacker Chemie GmbH, Germany) at
selected concentrations. The RAMEB solution had been first filtered on a microfilter with a pore

size 0f 0.2 pm.

2.2 Surface Tension Measurements



Aqueous RAMEB solutions were prepared at various concentrations in the 107 to 10" M
range. Surface tension measurements were collected in multi-well plates supplied with a
MicroTrough S (Kibron, Germany) apparatus. Each plate contained 15 wells with a volume of
500 pl each and the data collection was performed with the Film Ware software (version 3.4).

Each measurement was repeated 15 times at room temperature.

2.3 Dynamic Light Scattering (DLS)

DLS measurements were carried out with a particle size analyzer (Delsa Nano C, Particle
Analyzer, Beckman Coulter) at a fixed scattering angle of 165°. The light source is a diode laser
operating at A=658 nm and 30 mW power. Measurements on the DMPC-liposome solutions in
contact with different amounts of RAMEB were performed at two different temperatures (14 and
34°C) in duplicate. Each measure lasted about 20 minutes. Initially the liposome and RAMEB
solutions were both filtered on a microfilter with a pore size of 0.2 pm. Data were handled using
the CONTIN algorithm using the Delsa Nano software. At least four individual histograms were

averaged leading to smooth distributions.

2.4 Small-Angle Neutron Scattering (SANS)

The SANS cross-sections of unilamellar DMPC vesicles in D,O in contact with different
concentrations of RAMEB were collected at the Jiilich Centre for Neutron Science (JCNS) at two
temperatures: 14°C and 34°C. The KWSI1 and KWS2 small-angle instruments were used to
collect data at three sample-detector distances: 2, 8§ and 20m. The neutron wavelength, 4, was

equal to 6.00 A £ 0.60 A after mechanical velocity selection. These conditions correspond to a
momentum transfer range, ¢, from 2.36 10> A™ to 1.96 10" A™ where q = 4”//1 sin(@) and 20

is the scattering angle.

The scattered neutrons were detected on a two-dimensional °Li scintillation counter. Radial
averaging led to a one-dimensional scattering function /(g). The incoherent background was

removed using a blank sample. Corrections for the background and sample holder contributions



were carried out according to standard data handling procedures (see, e.g. [57]. The data
corresponding to the liposome solutions and to the pure solvent (D,O) were handled in an
identical way, and the scattering intensities were converted to macroscopic scattering cross-
sections per unit volume, d%/dQ (cm™), using calibration with a Poly(methyl methacrylate)
sample. The liposome contribution was obtained by subtracting the cross section of the solvent,

weighted by its volume fraction.

2.5 SANS Data handling

The liposomes are assumed to be spherical, consisting of concentric shells of mean radius R.
The inner hydrophilic shell, the hydrophobic shell and the outer hydrophilic shell thicknesses are
respectively denoted as d;,, D, and d,,,,. (Fig. 1a) The macroscopic scattering cross-section for the

liposomes is given by the following formula

ds [DMPC NA10
an

j A@PPPR)R (1)

with (N) = [° N(R)P,(R)dR

where [DMPC] is the total DMPC concentration in mol/L, N(R) is the aggregation number of
liposomes with radius R and P,(R) represents the liposome size distribution. Because the
liposome solution was sufficiently diluted, the interferences between waves scattered by different

liposomes may be ignored [58]. The scattering amplitude A(g) is given by
~ in(qr)

where the excess scattering length density p is a function of the distance » from the center of the

liposome and is equal to



P(r) = Psapsa(r) + PpmpcPpmpc(r) 3)

We define as elementary scatterers the respective hydrophobic tails and hydrophilic heads of
SA and DMPC. Depending on the zone of the liposome considered, ps4and ppy,pecorrespond to
the excess scattering length density of the head or tail of the molecules. @, and @pypc are their
respective volume fractions. A linear water penetration profile is assumed in the polar parts of
the DMPC/SA bilayer (Fig. 1b). When cyclodextrin was added, its possible presence at the
liposome/water interface has been included in the model in the following way. An additional
layer with a thickness equal to 7.8A [59], that is the height of a B—CD molecule, is considered.
The scattering length density for this layer is calculated assuming a variable volume fraction of
cyclodextrin within this layer which is otherwise filled by the water solvent. This volume fraction

is then an additional fitting parameter.
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Fig. 1(a) Structure of a modelled liposome (see text for details); (b) Volume fraction of the DMPC/SA constituents of

the liposome as a function of the distance from the center of the liposome (dash-dotted line). The volume fraction of water

is shown as a dashed line. The CD fraction is not shown.
The following size distribution, inspired from the analysis of the vesicle size obtained by
10

Hope et al. (1985) [53], has been used



B,(z)=Cexp(—e?—z+1) (3)

“4)

where C is a normalization coefficient. The average radius is then given by

(R) = R, + 0.5770 and the standard deviation, &, is proportional to o: § = 1.2830.

As will be discussed later, the addition of RAMEB leads to the partial disruption of the
liposomes and to the possible formation of inclusion complexes between RAMEB molecules and
extracted DMPC chains. The contribution of these complexes to the scattering cross section has
to be also considered. Based on the work of Anderson et al. [60] who detected 4:1 RAMEB - 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) CD-POPC complexes, we assumed
that 4:1 RAMEB-DMPC might be present and we modelled them as homogeneous spheres with a
volume equal to four times the volume of a RAMEB molecule and with a scattering length
density estimated from the atomic composition of the RAMEB and DMPC molecules. As the
contribution of these complexes is not expected to be large, it does not seem relevant to
implement a most sophisticated model. This contribution is then simply weighted by an

additional fitting parameter and added to the liposome cross section.

The model depends therefore on five independent parameters, that is: (i) the average radius of
the liposome ({R)), (ii) the standard deviation of the radius, (iii) the thickness of the hydrophobic
part (D), (iv) the volume fraction of RAMEB covering the surface of the vesicles (¢), and (v) the
weighting factor of the contribution of the RAMEB-DMPC inclusion complexes. The other
parameters are not independent. The knowledge of R and D leads to the volume of the
hydrophobic shell, from which the aggregation number (number of individual amphiphilic
molecules that are self-assembled in the vesicle) can be calculated based on the individual
molecular volumes of the hydrophobic scatterers. The knowledge of the aggregation number, of
the scatterer volumes, and of the volume fractions (see Fig. 1b) makes the calculation of d,, and

din, possible.
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Equation (1) involves the DMPC total concentration. However, due to the extrusion steps, the
final total DMPC concentration is not precisely known. Part of the material must be retained by
the polycarbonate filter during the repeated extrusion steps (see Material and methods). The
actual final concentration of DMPC chains incorporated into the liposomes is related to the initial
one (7.4 mM) via a correcting multiplying factor, denoted as m (m<1). This factor, which results
from the data fits, may also account for the possibility of (i) unassociated free DMPC chains
which are too small to be seen in SANS and (ii) other types of self-assembled objects, like
clusters of liposomes, whose size would be too large for them to be detected in our limited ¢

range.

The total scattering cross section is then convoluted with an apparatus function in order to
take into account the experimental resolution (see experimental part). A triangular shape has been
assumed for the scattering vector spread (Ag/q = 10%). The resulting model cross sections are

then fitted to the experimental scattering curves and the quality of the fit has been monitored by

calculating the ¥ % both in linear and in logarithmic mode.

2.6 Comparison of SANS and DLS size distributions

The analysis of the SANS data provides us with a number-weighted radius distribution,
denoted P,. The CONTIN algorithm used for the DLS data analysis leads to an intensity-
weighted distribution, P;, of the hydrodynamic radius. These two distributions are not equivalent

but may be connected through the following equation [61,62]:

_ P
o = [M(R)12F(q;R)

)

where M(R) is the molecular weight of a vesicle of radius R. M(R) is proportional to the square

of the vesicle radius:

M(R) = 4nR?Dp  (6)

where D represents the global thickness and p the average density of the bilayer. F(q,R) is the
form factor of the vesicle at the ¢ value corresponding to the wavelength and detection angle of
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the DLS instrument. Because all the information required to calculate F(g,R) is available from
the analysis of our SANS data, we found more consistent and practical to convert the P, SANS
distributions to P; distributions which are comparable to the DLS distributions. This makes an
easy and relevant comparison between DLS and SANS data possible, as will be discussed in
Section 3. It must be emphasized that the liposome radii obtained by averaging over P; are as a
rule larger than those obtained from P, because of the R* weighting factor appearing in equation

(6). This has to be kept in mind when comparing different figures of the discussion section.

3 Results and discussion
Typical SANS cross-sections of DMPC vesicles without and with added RAMEB (at a
concentration of 20 mM) as well as fits using the model described in Section 2.5 are displayed in

Fig. 2. A good agreement is observed between the experimental and fitted data.
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Fig. 2 Experimental macroscopic cross-sections of the liposomes (+ gray symbols) and their fits to the analytical
model described in section 2.5 (red dotted line). The individual contribution of RAMEB-DMPC inclusion complexes is
displayed as a black dotted line. (a) Pure liposomes at 14°C; (b) Liposomes at 14°C in contact with RAMEB at a
concentration of 20 mM; (c) Pure liposomes at 34°C; (d) Liposomes in contact with RAMEB at a concentration of 20 mM

at34°C.
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3.1 Fraction of DMPC molecules included in the unilamellar liposomes

The m parameter defined in Section 2.5 represents the fraction of the DMPC molecules which
are actually included in liposomes. Three phenomena may be responsible for m values lower than
unity: (i) the loss of DMPC material during the extrusion procedure, (ii) the presence of
unassociated DMPC chains, and (iii) aggregation processes leading to structures which are too
large to be detected in our g range. As RAMEB was added at the last step of the sample
preparation procedure, the contribution of process (i) is the same for all samples. Relevant
information may therefore be inferred about the possible additional influence of RAMEB on
processes (ii) and (iii) globally, from the evolution of the m/m, parameter upon increasing
RAMEB concentration at 14°C and 34°C (Fig. 3). my is the value of m in the absence of
RAMEB.

14
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Fig. 3 Influence of RAMEB on the fraction of DMPC molecules included in the liposomes (m/m, parameter) at 14°C
(black squares) and 34°C (grey dots)

Up to 10 mM of RAMEB, no significant variation of m/my is detected within experimental
limits. The slight increase from 1.0 to 1.124+0.05 in the [RAMEB] = 0 — 10 mM range at 14°C
lies at the limit of experimental significance. It may be either assigned to experimental
uncertainties or to a possible de-clustering of initially undetectable aggregated liposomes, leading
to an increase of the cross section in the sampled ¢ range. The most significant effect is, however,
a regular linear decrease which takes place above 10 mM of CD for both temperatures. 21 £ 5 %
of the initial liposomes are no longer detected at [RAMEB] = 30 mM at 14°C. At 34°C, this
amount becomes even larger, 47 + 5%. This effect is assigned to the solubilization of part of the
liposomes resulting from the extraction of DMPC phospholipid chains by the B-CD, in agreement
with the conclusions drawn by Hatzi and coworkers [19]. This extraction is made in a dose-
dependent way and may lead either to aggregates composed of RAMEB and phospholipids that
become larger with increasing RAMEB concentration [21,37] or to solubilized chains
encapsulated by cyclodextrins [60] which provide a small contribution to the scattering cross

section. As explained in section 2.5, we modelled this contribution by assuming, following
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Anderson et al [60] a 4:1 stoechiometry for the RAMEB-DMPC complexes and by describing
them as homogeneous spheres [63]. This contribution is displayed as black dotted lines in Fig. 2.
It must be emphasized at this point that isolated DMPC or RAMEB molecules cannot be
detected: they would lead to a scattering cross section in the 10~ ¢m™' range at ¢ = 0, which
corresponds to the noise level. Based on the cross section at ¢ = 0 for this contribution and on the
relevant scattering length values, the concentration of the inclusion complexes and therefore, the
fraction of DMPC molecules included into these complexes can be inferred. The accuracy of
these data is, however, limited, due to the small associated cross section. At [RAMEB] = 30 mM,
the inclusion complex concentration is estimated to be 2.3+1.7 mM and 3.8+1.3mM at 14°C and
34°C, respectively. Compared to the total concentration of 7.4 mM, this corresponds to 31% and
51%. These values compare favorably with the above-cited values of 21% and 47% inferred
above from the m/mo parameter, taking into account (i) the low accuracy of the determined
inclusion complex cross section, and (ii) the fact that part of the DMPC molecules are lost during
the extrusion process. Despite these caveats, these data suggest that DMPC extraction by
RAMEB leading to inclusion complexes is probably one important mechanism operating under

our experimental conditions.

Surface tension measurements were also performed, showing that RAMEB is able to weakly
cluster above 15 + 2 mM in agreement with Messner et al. [26]. These observations and the fact
that no significant liposome solubilization is observed below 10 mM of RAMEB suggest that

CD-clusters might also play a role in the liposome destruction.

The more efficient solubilization observed above the transition temperature is linked to the

larger mobility of the DMPC chains in the fluid phase.

3.2 Liposome Radius, aggregation Number, and polydispersity

The evolution of the average radius of the surviving liposomes inferred from SANS upon
addition of increasing amounts of RAMEB is shown in Fig. 4a. Without RAMEB addition, the
average radius and aggregation number are identical below and above the transition temperature.
This situation results directly from the extrusion procedure which governs the size distribution.

These results are also in agreement with Kiselev et al. [64]. As soon as RAMEB is added,
16



temperature is seen to influence the liposome size evolution: below the DMPC transition
temperature, the average liposome radius increases upon addition of CD whereas it remains

nearly constant at 34°C.
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Fig. 4 Average liposome radius (a) and aggregation number (b) at different RAMEB concentrations at 14°C (black
squares) and 34°C (grey dots). Note that the displayed radii are obtained by averaging over a number-weighted size

distribution.
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The evolution of the average size of the surviving liposomes is logically linked to that of the

average aggregation number as shown in Fig. 4b.

Fig. 5a displays the influence of RAMEB on the liposome polydispersity. An increase is
highlighted at 14°C but at 34°C the polydispersity is not significantly affected. This evolution is
directly visible on the SANS cross sections displayed in Fig. 2.

This behavior as a function of the RAMEB concentration and of temperature is confirmed by
DLS measurements (Fig. 5b and 5c). We recall here that the SANS size distributions have been
converted into intensity-weighted distributions to make them comparable with the distributions
inferred from DLS. As alluded to in Section 2.6, this is the reason why the maxima of the
distributions in Figs. 5b and 5c correspond to larger radii than the average values of Fig. 4a, e.g.

395 A (Fig. 4a) compared to 490 A (Fig. 5b).
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Fig. 5 (a) Standard deviation of the radius of the DMPC liposomes at 14°C (black squares) and 34°C (grey dots), as
inferred from SANS, as a function of RAMEB concentration. (b) Liposome radius distribution at 14°C determined by
DLS (dotted line) and SANS (solid line) for pure liposomes and (c) for liposomes in contact with RAMEB at a
concentration of 20 mM. The SANS size distributions have been converted into intensity-weighted distributions, P(R), to

make them comparable with the distributions inferred from DLS

3.2.1 Below the DMPC transition temperature
Because it is well accepted that CD are not able to penetrate into phospholipid membranes
[6,13,65], the increase in liposome size at 14°C could not be explained by a CD inclusion into the

bilayer. We suggest that DMPC extraction by RAMEB leads to preferential destruction of the
19



small vesicles so that the size distribution of the surviving liposomes is shifted towards larger R
values. As will be discussed below (Section 3.2.3), small liposomes have a larger curvature and a
higher elastic energy, so that phospholipid extraction by CD favors their solubilization compared

to larger ones.

However, because an increase of the polydispersity is also observed, this mechanism cannot
be the only one which operates. It might be suggested that the DMPC molecules from small
disrupted liposomes partly become included into the RAMEB-DMPC inclusion complexes
discussed above and partly contribute to the formation of larger, more stable liposomes which
would be responsible for the increased polydispersity. It has been proposed by Puskas and
Csempesz that cyclodextrins may induce aggregation/or fusion of the vesicles [66]. This
hypothesis is also compatible with the shift in the size distribution towards larger R values as

observed on Fig. 4a.

The comparison of Figs. 3 and 4a shows that the conclusions drawn from both the m/mg and R
parameters are compatible. A RAMEB concentration of 7.5 £ 2.5 mM must be reached in order

that a significant effect is observed.

3.2.2 Above the DMPC transition temperature
Figs. 3 and 4 lead us to the conclusion that, at 34°C, (i) the fraction of DMPC molecules
within unilamellar liposomes decreases upon RAMEB addition but that (ii) the average vesicle

size is not significantly affected by the interactions with the CD.

These observations lead us to the hypothesis that phospholipid extraction above the DMPC
bilayer transition temperature disrupts the liposomes to about the same extent whatever their size,
contrarily to the situation prevailing below the transition temperature. As a consequence, the size

distribution remains more or less unaffected and the average radius change is negligible.

3.2.3 Comparison between the behaviors below and above the transition temperature
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A double question arises. Why do small liposomes become more easily disrupted than bigger
ones below the gel-fluid transition temperature? Why does this differentiated behavior vanish

above the transition temperature?

Bending a bilayer has an energy cost. In the frame of the Area-Difference-Elasticity (ADE)

model [67], the total elastic energy, E, of a bilayer of fixed mean area A4 is written as

Ep =—x [, dA'(Cy+Cy)? + 725 (AA — AAy)? (7)

2D
where k is the bending modulus, C; and C, are the local curvatures along the two principal
directions, D is the bilayer thickness, a is a constant which depends on the phospholipid and
which is close to unity. A4, is the area difference between the outer and inner unstressed
monolayers, due to the different numbers of phospholipid molecules they may contain, whereas
AA is the actual area difference within the liposome. The first term of equation (7) is the Helfrich
bending energy [68], at fixed bilayer area, whereas the second contribution takes into account the
fact that bending a bilayer involves stretching the outer monolayer and compressing the inner

one.

Equation (7) is strictly valid a 0 K. At finite temperatures, it becomes necessary to consider
the membrane fluctuations through the renormalized bending energy [69,70]. The size
distribution of a system of vesicles has been shown to depend exponentially on the renormalized
bending energy, Ez(R) divided by the thermal energy k3T [69]. This renormalized bending energy
takes into account the fact that membrane undulations at finite temperature lower the free energy
uptake associated with the membrane bending required to build a vesicle. Vesicles of radius R
close to the undulation wavelength will be formed preferentially. The effective, renormalized

bending modulus decreases with the characteristic length scale of the vesicle, so that for

R~D exp (4—” L) @®)
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where k is the not renormalized bending modulus, the renormalized bending modulus is close to
zero [70]. k has been observed to decrease by about two orders of magnitude at the transition

temperature [70].

Equations (7) and (8) provide two possible, and not mutually exclusive, explanations for the
observed temperature-dependent behavior. First, our liposome preparation procedure leads to
unilamellar spherical liposomes with an average radius of 400 A and a moderately narrow size
distribution (Fig. 5). Despite their bending, they are kinetically stabilized, in particular through
the insertion of stearylammonium chains. Below the transition temperature, due to the large k
value, the bending energy is expected to vary significantly through the sampled R range, so that
the smaller vesicles are much less stable and more prone to disruption following RAMEB-
induced phospholipid extraction. Bilayer reorganization and formation of larger vesicles are
expected to take place as inferred from the increase of the liposome polydispersity. Above the
transition temperature, the Helfrich energy is much smaller due to the above-mentioned decrease
of the bending modulus, so that the stability differences for different radii are significantly
attenuated. The extraction of DMPC chains by RAMEB is probably favored by the higher
mobility of the phospholipid chains (as we already pointed out when analyzing the m/my

parameter) but all vesicle sizes tend to be affected in a similar way.

A second contribution may arise from the second term of equation (7). Extraction of DMPC

molecules by RAMEB involves necessarily the outer monolayer so that AA, decreases leading to
an increase of % (AA — AAy)? . This effect will be particularly important for small liposomes

(small mean area 4) and in the gel phase (large x ). This is also compatible with the observed

behavior.

3.2.4 Coverage of the liposome external layer by RAMEB
Another parameter derived from the data modelling is the volume fraction of RAMEB
covering the liposome surface. Fig. 6 highlights the dose dependent covering of liposomes by

RAMEB. The coverage levels off at a volume fraction of about 0.5 and the largest increase takes
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place between [RAMEB] = 0 and 10 mM. This can be correlated to the threshold observed in Fig.
3 for efficient DMPC extraction. When 30 mM of RAMERB is reached, half of the vesicle surface
is covered. An adsorption of native-CD on membranes has been previously reported [71] and
explained by an hydrogen bond formation between the phospholipidic polar head group and one
hydroxyl group of the CD. RAMEB, however, possesses less —OH groups, which are replaced by
methyl groups, so that the interaction with DMPC is expected to be weaker. As a matter of fact,
our data do not provide us with any information on the strength of the link between the RAMEB
molecules and the liposome outer surface. The fact that a large molar excess of RAMEB with
respect to DMPC is used and that evidence for inclusion complexes has been found, which pleads
for reasonable interaction energies, may justify a relatively large volume fraction of RAMEB at

the liposome-water interface.
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Fig. 6 Volume fraction of RAMEB on the liposome surface at 14°C (black squares) and 34°C (grey dots)

3.3 Bilayer thickness

The detailed liposome bilayer structure has also been assessed. Fig. 7 shows how the

hydrophilic (Fig. 7a) and hydrophobic (Fig. 7b) sublayers of the membrane vary as a function of
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the RAMEB concentration. Note that d is the average thickness of the inner and outer hydrophilic

sublayers.
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Fig. 7 DMPC sublayer thickness as a function of RAMEB concentration at 14°C (black squares) and 34°C (grey dots).
(a) Average hydrophilic sublayer thickness; (b) Hydrophobic sublayer thickness

As inferred from the SANS data, the global thickness of the DMPC membranes in the
absence of RAMEB is 41 + 4A at 34°C, with hydrophobic and hydrophilic contributions equal to

respectively 25 =2 A and 8,0 £ 0,9 A. The membrane bilayer thickness of the same liposomes

24



increases at 14°C and reaches 51 = 3 A with hydrophobic and hydrophilic contributions which
are respectively 31,4 £ 1,5 A and 9,9 £ 0,7 A. These results are in agreement with Kiselev’s
[64,72-74] and Kucerka’s works [33]. It has to be kept in mind that the Luzzati thickness
displayed in the latter reference cannot be directly compared to our value [75,76]. The larger
value of the DMPC membrane thickness at 14°C is associated with the DMPC phase transition.
At 14°C, the DMPC molecules are in a rigid and structured phase: the hydrophobic chains adopt
elongated anti-conformations which optimize their mutual non-covalent interactions. The
maximum chain-length for the DMPC hydrophobic moiety in an all anti-configuration is equal to
6x2,5A=15A, so that the hydrophobic sublayer is then expected to be 30A thick which
corresponds exactly to the observed hydrophobic thickness at 14°C. At 34°C, the phospholipid
chains are in a fluid state leading to a thinner membrane because the entropic driving force favors
gauche conformations leading to a more compact molecular shape. These results have been

confirmed by several study [75,76].

DMPC extraction by RAMEB leads at 14°C to a decrease of the bilayer thickness of the
surviving liposomes. On an absolute scale, the decrease is slightly more significant for the
hydrophobic part than for the hydrophilic part. This decrease of the global bilayer thickness upon
addition of RAMEB is compatible with the findings of our previous work [37]. At 34°C, no

significant change could be inferred.

We suggest the following tentative mechanism, which is compatible with the results on the
average radius presented in a Subsection 3.2. After phospholipid extraction by RAMEB, some
liposomes are completely disrupted, some are not. Fig. 3 shows that, depending on the
temperature, 25 to 45% of the liposomes are disrupted. They are either no longer detected in our
SANS experiments or detected as RAMEB-DMPC inclusion complexes. In the surviving
liposomes, the space made available by the extracted chains allows relaxation processes for the
remaining ones. Intercalation of DMPC hydrophobic chains from the inner part of the liposome
into the available free space of the outer part becomes possible. This space may also be used by
their neighbor molecules which can now adopt a larger number of gauche-conformations and, as
a consequence, a more compact shape leading to a thinner sublayer. From this point of view, it is

logical that the long hydrophobic chains are more affected than the smaller polar heads, so that
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the hydrophobic sublayer thickness decreases more upon RAMEB addition than the hydrophilic
ones. At 34°C, above the bilayer transition temperature, it can be argued that the larger
proportion of gauche-conformations already present without RAMEB, as mentioned above,

makes the bilayer less prone to an additional thickness reduction.

4 Conclusions

The small angle neutron scattering technique has been applied to characterize the influence of
a methylated B-cyclodextrin (RAMEB) on the structural parameters of DMPC liposomes. The
SANS data are corroborated by DLS experiments but provide us with a more detailed picture of

the liposome — cyclodextrin interactions.

The evolution of the fraction of DMPC molecules inserted in the liposomes, and of the
aggregation number, confirms that RAMEB at a concentration larger than 10 mM is able to
significantly affect the vesicles by extracting phospholipids in a dose dependent way. Information
about the coverage of the liposome outer interface by RAMEB was also accessed: at 30 mM of
RAMEB, about half of the liposome is covered. Part of the extracted DMPC chains becomes
inserted into RAMEB-DMPC inclusion complexes. Part of them participates in the
reorganization of the vesicles, leading to larger, more stable liposomes. The fact that the RAMEB
influence becomes significant only for [RAMEB] > 10 mM is compatible with the conclusions of

Anderson et al [60], who conclude to minimal phospholipid membrane disruption below 15 mM.

The important influence of the temperature on the phospholipidic extraction has been
highlighted. Below the bilayer transition temperature, the average liposome radius increases upon
addition of RAMEB, an observation which we interpret as a preferential disruption of the small
vesicles by the CD and which we correlate with the different contributions to the bilayer bending
energy in the framework of the Area-Difference-Elasticity model [67]. The polydispersity
increase is assigned to the reorganization process involving random insertion of extracted DMPC
chains into larger liposomes. Above the transition temperature, due to a much smaller bilayer
bending modulus, all vesicles are suggested to be affected to the same extent by the interaction
with RAMEB, which leaves the size distribution nearly unaffected.
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The modelled SANS data allowed us to evaluate the effect of the CD on the DMPC
membrane thickness below and above the transition temperature. At 14°C, addition of RAMEB
leads to a decrease of the bilayer thickness, which is interpreted as a relaxation of the remaining

chains in the space made available by the loss of the extracted ones. No significant effect is

observed at 34°C.
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