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Abstract. We report a combined dynamic light scattering and neutron spin-echo study on vesicles composed of the uncharged stabilizing lipid 1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine (DMPC) and the
cationic lipid 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP). Mechanical properties of a model
membrane and thus the corresponding bilayer undulation dynamics can be speciﬁcally tuned by changing
its composition through lipid headgroup or acyl chain properties. We compare the undulation dynamics in
lipid vesicles composed of DMPC/DOTAP to vesicles composed of a mixture of the uncharged helper lipid
DMPC with the also uncharged reference lipid 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC). We have
performed dynamic light scattering on the lipid mixtures to investigate changes in lipid vesicle size and
the corresponding center-of-mass diﬀusion. We study lipid translational diﬀusion in the membrane plane
and local bilayer undulations using neutron spin-echo spectroscopy, on two distinct time scales, namely
around 25 ns and around 150 ns. Finally, we calculate the respective bilayer bending rigidities κ for both
types of lipid vesicles. We ﬁnd that on the local length scale inserting lipid headgroup charge into the
membrane inﬂuences the bilayer undulation dynamics and bilayer bending rigidity κ less than inserting
lipid acyl chain unsaturation: We observe a bilayer softening with increasing inhomogenity of the lipid
mixture, which could be caused by a hydrophobic mismatch between the acyl chains of the respective lipid
components, causing a lateral phase segregation (domain formation) in the membrane plane.

1 Introduction
Phospholipids and liposomes play a prominent role as model systems to understand basic properties of their far
more complex biological counterparts, since in mammal
organisms vesicles often serve as natural carriers (e.g. red
blood cells, synaptic vesicles). The natural occurrence of
such vesicular carriers is often mimicked in colloid and interface science. In particular, liposomes composed of cationic lipids and varying helper molecules have been found
to be eﬀective vehicles for cellular delivery of drug formulations [1–3], as well as RNA and DNA [4–6]. In this
context, a detailed understanding of changes in bilayer
properties induced by the charged lipid headgroups is crucial in order to aimfully exploit their potential as targeted
carriers. Lipid mixtures containing cationic lipid and a
helper lipid have been studied in great detail with respect
to vesicle size, aggregation behaviour and stability of the
⋆
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complexes [7–9], thermodynamic properties and phase behaviour [10], as well as their suitability as colloidal carriers
for speciﬁc purposes. For example, liposomes designated
for gene transfection require intrinsic instability, whereas
vesicles for drug delivery often contain more stabilizing
lipids. Changes in vesicle stability can be induced e.g.
through variation of the lipid head group composition or
the degree of acyl chain unsaturation [11, 12].
Compared to morphological and thermodynamic aspects, the local lipid bilayer undulation dynamics of ﬂuid
cationic liposomes has, to our knowledge, not been studied so far, even though functional properties of the membrane interface may depend equally on vesicle structure
and dynamics. For uncharged lipid vesicles and model
membranes oriented on a substrate, previous studies have
shown the occurrence of dynamic processes over a broad
range of length and time scales and by a variety of experimental techniques including neutron spectroscopy and
molecular modelling [13–19]. In this context, several authors have mentioned that the respectively observed processes are somewhat hierarchically interlinked over several
orders of length and time scales [19–24]. Neutron spin-
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echo spectroscopy is well suited to probe dynamical processes well within the ns range, i.e. to perform quasielastic
scattering experiments on the length scale of local interface undulations.
Binary phospholipid and lipid mixtures show a temperature- and composition-speciﬁc phase behavior, that includes the formation of large-scale mesoscopic domains,
which exhibit lateral structure ﬂuctuations in the membrane plane, between diﬀerent coexisting phases [25, 26].
These characteristic ﬂuctuations in the membrane plane
have been studied in great detail in the past, and are assumed to have decisive inﬂuence on the mechanical properties of the lipid bilayer [26, 27]. Several experimental
studies on microemulsions have addressed the inﬂuence of
ionic surfactants on ﬁlm undulations [28–30]. Recent studies on bilayer undulations in lipid vesicles have included
those on lipids with acyl chain unsaturation [31], composite lipid membranes with cholesterol [19], the inﬂuence of
changes in pH in pure zwitterionic phospholipid vesicles,
as well as on the insertion of ibuprofen [32], or of poreforming peptides [33]. Here, we extend this work towards
alternative two-component model systems to shed light
on the undulation dynamics in lipid mixtures containing
charges, which are suitable as gene transfer or drug delivery agents. Moreover, we extend the dynamic range compared to previous neutron spin-echo experiments on lipid
vesicles, such that a full polarization decay is obtained.
Therefore, we can separate more precisely the inﬂuence of
further contributions to the bilayer undulation dynamics,
such as underlying vesicle center-of-mass diﬀusion. Next,
we introduce the theoretical approach used to describe
shape ﬂuctuations as bending modes of an elastic membrane. This manner of treating the undulation dynamics
in ﬂuid phospholipid vesicles was already applied successfully in previous works, e.g. [19].
The paper is organized as follows: After this general
introduction, a brief introduction is given to the theoretical description of ﬁlm undulations in sect. 2, then sample preparation and experimental methods are presented
in sect. 3, followed by dynamic light scattering results in
sect. 4.1. Section 4.2 shows the central results on the lipid
bilayer undulation and diﬀusive vesicle dynamics obtained
by neutron spin-echo spectroscopy, before the paper closes
in sect. 5 with conclusions and an outlook.

2 Theory
Curvature undulation dynamics of elastic membranes are
commonly described by the well-known Helfrich Hamiltonian [34]. Based on this continuum mechanical approach,
Milner and Safran further describe the ﬂuctuation dynamics of microemulsion droplets and vesicles [35]. In their
theory, the normal bending modes of the ﬂexible interface are coupled to the viscous friction exerted by the suspending medium according to a single exponential decay
κ 3
q , where η
exp(−ΓM S t) with a relaxation rate ΓM S = 4η
is the eﬀective viscosity of the solvent medium and κ the
bilayer bending rigidity. In this manner, faster relaxations
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are assigned to stiﬀer membranes. However, while suited
to describe data obtained from soft interfaces where the
obtained bilayer bending rigidities lie on the order of kB T ,
such as in microemulsion droplets and sponge phases, the
expression fails to accurately account for the dynamics
of model phospholipid membranes with expected bending
rigidities on the order of several kB T . In a phenomenological approach, Zilman and Granek introduce a model to
describe curvature shape ﬂuctuations of freely suspended
phospholipid bilayers [36, 37]. Their model takes into account a coupling of the bending modes and local diﬀusion processes: in a rigid membrane with a bilayer bending rigidity of (κ ≫ kB T ), less free volume can be explored by single molecules; this means that a relaxation
rate for a coupled process of undulation and local curvature will increase, whereas the average amplitude of the
modes will decrease. The anomalous subdiﬀusive relaxation of the bending motions is described by a stretched
exponential decay (eq. (1))
S(q, t) ∝ exp(−Γu (q) · t)β=0.66 ,
with
Γu (q) = 0.025γq



kB T
κ

1/2 

kB T
·
q3 .
η(T )

(1)

Within the relaxation rate Γu (q), η(T ) denotes the temperature-dependent solvent viscosity. Further, γq is a weak
monotonous function of the bending rigidity κ according
3 kB T
to γq = 1 − 4π
( κ ) · ln(qh), where h is the membrane
thickness with q·h ≈ 1. For lipid model membranes, where
κ lies on the order of several kB T , γq can be approximated to unity. In the following, we will discuss our data
on the basis of the introduced model, augmented by the
occurrence of underlying vesicle center-of-mass diﬀusion
(eq. (2)).
S(q, t)/S(q, 0) = A · exp(−Γd t) · exp(−Γu t)β .

(2)

Here, A is a normalization parameter close to one, the
center-of-mass diﬀusion relaxation rate Γd = D · q 2 is
ﬁxed using the diﬀusion constant D obtained by dynamic
light scattering, the relaxation rate of bilayer undulations
Γu is a free parameter, and the stretched exponential is
held to β = 0.66, following the Zilman-Granek approach.
Note that the product of the two dynamic contributions
in (q, t)-space corresponds to the mathematical convolution of a Lorentzian and a Lorentzian-like function in
the (q, ω)-space commonly viewed in quasielastic neutron
scattering experiments performed with other techniques.
Thus, our description with the two contributions seems
to be more rigorous than to treat the data using a mere
sum of the vesicle center-of-mass and bilayer undulation
contributions as described e.g. in [19]. However, comparing the outcome to the results obtained on the basis of
the previous description of the normalized intermediate
scattering function S(q, t)/S(q), no signiﬁcant diﬀerences
are obtained within experimental accuracy. This will be
discussed in more detail later.
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lated to the hydrodynamic vesicle radius according to the
Stokes-Einstein equation
RH =

Fig. 1. Lipid molecules used in this study. From top: DMPC,
DOPC and DOTAP (from: http://avantilipids.com).

3 Materials and methods
Sample preparation: The lipids (DMPC, DOPC, DOTAP)
were purchased from Avanti (Alabaster, AL) (ﬁg. 1) and
dissolved in chloroform/TFE (1:1) in the desired molar
proportions to achieve a homogenous mixture of the components. The solvent was evaporated slightly above room
temperature in a vacuum oven and the dry lipids were
hydrated with a concentration of 10 mg/ml in deuterated
water (D2 O) obtained from Aldrich (Steinheim, Switzerland). To avoid possible diﬀerences between dynamic light
scattering (DLS) and neutron spin-echo (NSE) experiments, D2 O was in all cases used as the aqueous solvent.
Samples were then heated from room temperature up to
30 ◦ C, ultrasonicated in a bath and cooled down to room
temperature again several times subsequently. In order to
obtain unilamellar vesicles (ULVs), the suspension consisting of multilamellar vesicles (MLVs) was passed ten times
through a polycarbonate ﬁlter with 500 Å pore diameter
using the LiposoFast Basic Extruder (Avestin, Canada).
For the neutron experiments, the extruded phospholipid suspensions were poured into (35 mm by 35 mm)
quartz cells (1 mm thick, Hellma, Müllheim, Germany).
These were then inserted into a thermostated sample holders, designated for use on the instrument.
Dynamic Light Scattering (DLS): For the dynamic
light scattering (DLS) measurements, an ALV-4000 goniometer with a 35 mW He-Ne laser operating at a wavelength of 632.8 nm was used with an ALV/High QE APD
detector and an ALV-6010/ 160 external multiple tau digital correlator unit. Angle-dependent measurements were
taken between 20◦ and 150◦ in steps of 10◦ . Diﬀusion
constants D derived from CONTIN and cumulant analysis up to the third order were compared. The diﬀerences between these approaches did not exceed the experimental error between independent measurements. From
the ratio of the ﬁrst- and second-order relaxation rates,
a polydispersity index around 0.15 was obtained for all
extruded vesicles. The diﬀusion coeﬃcient D can be re-

kB T
.
6π · η(T ) · D

(3)

Here, D denotes the mean diﬀusion coeﬃcient, kB the
Boltzmann constant, T the absolute temperature and
η(T ) the temperature-dependent solvent viscosity (for
D2 O at 30 ◦ C, η(T ) = 1.028 · 10−3 Pa s). The lipid vesicles
were prepared in varying compositions and investigated
by DLS immediately after extrusion, as well as one week
afterwards. For stable vesicles the hydrodynamic radius
RH remained the same within ∆RH = ±2 nm, which lies
with the experimental errors. After extrusion through the
polycarbonate membrane with a pore size of 50 nm, all
vesicles had radii between 45 and 55 nm. However, at intermediate concentrations of the cationic lipid DOTAP
(between 20 and 40 mol%), the vesicles quickly increased
size to radii up to 70 and 80 nm. This was visible in the
DLS measurements within one hour after the extrusion
process, thus these concentrations were excluded from the
spin-echo experiment.
Neutron Spin-Echo (NSE): The long-wavelength local
bilayer undulation dynamics were investigated using the
cold neutron spin-echo spectrometer IN15 at the Institut Laue Langevin (ILL in Grenoble, France). The instrument provides the longest wavelengths and Fourier times
currently available on NSE spectrometers throughout the
world. Due to its ﬁne angular resolution in the small-angle
regime (low q-values), the instrument is well suited to
probe the mesoscopic lengths scales often encountered in
colloidal systems. The method of neutron spin-echo spectroscopy (NSE) was ﬁrst introduced by F. Mezei [38]. The
result of a measurement consists of a momentum transfer and time-resolved intermediate structure factor S(q, t).
Contrary to the correlation functions g(t) measured by
dynamic light scattering, the q-range probed lies on the
order of the inverse length scales of local bilayer interface undulations. This allows for a data interpretation on
the basis of models predicting a speciﬁc q-dependence of
the measured relaxation rates Γ (q), such as e.g. the wellknown approach of Zilman and Granek (eq. (1)). In the
experiment, the momentum transfer is obtained from the
scattering angle 2θ between the incoming and ﬁnal beam,
according to q = 4π
λ · sin θ. The method is described in
more detail in [38].
The IN15 instrument is situated at a cold polarizing neutron guide. A velocity selector produces incident
neutron wavelengths between 6 and 25 Å with a wavelength distribution of 10% (at the time the presented
data was measured). At a distance of 4.6 m from the sample, the 3 He/CF4 multidetector is located, which covers
32 · 32 pixels of 1 cm2 each for scattering angles between
2◦ ≤ 2θ ≤ 22◦ .
Primary data corrections include correction of the data
with respect to instrumental resolution and solvent background. The instrumental resolution is determined by
measuring graphoil as a purely coherent elastic scatterer.
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The correction is performed by division of sample and resolution signal. The scattering of the D2 O solvent is mainly
coherent and at the measured time scales well outside of
the experimental window, resulting in a constant contribution which can be subtracted from the data.

4 Results and discussion
4.1 Dynamic light scattering (DLS)
For dynamic light scattering on vesicles with varying compositions, two main objectives were followed: The vesicle
center-of-mass diffusion was quantiﬁed as an underlying
contribution in the spin-echo data. Also, the corresponding temperature- and concentration-dependent phase behaviour and vesicle stability were monitored. This was
considered necessary, as extruded phospholipid vesicles are
non-equilibrium structures, due to the external force exerted on them during the process.
The relaxation rates Γd obtained from angle-dependent measurements are shown vs. q 2 for several lipid mixtures (ﬁg. 2(a)). Linear ﬁts (solid lines) match and exhibit
a purely Fickian behaviour typical of center-of-mass diffusion. The slope of these curves corresponds to the mass
diﬀusion constant D, from which the corresponding hydrodynamic radii RH was derived (eq. (3)). Further, for
all investigated lipid mixtures, temperature ramps from
10 ◦ C to 60 ◦ C were taken in steps of 5 ◦ C in both directions, respectively (up and down). Measurements were
performed at a constant scattering angle. For pure DMPC,
a decrease in the hydrodynamic radius RH is observed at
the main phase transition near Tm = 23.6 ◦ C. For composite lipid vesicles, the main transition occurs over a
broader temperature range and at lower Tm (ﬁg. 2(b)).
In terms of the obtained phase transitions, we have compared our data to published phase diagrams [10, 39]. For
vesicle compositions that were observed to remain stable
for at least a week, neutron spin-echo data were taken at
30 ◦ C. Here, the hydrodynamic radii RH lay around 50 nm.
Moreover, at a single lipid ratio, the vesicles exhibit stabilty within ∆RH = ±2 nm, while ramping up and down
over the whole range of temperatures between 10 ◦ C and
60 ◦ C. In order to estimate possible inter-vesicle structure factor inﬂuences, exemplary samples were diluted
down to 1 mg/ml concentration in D2 O solvent and remeasured. From the diﬀerence in the hydrodynamic radii
RH , we estimate structure factor inﬂuences of up to ten
percent within the momentum transfer q-range covered
by dynamic light scattering. Note that the inverse length
scales q covered by dynamic light scattering and neutron
spin-echo spectroscopy diﬀer by three orders of magnitude. The inﬂuence of a structure factor is strongest in
the regime of the small momentum transfers q covered
by dynamic light scattering. We can therefore safely neglect its contribution at the large q covered by neutron
spectroscopy. For the spin-echo experiment, we used mixtures of DMPC/DOTAP and DMPC/DOPC with unsat-

Fig. 2. (a) Relaxation rate Γd vs. momentum transfer q 2 for
DMPC/DOTAP mixtures (30 ◦ C). Solid lines represent linear
ﬁts, which yield the vesicle center-of-mass diﬀusion constant D;
(b) hydrodynamic radius RH vs. temperature T : For DMPC,
a minimum in RH is visible near the main phase transition at
Tm = 23.6 ◦ C. For composite vesicles, the transition occurs in
a broader temperature range and at a lower Tm .

urated lipid ratios of 5 mol%, 10 mol% and 50 mol% at
10 mg/ml.
4.2 Neutron spin-echo (NSE)
The local lipid bilayer undulation dynamics was investigated by neutron spin-echo spectroscopy using two distinct wavelengths of λ = 10 Å and 18 Å. Therefore, we
highlight varying dynamic regimes, taking advantage of
an extended q-range at shorter wavelengths (the Fourier
time range relates proportionally to the cubed incident
wavelength). We ﬁrst discuss overall dynamics observed
at the shorter wavelength, thereby motivating our choice
of a complementary (q, t)-regime to further separate different contributions. Together with the presented dynamic
light scattering results, we use our ﬁndings for an interpretation of the data at the longer wavelength, where the two
types of dynamical processes can be more quantitatively
separated.
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Fig. 3. Single-exponential ﬁts of S(q, t)/S(q) at λ = 10 Å
(solid lines): (a) DMPC standard; (b) concentration dependence for DMPC/DOTAP lipid mixtures in varying molar ratios; and diﬀusion constant Df from ﬁts for DMPC/DOTAP
lipid mixtures and the reference mixture DMPC/DOPC in
varying molar ratios.

4.2.1 Short-wavelength dynamics: Lipid molecule translation
As a ﬁrst step towards a more advanced data treatment,
merely simple Fickian diﬀusion mechanisms were assumed
at a wavelength of λ = 10 Å, using single-exponential ﬁts
S(q, t) ∝ exp(−Γf t), with Γf = Df ·q 2 . The data is shown
in ﬁg. 3(a) for the pure DMPC standard at varying momentum transfers q, then in (b) for DMPC/DOTAP with
varying lipid ratios at a given q. In the following, concentrations of the lipid mixtures shall be denoted in mol% of
the unsaturated lipid (DOPC or DOTAP, respectively).
Solid lines in the ﬁgure indicate ﬁts to the data. Singleexponential ﬁts describe the data well within this particular dynamic range. With rising q the relaxation rate
increases, resulting in a faster decay (a). In the same momentum tranfer range, the pure DMPC standard exhibits
the weakest decay of all model liposomes, whereas the
strongest decay is found for DMPC/DOTAP (10 mol%)
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(b). The diﬀusion constants Df resulting from the described single-exponential ﬁts, are then shown in (c) for
the cationic DMPC/DOTAP liposomes at varying molar
ratios of the unsaturated lipid, as well as for the corresponding uncharged DMPC/DOPC reference liposomes.
For each liposome composition, the diﬀusion constant Df
was derived from linear ﬁts of the relaxation rate Γf (q 2 ) at
ﬁve points in the q-range shown in (a). Within error bars,
the obtained exponential decay Γf exhibits a maximum of
equal magnitude at 10 mol% for both types of lipid mixtures. Whether this increase in the general dynamics could
potentially be linked to a rise in the vehicular properties
of a loaded vesicle, remains to be discussed.
Regarding the origin of the described mode, several possibilities exist: In their seminal theoretical works,
Evans and Yeung, as well as Seifert and Langer have already predicted modes, which relate bending and local
density changes between the two monolayers and taken
into account resulting intermonolayer friction [40, 41].
The modes described follow quadratic dispersion relations
Γ (q 2 ), and have been discussed in recent experimental
works by Arriaga et al. also using long-wavelength neutron
spin-echo [23]. On the other hand, for DMPC at 30 ◦ C,
the diﬀusion constant of Df = 1.12 Å2 /ns agrees with the
ones found for lipid in-plane translational diﬀusion in previous experimental studies by Pfeiﬀer et al. [42], and in
recent molecular dynamics (MD) simulations by Flenner
et al. [43].
Obviously, at the largest measured q, the normalized
polarization S(q, t)/S(q) still does not decay to zero. Thus,
the dynamics are not fully covered within the probed window, motivating our choice of an additional longer wavelength to extend the range towards longer Fourier times.
At a higher wavelength, a smaller q-range is covered with
higher resolution, thus two complementary data sets are
obtained by the combination of wavelengths.
4.2.2 Long-wavelength dynamics: Bilayer undulations and
vesicle mass diffusion
The local lipid bilayer undulation dynamics was measured
on IN15 at a wavelength of λ = 18 Å. The normalized
intermediate scattering function of the DMPC standard
S(q, t)/S(q) for varying q is shown in ﬁg. 4(a). The covered Fourier times extend up to 285 ns, and the normalized polarization decays to less than 0.1, which lies very
close to a full polarization decay, at the largest momentum transfers q. Thus, in this (q, t)-range, the dynamics
are better captured within the spectrometer window, enabling more analytic ﬁts. We ﬁnd that over the whole
q-range, these ﬁts can be improved taking into account
dynamic contributions just outside the instrumental window in the µs regime. Therefore, we add a vesicle centerof-mass diﬀusion contribution by injecting the bulk diffusion constant D obtained from dynamic light scattering experiments into the expression given by eq. (2). In
ﬁg. 4(b), both vesicle mass diﬀusion and bilayer undulation contributions are indicated on a double logarithmic scale for the pure DMPC standard for one exemplary
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Fig. 4. Normalized intermediate scattering functions S(q, t)/
S(q) for DMPC standard at 30 ◦ C: (a) whole q-range covered
at λ = 18 Å; (b) combined ﬁt according to eq. (2), single contributions from vesicle center-of-mass diﬀusion and bilayer undulations, respectively (not weighted).

q-value. Here, one can see that up to Fourier times of
40 ns, the two dynamic contributions can hardly be distinguished. At longer Fourier times, on the other hand,
the decay curvature exhibits an intermediate behaviour,
that is well matched by the combined ﬁt. At momentum transfers of q = 0.071 Å and above, this deviation
from the single-exponential behaviour is observed to start
at Fourier times between 40 and 50 ns. Thus, by applying combined ﬁts (eq. (2)), the undulation relaxation rate
Γu (q) can be more clearly separated and analyzed.
In particular, for the DMPC standard in its ﬂuid phase
(30 ◦ C), the result of κ = 17.68 ± 0.15kB T derived from
linear regression of Γu (q 3 ) is well in accordance with literature values [14, 44, 45]. The inherent experimental error
for κ is estimated to lie on the order of kB T . For several
exemplary lipid mixtures, the undulation relaxation rate
Γu (q 3 ) is plotted in ﬁg. 5 for two types of ﬁts, respectively: (a) taking into account merely bilayer undulations
described by Zilman and Granek, and (b) both undulations and vesicle center-of-mass diﬀusion. One can see that
the obtained undulation relaxation rates Γu (q 3 ) diﬀer by
roughly a factor of two. Thus, the inﬂuence of vesicle center-of-mass diffusion is signiﬁcant and has to be taken into
account in order to obtain plausible values for the bilayer
bending rigidities κ. With these rather unrestrictive assumptions for the data analysis, we yield a Γu (q 3 )/q 3 ∼ κ
for pure DMPC from the combined ﬁt (eq. (2)), that lies
very close to the one obtained by Arriaga et al. for their
single lipid standard [19]: the authors treat their data as
an equally weighted sum of two decays, which correspond
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Fig. 5. Undulation relaxation rate Γu (q 3 ): (a) Zilman-Granek
ﬁt (eq. (1)); (b) combined ﬁt using Zilman-Granek and vesicle
mass diﬀusion contributions (eq. (2)). The diﬀerence in the relaxation rate Γu obtained from the two types of ﬁts lies roughly
on the order of two.

to vesicle mass diﬀusion and bilayer undulations, respectively. Further, taking into account that Yi et al. ﬁnd that
bilayer bending rigidities of single lipids hardly depend on
the respective acyl chain properties [31], these literature
results can in eﬀect be quantitatively related to ours. The
ﬁts are performed for all lipid mixtures, the bilayer bending rigidities κ derived from the undulation relaxation rate
Γu (q 3 ) are summarized in table 1.
For the investigated lipid mixtures, two interesting observations could be made: Already small amounts of added
unsaturated lipid evoke a distinct decrease in the bilayer
bending rigidity κ (softening). With increasing amount of
unsaturated lipid, the obtained diﬀerence in κ between the
mixtures containing the respective cationic and zwitterionic components decreases, until it is hardly distinguishable from the treatment error at equimolar lipid ratio. In
fact, a similar observation was made in a previous study,
where the eﬀect of charge density on the bending rigidity
of the amphiphillic ﬁlm of microemulsion droplets was investigated [29]. There, the bending elasticity was derived
independently using the two methods of neutron smallangle scattering and neutron spin-echo spectroscopy. Contrary to theoretical suggestions [46–50], charges evoked no
changes in the rigidity of the model ﬁlm within experimental resolution. Also in our case, the lipid headgroup charge
does not cause the most prominent changes in the bilayer
bending rigidity: regarding the bilayer softening at rising
concentrations of unsaturated lipid, a similar tendency is
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Table 1. Bilayer bending rigidity κ derived from linear ﬁt of
the separated undulation relaxation rate Γu (q 3 ) (eqs. (1), (2)).
The ﬁt error corresponds to ∆κ/κ ≈ 0.15.
DMPC/DOPC

DMPC/DOTAP

Conc. (mol%)

κ (kB T )

κ (kB T )

0

17.7 ± 2.7

17.7 ± 2.7

5

6.5 ± 1.0

5.8 ± 0.9

10

2.9 ± 0.4

3.3 ± 0.5

50

1.8 ± 0.3

1.5 ± 0.2

ing size and distribution across the vesicle, cf. e.g. [54–57].
Consequently, several authors have pointed out a link between occurring domain structure ﬂuctuations and the
corresponding bilayer bending rigidity κ [26, 27]. Changes
in the domain structure ﬂuctuations of a DMPC model
membrane induced by small quantities of added unsaturated lipid DOPC have been discussed in [25]. Our current
results match a picture of a ﬂuidization of the membrane
with increasing amount of inserted unsaturated lipid.

5 Conclusion and outlook
observed for both charged and uncharged mixtures. Where
they exceed the experimental error, observed diﬀerences
between the two lipid mixtures could be caused either by
electrostatic repulsion between charged headgroups on the
nearest neighbour scale, or a feature of slightly diﬀerent
domain formation in the lipid bilayer plane with respect
to the corresponding reference lipid mixture. Further, an
increase in the bilayer asymmetry between the inner and
the outer leaﬂet of the vesicle should increase with rising
amounts of charged lipid. The corresponding bilayer and
vesicle curvature would change accordingly due to changes
in the interfacial tension, thus causing a shift in the bilayer
bending rigidity κ with respect to the uncharged reference.
Nevertheless, at the equimolar ratio the diﬀerence obtained in the bending rigidity κ for the two lipid mixtures
only slightly exceeds the experimental error. On the basis of the theoretically predicted electrostatic contribution
to the bending elasticity [46–52], one would rather expect
a larger κ for the charged liposomes (DMPC/DOTAP).
In the future, charge-induced changes in vesicle size and
interface line tension could possibly be more readily accessible experimentally through dynamic light scattering
experiments on giant unilamellar vesicles (GUVs). Here,
the vesicle size exceeds the presently investigated ones by
at least an order of magnitude, and instead of local bilayer
undulations around an equilibrium position, characteristic
averaged shape ﬂuctuations of whole vesicles are probed
in the form of second order spherical harmonics.
Our second observation is that, within the lipid mixtures, acyl chain unsaturation in one of the components
aﬀects the bilayer bending rigidity much stronger, than
the presence of a headgroup charge. While at the low
wavelength a maximum in the overall diﬀusion coeﬃcient Df was obtained in both cases for 10 mol% of unsaturated lipid, the long-wavelength undulations follow a
monotonous trend with changing composition of the lipid
mixture: a bilayer softening at rising concentrations of unsaturated lipid is observed for both charged and uncharged
lipid mixtures. The coupling of these two modes will be
discussed in more detail in a forthcoming contribution [53].
The bilayer softening with increasing heterogenity of
the mixture is believed to be a consequence of the mismatch between the hydrophobic acyl chains of the respective lipids, which causes a lateral segregation in the membrane plane (domain formation). Numerous studies have
implied that model membranes of two component lipid
mixtures form compositionally distinct domains of vary-

We have investigated the eﬀect of lipid head group charge
and acyl chain unsaturation on vesicular model membrane
mixtures, mainly in view of characteristic local lipid bilayer undulations and bending rigidity κ. In addition, and
to place the quasielastic neutron scattering in proper context, eﬀects on vesicle center-of-mass diﬀusion, size and
phase state were also investigated using dynamic light
scattering. The neutron spin-echo data can be meaningfully analyzed, assuming a combination of two separable
contributions within the dynamic window up to 285 ns,
namely vesicle center-of-mass diﬀusion and local lipid bilayer undulations. The latter contribution was described
on the basis of the well-known Zilman-Granek approach
for free ﬁlm ﬂuctuations.
Our ﬁndings on cationic liposome bilayer bending rigidities κ could have important implications for their use
as gene transfer agents: we have shown, that on the local
length scale probed around a membrane equilibrium position, changes in the headgroup composition and charge
seem to have less of an impact on a vesicle’s bilayer stability than variations in the acyl chain order. Thus, cationic
liposomes, which are more suitable as carrier vehicles than
their zwitterionic counterparts, do not suffer from increased instabilities through their headgroup charges. Moreover, recent studies have emphasized an important link
between acyl chain properties in lipid mixtures and the
corresponding gene transfection eﬃciency [11,12]. Encouraged by these ﬁndings, we now plan to follow up the presented study by investigating the eﬀect of RNA-loading
on bilayer undulation dynamics and bending rigitity κ.
Moreover, in future work changes of κ as a function of
temperature will also be studied.
We are grateful to HZB for ﬁnancial support and the allocation
of beam time on IN15, as well as to ILL for technical support.
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Rev. E 79, 011907 (2009).
22. R. Rodriguez-Garcia, L.R. Arriaga, M. Mell, L.H. Moleiro,
I. Lopez-Montero, Phys. Rev. Lett. 102, 128101 (2009).
23. L.R. Arriaga, R. Rodriguez-Garcia, I. Lopez-Montero, B.
Farago, T. Hellweg, F. Monroy, Eur. Phys. J. E 31, 105
(2010).
24. L.R. Arriaga, I. Lopez-Montero, G. Orts-Gil, B. Farago,
T. Hellweg, F. Monroy, Phys. Rev. E 80, 031908 (2009).
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53. B. Brüning, S. Prevost, R. Stehle, R. Steitz, P. Falus, B.
Farago, T. Hellweg, submitted.
54. O.G. Mouritsen, Chem. Phys. Lipids 57, 179 (1991).
55. O.G. Mouritsen, K. Jørgensen, Chem. Phys. Lipids 73, 3
(1994).
56. L.A. Bagatolli, J.H. Ipsen, A.C. Simonsen, O.G. Mouritsen, Progr. Lipid Res. 49, 378 (2010).
57. J. Brewer, J. Bernardino de la Serna, K. Wagner, L.A.
Bagatolli, Biochim. Biophys. Acta 1798, 1301 (2010).

