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Dynamics of Liposomes in the Fluid Phase

Sudipta Gupta,' Judith U. De Mel,! Gerald J. Schneider'-

!Department of Chemistry, Louisiana State University, Baton Rouge, LA 70803, USA

’Department of Physics & Astronomy, Louisiana State University, Baton Rouge, LA 70803,
US4

1. Abbreviations
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC); 1,2-distearoyl-sn-glycero-3-

phosphocholine (DSPC); 1,2-dipalmitoyl-sn-glycero-phosphocholine (DPPC); 1,2-dioleoyl-sn-
glycero-phosphocholine (DOPC); 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC); L-a-
Phosphatidylcholine (SoyPC); egg lecithin (EYPC); dimyristoylphosphatidyl-ethanolamine
(DMPE); galactosyl-diacylglycerol (G-DG); digalactosyl-diacylglycerol (DGDG); 1-stearoyl-2-
oleoyl-sn-glycero-3-phosphocholine (SOPC); diarachidonyl phosphatidyl-choline (DAPC);
1,2-diheptanoyl-sn-glycero-3-phosphocholine (DHPC); 1,2-dilinoleoyl-sn-glycero-3-
phosphocholine (DLPC); 1-palmitoyl-2-oleoylphosphatidic acid (POPA); poly(ethylene glycol)
(PEG); nanoparticles (NPs); phosphatidylserine (PS); phosphatidylglycerol (PG);
phosphatidylethanolamine (PE); phosphatidylcholine (PC); 1,2 —dimyristoyl —sn-glycero-3-
phosphoglycerol (DMPG); Electron Spin Resonance (ESR); sodium dodecylsulphate (SDS); 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES); 2-(N-morpholino) ethanesulfonic
acid (MES); 3-(N morpholino) propanesulfonic acid (MOPS); piperazine-N , N’ -Bis (2-
ethanesulfonic acid) (PIPES); tris(hydroxymethyl)-aminomethane (TRIS), ethylene-diamine-
tetraacetic acid (EDTA); specific gravity from density meter (SG); Differential Scanning
Calorimetry (DSC)

2. Abstract

We review the currently available material on the morphology and dynamics of phospholipids
assembled into liposomes. Key information obtained from neutron scattering, NMR, and other
techniques plays a crucial role to understand the vital role of lipids in sustaining life in living

organisms. We concentrate on the dynamics in the biologically important fluid phase in the time



range from picoseconds to seconds, which includes a discussion of the center of mass diffusion of
liposomes, membrane fluctuations, lateral, rotational and flip-flop motions of the lipids. We
emphasize on the sensitivity of the dynamics on interactions with a variety of biologically
relevant molecules such as cholesterol. By a comparison of data from literature, we witness a

good agreement of the results from different techniques and studies.

3. Introduction

Liposomes are spherical vesicles that encapsulate an aqueous core by a bilayer formed by
amphiphilic phospholipids. Phospholipids constitute the major part of the cell membrane. The
physical properties of cell membrane are optimized for both cellular barrier as well as selective
gateways. It protects the interior of the cell membranes from a potential hostile environment.
Lipid membranes are model systems of a two-dimensional surfaces in three-dimensional space
and allow us to study them at molecular and atomic level. They exhibit unique viscoelastic
properties essential for the biological functioning of the living cell. It’s a grand challenge to
understand the fundamentals of self-organization of such a multi-component system that leads to
complex interactions, structures, and dynamics. For example the role of a lipid bilayer
undergoing spontaneous curving, bending as observed in large unilamellar vesicles, that leads to
the formation of multilamellar vesicles, vesicle budding, vesicle fusion and synaptic vesicle
exocytosis, is still not well understood [1]. Lipids contribute to cell division [2] and reproduction
[3] but the corresponding physical principles and methodologies are still not solved. Much
overlooked dynamics such as lipid rotation have shown to be affected by hydrostatic pressure,
lipid phase and additives such as cholesterol content [4, 5]. Lipid flip-flop motion is another
dynamic process which occurs in relatively larger time scales. It is crucial for maintaining lipid
composition in the inner and outer monolayers of the membrane [6]. All of these processes form
the basis to understand the evolution of life. On the other hand, the importance of vesicles and
membranes in biotechnical application is unchallenged, like, vesicles used for drug delivery

cargo [7], or integration of membranes with electronic/optoelectronic devices to build biosensors

[8].



This review concentrates on the dynamics in the biologically very important fluid phase, often
more accurately referred to as liquid crystalline phase, L,. It is separated from the gel phase,

(Lgr) by a certain melting transition temperature, Tp,. In the fluid phase the hydrocarbon chains

of the lipid tails are liquid like, disordered and randomly oriented [9]. The lipid membrane has a
unique molecular structure that resembles both liquid-like viscous component and elastic liquid-
crystalline part [10]. The conformation of the lipid chain is related to the thermodynamics and to
the mechanical properties of the membrane, like, bending rigidity and elasticity that defines the
spontaneous curvature of the bilayer [9, 11]. Hereafter we concentrate on spherical liposomes on
a length-scale of the order of 50 to 200 nm. Often the literature distinguishes large unilamellar
vesicles (LUVs, 50 to 200 nm) and giant unilamellar vesicles (GUVs, diameters on the order 1 to
10 um). As illustrated in figure 1, the variability of these so-called liposomes results from the
lipid flexibility, including head group chemistry, hydrocarbon chain lengths of the fatty acids and

their level of unsaturation. Its combination determines many properties, like T,, [11-13].
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Figure 1: Schematic drawing of phospholipids and phospholipid head groups.



4. Morphology of vesicles

The morphology of liposomes is defined by the bending elasticity of the lipid bilayer [9]. Based
on the spontaneous curvature model introduced by Helfrich [12] the curvature energy, F, of a

closed 2D surface is given by

Fsc=gjgdA (2H—CO)2+KfodA K 1)

The mean curvature, H = (1/R; + 1/R,)/2, and the Gaussian curvature, K = 1/(R{R,), can
be deduced from the two radii, R; and R,. The parameters, k and k, are the bending rigidity and
Gaussian bending rigidity, respectively. The spontaneous curvature, C,, defines the asymmetry
of the shape fluctuations, and is assumed to depend on the environment chemistry and the bilayer

architecture [9].

Seifert et al. proposed the formation of bowl (tomatocytes), oblate, prolate, and pear shaped
vesicles by changing different parameters like the reduced volume, v = V/V,, C,, or
temperature, T [13]. Domain induced budding was proposed by Jiilicher et al. [14], whereas
lateral phase separation was introduced by Seifert [15]. These objects have been discovered
experimentally by phase contrast microscopy [16-18]. Hereafter, we focus on the spherical

structures.

Detailed information on the structure of liposomes and membranes has been obtained by
scattering techniques. Nagele ef al. utilized X-ray diffraction to deduce information on the
number of bilayers [19, 20]. Different theoretical approaches exist to describe the structure factor
of multilamellar liposomes, e.g., by Frielinghaus [21]. More detailed information on the
distribution of molecules in the bilayer itself has been obtained by a joint refinement of X-ray
and neutron diffraction data [22]. This method determines a quasimolecular structure consisting

of fragments representing the methylene regions by Gaussian distributions.

Our discussion implies that the lipids are aggregated to liposomes, i.e., the system itself is at
(lipid) concentrations, ®, greater than the critical micellar concentration (CMC) of the lipids,
often also referred to as critical vesicular concentration (CVC) or critical aggregation

concentration (CAC). Many different experimental approaches permit to determine the CMC
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[23]. Mole fractions seem to be lesser than mM usually [24]. The textbook by Marsh provides a
comprehensive overview and reports CMC values in the range of 10? to 103 M [24]. The
experiments reviewed below used conditions @ >> CMC. Hence, we neglect the contribution of

the free lipids to the experimental results in our discussion.

S. Dynamics of Liposomes at Different Length- and Time-Scales

As figure 2 illustrates, many different processes are anticipated in liposomes, even if a
spherically symmetric morphology is assumed. Individual molecular motions and their collective
dynamics capture a broad range of length- and time scales and may even be viewed in terms of
hierarchical structures and dynamics. Lipid membrane motions can vary from picoseconds to
several hours spanning many decades of the time scale as shown in figure 2 [25]. Therefore,
using multiple techniques becomes a vital part in unveiling membrane dynamic processes. In the

subsequent sections we will discuss these motions in detail.

For the sake of simplicity, we have omitted vesicle fusion from our discussion. As will be
detailed later and illustrated in figure 2, translational diffusion of liposomes refers to the
Brownian diffusion of the center of mass of liposomes in the respective solvent (section 6.2).
Liposomes can be considered as flexible colloids. Section 5.2 reports experimental findings and
discusses the relevance to the biological function. In view of the motions of the bilayer itself,
several processes can be identified such as shape fluctuations [26], thickness fluctuations and
membrane undulations. Membrane fluctuations represent collective motion of the bilayer that
may lead to breathing mode (symmetric deformation), deformations modes (asymmetric
deformation), undulations, etc. [11]. Membrane undulation includes fluctuation of the membrane
in the 2D plane due to thermal noise. It is related to the membrane rigidity as discussed in section
5.2. On the other hand, the membrane thickness fluctuations represent individual motion of the
leaflets that lead to thickness fluctuation perpendicular to the 2D plane [27, 28]. We explore
theoretical and experimental details in section 5.3. At faster times additional lipid lateral [29]
[30] and lipid rotational motion along its symmetry axis become visible (sections 6.5 and 6.6
respectively )[5]. In case of the so called “flip-flop” motions, the exchange of lipids across the
bilayer occurs at much slower times as explained in section 6.7. Time scale of individual lipid

dynamics does not have a direct proportionality to their size but rather depends on the process



and the length scale of focus. For instance, individual lipids also show vibrational motions which
can be accessed by FT-IR methods at a time scale approx. 10°° s while being able to flip-flop

which may take up to several hours [31].

Length-scales of dynamic processes in liposomes are important in understanding the scope of
dynamics and some must be expressed with respect to time. Membrane fluctuations such as
undulations, thickness fluctuations occur typically at a mesoscopic length scale (10 to 1000 A)
[32] and lateral diffusion at micrometer scale [33]. Wanderling et.al have shown a slow diffusion
of individual lipids in a confined cylindrical space in addition to the well-known conformational
motions of the fatty acid chains and fast uniaxial rotations of H atoms around the C bonds. All of

these dynamics occur in few Angstrom to a few nanometers length scale.[34] [35].

Shape Changes

Coﬂe_ct:ve Thickness Fluctuations Vesicle Fusion
motions Undulations
-
10-12 10 106 103 s
Acyl chain Wobbling Flip-Flop Molef:ular
isomerization ] ) o motions
Axial Rotations Lateral Diffusion
Thickness Fluctuation Undulations : E E: Translational Motion Shape Fluctuations
H —
H /
\
600" 00 GOOAY
Axial Rotation Lateral Diffusion
s om""gomo" %
CD Flip-Flop Motion
1

Q

|
1
| | \ -

OO0 OOOO % D000 ¢
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5.1. Liposome translational diffusion

Starting at the largest length-scale and the simplest structural case, liposomes can be considered
as spherical colloidal particles that undergo Brownian motion in aqueous solution [11]. Dynamic
light scattering is a technique commonly used to measure the translational diffusion coefficient,
D;. The Stokes-Einstein relation, D, = kgT/(6mngR;,), connects D, and the length-scale,
represented by the hydrodynamic radius, Rj. The thermal fluctuations that cause the Brownian
motion of the liposomes enter via the thermal energy, kg T, with the Boltzmann constant, kg, and

the temperature, 7 (in K). The parameter, 7, refers to the viscosity of the solvent.

Depending on their preparation, the hydrodynamic radii of liposomes can vary from 20 nm to ~
50 um [38, 39]. From the Stokes-Einstein relation, we can estimate the associated range of
translational diffusion coefficients from 1.2 X 1071 to 5 x 1075 m?/s. (R, ~ 50 nm then D,~
102 m?s!.) Beyond the case of an infinitely diluted system, colloidal interactions may become
important. For example, Batchelor [40] and later Cichocki and Felderhof [41] calculated the
long-time self-diffusion coefficient, D&, of hard sphere colloids, D& = Dy(1 — 2.0972¢), with,
Dy, the diffusion coefficient at infinite dilution and, ¢, the volume fraction of the colloids, not to
be mixed up with the previously introduced concentration of lipids, ®. The simple linear
relationship shows that at a hypothetical liposome concentration of around 0.47 the self-diffusion

would tend to be zero.

At the first glance, it seems to be simple to determine the diffusion coefficient, including the
availability of a selection of tools to permit the correct numerical values. Often, certain
limitations seem to require more effort than expected. For example, pulsed field gradient (PFG)
NMR is a common technique to measure the self-diffusion coefficient of macromolecules. In
case of micelles the self-diffusion measured by DLS and PFG-NMR usually agree [42].
However, in case of liposomes, Odeh et al. report a larger diffusion coefficient for the pure
liposomes than one would expect from other techniques like DLS [43]. The authors explain the
not-well defined signals of the PFG NMR experiment by the inherent rigidity of the bilayer and
demonstrated the importance of adding a hydrotropic agent, like poly(ethylene glycol) (PEG), to

obtain the true diffusion coefficient. In case of PEGylated liposomes Leal et.al. report D, =



5.2 X 107'2m?/s, which corresponds to a size of 84 nm and to the values expected from DLS
[44]. However, usually, colloidal science introduces a structure factor contribution to accomplish

agreement, this these observations deserve further investigation.

5.2. Membrane Fluctuations (Undulations)

As illustrated by figure 2, membranes undergo out-of-plane fluctuations, often referred to as
undulations, due to thermal excitations. The spectrum of fluctuation frequencies determines
essentially the bending elasticity, k,, of the membrane. The value is characteristic for certain
chemical compositions and morphologies and is seen as one of the most important physical
parameters. It is related to the stability and shape of liposomes, the inter-liposome interactions,
as well as interactions of the liposomes with foreign objects, like, drugs, nanoparticles, polymers,
planar substrates, etc. [9]. It is also responsible for the phenomenon of polymorphism of the
lipids that allow them to aggregate into different structures and phases, such as liquid crystalline

phases under external perturbations like, changes in pH, temperature, pressure, volume, etc. [11].

The lipid membrane has the unique molecular structure that resembles both a liquid-like viscous
component and the elastic liquid-crystalline part. The conformation of the lipid chain is related to
the thermodynamic and mechanical properties of the membrane, like, bending rigidity and
stretching elasticity that defines the spontaneous curvature of the bilayer, whereas, the shear
modulus inside a fluid membrane is zero [9, 12, 45, 46]. The stretching elasticity accounts for the
increase in the average distance between the molecules perpendicular to the bilayer neutral plane.
The corresponding area compressibility modulus, Kj, is proportional the relative change in
surface area, AA/A = o/K,, for a given lateral stress, o. Micromechanical analysis and X-ray
diffraction reveal that the stretching of the lipid bilayer is limited to rather small deformations
and rupture occurs even at a small change in area (AA/A ~ 1%) [47]. Therefore, lipid bilayers
behave like a planar surface and can undergo a smooth shape deformation along the bilayer

surface normal that depends on the bending rigidity, k,,, of the lipid bilayer.

Neutron Spin Echo (NSE) spectroscopy has been frequently utilized to determine the bending
rigidity, k,, of the lipid bilayer [10, 27, 28, 48-54]. NSE measures the time dependent structure



factor, S(Q, t), as a function of the momentum transfer, Q. Assuming quasielastic scattering Q =
41 /A sin(9), with the wave-length, A, of the incident neutrons and the scattering angle, 9. The
reciprocal relationship Q = 2w /€ connects the momentum transfer with the size or length-scale,
¢, of the scattering objects in the sample. Measuring S(Q,t) allows to distinguish different
processes by their length- and time scale, which is essential for liposomes, e.g., to distinguish the
slow translational diffusion of the liposomes from the faster motion of lipids. Individual NSE
instruments can capture a time-range from 0.01 ns to 500 ns and a length-scale range of around

1-30 nm [55].

NSE has often been used to measure the dynamics of membranes. The common approach to
extract information on the undulations utilizes a simplified theory for an ensemble of membrane
patches following the Zilman-Granek (ZG) model [56]. It assumes the intermediate scattering

function

5Q,t) 2/3
( SO )ZG = exp [~(p0) "] @

is connected to a O-dependent decay rate, Iy, which depends on the intrinsic bending modulus,

) kpT fk T

q B B

-2 = 0.0069 Al (3)
Q3 4 Ns | Kn

The term kgT represents the thermal energy with the Boltzmann constant, kg, and the

Ky [10, 48, 57, 58]

temperature, 7. The temperature dependent solvent viscosity, 75, can be determined
independently using a viscometer [59]. While there seems to be no rigorous theoretical proof,

recent experiments seem to justify the established procedure of using 7, instead of the solution

viscosity. Usually, k,/kgT > 1 is assumed that leads to y = 1 — EK_IH(QE) ~ 1, with the
n

length-scale, &, of the fluctuations of the membrane [10, 27, 48, 56, 60].

Zilman and Granek first introduced a prefactor 0.025 (instead of 0.0069). Then 0.0058 was

calculated assuming a ratio, § /(287) = 0.6, between the distance of the neutral surface from the
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bilayer midplane, &, and the thickness of the monolayer, 6. However, this moves the neutral
surface into the headgroup region of the bilayer, which turned out to be impossible. It finally led
to the assumption that § = 8 and which resulted in a numerical prefactor 0.0069 [10, 48]. Since
different publications use different prefactors, the comparison of the bending moduli requires a
recalculation. Therefore, table 1 summarizes the original values and calculates k, for the
prefactor 0.0069, the most recent value. While the ZG model seems to be more appropriate for
vesicles with a radius R > 20 nm [61], in some cases the Milner-Safran seem to be more suitable
for microemulsion droplets [62]. The relaxation spectrum according to ZG theory relaxes at a
slower rate for rigid membranes as observed in phospholipids, in comparison to that observed in
most microemulsions droplets and their sponge phases [63-65]. The faster relaxation of bending
modes in microemulsions results in super flexible systems, with k, /kgT < 1. In the fluid phase,
Kk, was found to decrease linearly with temperature [10], increases dramatically with decrease in

size [66], decreases with decrease in pH [67], and varies abruptly in presence of different

additives, cf. table 1.

Equation 2 assumes ZG motion but neglects translational diffusion of liposomes. As defined by
the diameter and the related diffusion coefficient, D,, a substantial contribution to the
intermediate structure factor within the typical time-window of NSE experiments can be
expected [48]. We can incorporate the influence of diffusion in the dynamic structure factor by
assuming that ZG and center of mass motion are statistically independent, which leads to a

product ansatz [48, 68]

5(Q.t)
5(Q)

= exp(—D,Q?t) exp l—([‘qt)él. (4)

Though there is no rigorous theoretical proof that diffusion and ZG are statistically independent,
this assumption permits to determine D, independently from Iy, either by analyzing the time and

Q-dependence of S(Q, t) or by complementary experiments, such as DLS [58].

For the fluid phases, L,, of h-DOPC, h-DMPC, h-DPPC, h-DSPC, and h-POPC liposomes,
values of k,, =20 kgT are reported [27, 52, 53] [69]. (The exact values are listed in table 1).
A much smaller value k,, = 8.4 + 1 kgT was observed for h-SoyPC [58]. Linear increases in

10



Kk, with decreasing temperature and approaching the transition temperatures are reported for dt-

U
DMPC, dt-DPPC and dt-DSPC, all in L, phase, by Nagao et al. [10].

Several experimental techniques can measure membrane fluctuations. Typical values seem to
be on the order of k, ~ 10-20 kgT [70, 71]. Examples are flickering spectroscopy that used
image processing methods and Fourier analysis to study thermally induced shape fluctuations on
DMPC, EYPC, DMPE, G-DG and DGDG membranes in the fluid state [70, 71]. Another
approach, like entropic tension micropipette includes aspiration of vesicles in a micropipette that
changes the area available for mechanical fluctuations [47, 72, 73]. From the relation between
the fluctuation area and suction pressure, thereby the effective entropic tension one can
determine k,. Lipids like DGDG, DMPC, SOPC and DAPC were studied in the L, phase. It
should be noted that apart from, k,, the other two elastic parameters, Ky, and the corresponding
thermal expansion coefficient, @,, can be determined in general by aspiration pipet method [47,

73]. Mechanical fluctuations can also be implemented using electric deformation [74, 75].

Several studies indicate interactions of nanoobjects with liposomes impact the membrane
rigidity. Examples include a reduction of k, by 3 kgT due to a decoration of 40% of the
surface of liposomes by silica nanoparticles [48]. In stark contrast a stiffening due to
nanoparticles on oil-water interfaces decreases membrane fluctuations [48]. Unlike
cholesterol, nanoparticles seem to disturb the arrangement of lipids in the bilayer. Arriaga et

al. observed a systematic increase of k,, from 19 £ 2 kgT for pure h-POPC in the L, phase to

37 £ 2 kgT at 50 mol% cholesterol, the maximum cholesterol content in a stable bilayer, by
NSE and DLS [76]. The observed stiffening effect of cholesterol on h-POPC bilayers was
explained assuming structural condensation caused by hydrogen-bonding complexes between
the phospholipids and cholesterol in the disordered fluid phase forming an assembly of

dynamical network with a net increase in mechanical properties [77, 78].

Changes induced by antimicrobial peptides like melittin on the rigidity on lipid bilayer were
investigated using NSE spectroscopy [53]. The effect of pore formation of h-DOPC in

HEPES buffer was studied using melittin where three distinct dynamical regimes were
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observed. First, at low concentrations of melittin, as defined by peptide to lipid molar ratio,
P/L = 0.2%, it is absorbed only at the surface of the membrane causing a slight decrease in
the bending rigidity, ;. The decrease of k,, is explained by the perturbation of chain packing
by peptide adsorption [53]. Second, with increasing the concentration, pores start to form up
to P/L > 1%. At a critical concentration P/L* = 0.4% about half of the LUV’ are perforated.
These NSE results are supported by DLS and 3!'P NMR [53]. At the critical concentration
P/L*, k, started to increase slightly due to high pore rigidity. Third, at higher P/L
concentration, there is a rapid increase in k,, where the repulsive interpore interactions
become significant. At P/L = 2%, the membrane fluctuations appeared to be damped by the

melittin-induced pores and at P/L > 6%, fusion of vesicles was observed [53].

A gradual increase of disordering or fluidizing of h-DMPC with increasing the concentration of
nonsteroidal anti-inflammatory drugs like aspirin was observed by NSE spectroscopy [52]. A
33% decrease in bending rigidity from, k, = 17.4 £ 0.9 kgT for pure h-DMPC to k,, = 11.7 +
0.4 kgT for 13.5 wt% of aspirin at 20°C in the L, phase was found. Following the X-ray
diffraction studies by the Alsop et al. [79], it was concluded that the residence of aspirin near the
head group along with increase in disorder due to the formation of gauche defects in the

hydrocarbon chains is responsible for the softening or plasticizing effect of the membrane [52].

The effect of model nonsteroidal anti-inflammatory drug like ibuprofen was studied using NSE,

SANS and MD simulation as a function of pH and temperature [67]. It was observed that for
pure h-DMPC in the L, phase at 30°C, the k, of the lipid bilayer remains relatively unchanged
at high pH and decreases significantly by approximately 32%, when the pH decreases from 8§ to
2. It was predicted that owing to the decrease in hydration of the lipid head group, the

simultaneous decrease in k,, has its origin in the electrostatic and structural perturbations of the
lipid head [67]. It was also observed that at pH ~ 2, k;, decreases by ~ 18%, for an increase in
temperature from 30 to 37°C, due to the lipid chain transforming from more gel-like to more

fluid-like state causing an decrease in bilayer thickness by ~ 0.4 nm [67]. On the other hand,

the introduction of Ibuprofen was found to decrease the k, of the lipid bilayer at all pH values,

although k, remains unchanged with change in pH for a fixed Ibuprofen concentration [67].
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Such a decrease in k, was explained as a combination of bilayer thinning, decrease in head

n

group hydration and lowering of area compressibility modulus [67].

The effect of another drug like aescin on the membrane rigidity of h-DMPC liposomes in the
fluid L, phase and rigid gel Lg phase was studied by SAXS, SANS, DLS and NSE
spectroscopy [54]. Saponins aescin are a type of glycosidic biosurfactants produced from plants
and are used to treat diseases, like, chronic venus insufficiency (CVI), hemorrhoids and
peripheral oedemic formation. From SANS a slight increase in the bilayer thickness along with
increase in the radius of gyration, R,, of the liposome was observed. SAXS reveals more
prominent effects over the entire lipid thickness, where polar region of the aescin interacts with
the lipid head group in the Lgr phase at 10°C. In the L, phase at 40°C insertion of the aescin
deep into the bilayer thickness was observed. A decrease in k; in the Lg phase, whereas an
increase in k, in the L, phase, with increasing aescin content was reported [54]. It was
concluded that the H-bond formation between the hydroxy group of aescins sugar counterpart
with the carbonyl and negatively-charged phosphate groups of h-DMPC causes a reduction of k,,
in the Lgr phase. In the L, phase the incorporation of large triterpenic backbone of aescin in the

bilayer causes an increase in rigidity [54].

Recently NSE spectroscopy has provided valuable information on the mechanism of lipid raft
formation in liposomes. The lipid raft constitutes of a liquid ordered phase (Lo) formed from a
high melting lipid like DSPC rich phase and the liquid disordered phase (Lp) formed from
cholesterol forming the so called “raft” domains [49]. Using contrast variation, either the Lo or
the Lp phase, can be contrast matched with the solvent [49]. Such an approach enables the
extraction of bending rigidities for each the Lo and Lp phases independently. A mixture of
cholesterol, DSPC and POPC in 22:39:39 ratio in a D2O/H>0 mixture led to a diameter of the
rafts of approximately 13 nm in unilamellar vesicles with a diameter of around 60 nm, as

determined by separate SANS experiments. The bending modulus of the raft domains, k, =
126.5 +29.9 kgT, is substantially different from that of the surrounding medium, k, = 18.4 £ 9.8

kgT, at 20°C [49]. These values were supported by MD simulations [49]. It was concluded that

this mismatch in bending moduli also accounts for the evolution of lateral heterogeneities in

13



different classes of lipids and in biological membranes [49]. In contrast, mixtures of h-
DMPC/DSPC show a similar bending rigidity, k,~ 20 kgT, as in case of the single lipid
liposomes [28]. If the temperature is lowered, a substantial increase of k,, can be observed once
one of the lipids reached the gel phase (DSPC), while DMPC is still in its fluid phase [28]. It was
assumed that the effective k, depends on the average bilayer density [28]. The variations in K,

for different systems with and without additives are presented in table 1.

Table 1: Bending rigidity, k, or, i, from different papers in the L, fluid phase. The NSE
prefactor denotes the value in equation 3, used to calculate, k. The last column represents the
normalized k, from NSE to match the prefactor 0.0069.
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Phospholipids in Lipid T (°C)| T,, (°C") Phase Delta Diamete K, (kgT) | Methods Prefactor | K, (kgT)
water (D,0 for NSE, chains (metho T=T- r [nm] in
H20 for other ds) Tm equation Recalculated
techniques) 3 for prefactor
0.0069 in
equation 3
10 wt % dt-DPPC 16:0/ 50 41.3 L, NA 46.4+02 | NSE 0.0069 46.4+0.2
16:0 (SG) [10]
[80] 8.7
10 wt % dt-DSPC 18:0/ 60 54.4 L, NA 49.6+1.8 | NSE 0.0069 496+ 1.8
18:0 (DSC) 5.6 [10]
[81]
65 L, NA 420+ 1.2 | NSE 0.0069 420+1.2
10.6 [10]
70 L, NA 46.4+0.2 | NSE 0.0069 46.4+0.2
15.6 [10]
10 wt % dt-DMPC 14:0/ 30 23.6 L, NA 35.6+£1.9 | NSE 0.0069 35.6£1.9
14:0 (DSC) 6.4 [10]
[81]
35 L, NA 34.0+1.8 | NSE 0.0069 340+ 1.8
11.4 [10]
40 L, NA 30.0£ 1.3 | NSE 0.0069 30.0£1.3
16.4 [10]
50 L, NA 254+1.0 | NSE 0.0069 254+1.0
26.4 [10]
65 L, NA 20.6+1.0 | NSE 0.0069 206+ 1.0
414 [10]
1 wt % h-DMPC 14:0/ 37 23.6 L, 110[52] | 17.4£09 | NSE 0.0058 246+13
14:0 (DSC) 134 [52]
[81]
1 wt % h-DMPC + 37 L, 110 [52] | 11.7+£0.9 | NSE 0.0058 16.6 £ 1.3
13.5 wt% asprin 6.4 [52]
2 wt% h- at pH 14:0/ 30 23.6 Ly 100 nm 26.2+0.8 | NSE 0.025 18.0+0.5
DMPC 7.4 14:0 (DSC) pores [67]
(different [81] 6.4 [67]
pH) at pH Ly 100nm | 26.8+0.9 | NSE 0.025 18.4+0.6
4.9 pores [67]
6.4 [67]
at pH Ly 100 nm 24.6+0.8 | NSE 0.025 182+£0.5
33 pores [67]
6.4 [67]
at pH Ly 100 nm 18.0£0.5 | NSE 0.025 123£0.3
1.6 pores [67]
6.4 [67]
2 wt% h- at pH 30 Ly 100 nm 123+0.3 | NSE 0.025 84£0.2
DMPC,31 | 7.4 pores [67]
mol% 6.4 [67]
ibuprofen at pH L, 100 nm 128403 | NSE 0.025 8.8+0.2
(different 4.9 pores [67]
pH) 6.4 [67]
at pH Lg 100 nm 122+0.3 | NSE 0.025 84+£02
1.6 pores [67]
6.4 [67]
1.5 wt% h-DMPC 14:0/ 40 23.6 L, 16.4 100£5 17 £0.3 | NSE 0.025 11.7+£0.2
14:0 (DSC) [54] [54]
[81]
1.5 wt% h- I at 0.4 40 23.6 L, 16.4 100+5 26 £1 NSE 0.025 17.8+0.7
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DMPC, mol% (DSC) [54] [54]
aescin [81]
at 0.8 14:0/ Le 16.4 100 +5 31 £2 NSE 0.025 213+14
mol% 14:0 [54] [54]
5 wt% h-SoyPC 16:0/ 30 -18.5 L, 48.5 120 + 84+1 NSE 0.0069 84+1
18:2 (DSC) 15 [58] [58]
[82]
5 wt% h-DOPC 18:1/ 20 -16.5 L, 36.5 107 +4 20+3 NSE 0.0069 20+3
18:1 (DSC) [58] [58]
[83]
10 wt% dt- 14:0/ 15 20.5/5 | Lgt/Lgr | -5.5/- 100 nm 124+ 12 | NSE 0.0058 175 £17
DMPC/DSPC 14:0 0.5 35.5 pores [28]
and [28]
18:0/
18:0 25 20.5/5 Lo/Lg | 4.5/- 100 nm 119+8 | NSE 0.0058 168+ 11
0.5 25.5 pores [28]
28]
30 Lo/Lg 9.5/- 100 nm 120+8 | NSE 0.0058 169+ 11
20.5 pores [28]
[28]
35 Lo/Lg | 14.5/~ | 100 nm 61+2 | NSE 0.0058 86+3
15.5 pores [281
40 Lo/Lgt 19.5/- 100 nm 36 £2 NSE 0.0058 51£3
10.5 pores [28]
[28]
45 Lo/Lgr 24.5/- 100 nm 24 +£2 NSE 0.0058 34£3
5.5 pores [28]
28]
55 Lo/Ly | 34.5/4. 100 nm 211 NSE 0.0058 30+2
5 pores [28]
[28]
65 Lo/L, | 44.5/1 100 nm 20+ 1 NSE 0.0058 28+ 1
4.5 pores [28]
28]
0.11 wt% h-DOPC 18:1/ 25 -16.5 L, 87 [48] 23+1 NSE 0.0069 23+1
18:1 (DSC) 41.5 [48]
[83]
0.11 wt% h-DOPC, 25 L, 87 [48] 20+ 1 NSE 0.0069 20+ 1
0.17 wt% Silica NPs 41.5 [48]
6 mM h-DOPC 30 L, 46.5 921 26.8 £ NSE 0.0058 38+2
(HEPES buffer) [53] 1.6 [53]
6 mM h- P/L= 30 Ly 46.5 921 249+ NSE 0.0058 35+2
DOPC 0.19 [53] 1.5 [53]
(HEPES
buffer) at P/L= L, 46.5 92 +1 19.1+ | NSE 0.0058 27+ 1
peptide 0.40 [53] 1.0 [53]
(melittin) :
lipid (P/L)  ["p/L = L, | 465 93+ 1 21.4+ | NSE 0.0058 30+2
molar ratio | ¢ g0 [53] 1.3 [53]
(%)
P/L= Ly 46.5 93+1 19.8 £ NSE 0.0058 28+2
0.80 [53] 1.3 [53]
P/L= Le 46.5 91 £ 1 20.6 £ NSE 0.0058 29+2
1.7 [53] 1.2 [53]

16




P/L= Ly 46.5 90.5+1 28.0 = NSE 0.0058 40+3
2.4 [53] 2.2 [53]
P/L= 18:1/ -16.5 L 46.5 90 + 1 42.0+ NSE 0.0058 59+7
4.0 18:1 (DSC) [53] 4.7 [53]
[83]
2 mg/ml h-POPC 16:0/ 22 -2.6 L, 81+£2 19+2 NSE 0.025 130+ 1.4
18:1 (DSC) 24.6 [76] [69] [76]
[84]
2 mg/ml h-POPC, 50 22 L, 1025 37+2 NSE 0.025 254+14
mol% cholesterol 24.6 [76] [76]
14:0/ 30 23.6 L, 6.4 NA 27.5+3 | Flickering - -
14:0 (DSC) [70]
1 mM DMPC [81]
30 L, 6.4 NA 50.1£6 | Flickering - -
1 mM DMPC, 20 [70]
mol% cholesterol
30 L, 6.4 NA 95.5+ 19 | Flickering - -
1 mM DMPC, 30 [70]
mol% cholesterol
18:1/ 30 -15to - Lg 37to NA 274+ Flickering - -
1 mM EYPC 16:0 7' [85] 45 3.5[70]
16:3/ 30 -50 Ly 80 NA 3.5t09.5 | Flickering - -
18:3 (DSC/ [70]
XRD)
1 mM G-DG [86]
18:3/ -30 Ly - NA 2.9+ 0.9 | Flickering - -
18:3 (DSC/ [71]
XRD)
10 mg/ml DGDG room | [86]
18:1/ -15to - Ly 37 to NA 194+ 5 Flickering - -
10 mg/ml EYPC 16:0 room | 7[85] 45 [71]
14:0/ 50 [87] Ly 10 NA 15.2+2 | Flickering - -
14:0 [71]
10 mg/ml DMPE PE 60
18:0/ 9 L 9 NA 225+ Micropipette - -
18:1 (DSC) 1.5 [72]
10 mg/ml SOPC 18 | [87]
14:0/ 23.6 L 5.4 NA 134+ Micropipette - -
14:0 (DSC) 1.4 [72]
10 mg/ml DMPC 29 | [81]
20:4/ -69 Lg 87 NA 109+ Micropipette - -
20:4 (DSC) 1.2 [72]
10 mg/ml DAPC 18 | [87]
18:3/ -30 Ly 53 NA 10.8 + Micropipette - -
18:3 (DSC/ 0.7 [72]
XRD)
10 mg/ml DGDG 23 | [86]
18:0/ 9 L 12 NA 8.4+ 0.8 | Flickering - -
18:1 (DSC) [72]
1 mg/ml SOPC 21 | [87]
18:1/ -16.5 Ly 37.5 NA 3.9+ 1.3 | Flickering - -
18:1 (DSC) [74]
1 mg/ml DOPC 21 | [83]
16:0/ -2.6 L, 26.6 NA 9.5+2.1 | Flickering - -
18:1 (DSC) [74]
1 mg/ml POPC 24 | [84]
18:0/ 9 Ly 12 NA 7.9+ 1.3 | Electric - -
18:1 (DSC) [74] Deformation
1 mg/ml SOPC 21 | [87]
18:1/ -16.5 Lq 37.5 NA 42+0.8 | Electric - -
18:1 (DSC) [74] Deformation
1 mg/ml DOPC 21 | [83]

TEYPC is a complex mixture of phosphatidylcholines, exhibits T, =-15to -17 °C
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16:0/ -2.6 Le 26.6 NA 14.1£2.8 | Electric - -
18:1 (DSC) [74] Deformation
1 mg/ml POPC 24 | [84]
18:1/ -15to - Ly - NA 6+12 Electric - -
16:0 7 [75] Deformation
(DSC)
10 mg/ml EYPC room | [85]
12:0/ -2 Ly - NA 8.2+ 1.6 | Electric - -
12:0 (DSC) [75] Deformation
10 mg/ml DLPC room | [87]
18:3/ -30 L - NA 2.5+0.5 | Electric - -
18:3 (DSC/ [75] Deformation
XRD)
10 mg/ml DGDG room | [86]
16:0/ -2.6 Ly 22.6 20-50 39.52+ | Flickering - -
0.2 mg/ml POPC 18:1 20 | (DSC) pum [38] 0.7 [38]
0.2 mg/ml POPC in [84] L, 22.6 20-50 39.09+ | Flickering - -
HEPES buffer 20 pum [38] 0.7[38]
0.2 mg/ml POPC in Ly 22.6 20-50 40.61 + | Flickering -
Histidine buffer 20 pm [38] 0.4 [38]
0.2 mg/ml POPC in Ly 22.6 20-50 33.07+ | Flickering -
MES buffer 20 pm [38] 0.4 [38]
0.2 mg/ml POPC in Ly 22.6 20-50 3470 + | Flickering -
MOPS buffer 20 pum [38] 0.7[38]
0.2 mg/ml POPC in Le 22.6 20-50 37.98 + | Flickering -
PIPES buffer 20 pum [38] 1.0 [38]
0.2 mg/ml POPC in Lg 22.6 20-50 3579+ Flickering -
TRIS buffer 20 pm [38] 0.4 [38]
0.2 mg/ml POPC in Le 22.6 20-50 31.01 + | Flickering -
100 mM NaCl 20 pm [38] 0.8 [38]
0.2 mg/ml POPC in Ly 22.6 20-50 24.00 £ Flickering -
100 mM NaCl, 2 mM um [38] 0.3 [38]
EDTA, 10 mM TRIS 20
0.2 mg/ml POPC in Lq 22.6 20-50 24.62+ | Flickering -
100 mM NaCl, 10 pm [38] 1.2 [38]
mM TRIS 20

5.3. Thickness Fluctuations of the Bilayer

In addition to undulations, (spontaneous) fluctuations of the thickness of the bilayer were
proposed theoretically in the early 1980s [88-91] and are considered to be the primary
mechanism underlying pore formation in membranes [92, 93], which leads to passive
permeability of the membrane for drugs [94]. The amplitude of the fluctuations is around 3.7 A,
and seems to be less dependent on the length of the alkyl chains, at least for a variation from 14
to 18 carbon atoms in the fatty acid tails [27]. The relaxation occurs well in the time window of
NSE and seems to have characteristic fluctuation times on the order of 100 ns [27], which is the

same order of magnitude at which conformational transitions in proteins occur [95].

Since all protons contribute to the signal and overshadow the information on thickness

fluctuations of the bilayer, Woodka et al. employed partially deuterated and fully hydrogenated
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DMPC, DPPC, and DSPC [27]. In this pioneering study the time-dependent structural
correlations between the head groups were studied by contrast matching of the tail by the solvent
[27]. Thickness fluctuations seem to be very common in soft matter and biological systems. For
example, Farago et al. reported the occurrence of similar processes in the lamellae of SDS-water-

penthanol-dodecane microemulsions in the lyotropic phase [96].

In order to describe the observations by the ZG model, a semi-empirical approach was
introduced that accounts for the additional O-dependence of the decay rate T,/ Q3 due to the
structural correlations [10, 27, 97]

Tq _ Iz6 N 1 [ 1

Q* Q% TrpQ5 L1+ (Q — Qp)*¢?

The second term introduces the relaxation time of the thickness fluctuations, ;5. The thickness

)

of the bilayer can be obtained from the position, Q,, of the structural correlation of the head

groups. The amplitude of the fluctuations in the reciprocal space is described by the parameter

&

As illustrated in figure 3 a, SAXS and SANS studies on DMPC, DPPC and DSPC show the
minimum at Q = @, is determined by the bilayer thickness only, whereas the peak at Q > Q,
reflects both the bilayer thickness and thickness fluctuation amplitude of the membrane [98]. As
summarized by figure 2b, from the modeling of NSE data with equation 2 the Q-dependence of
the decay rate I,/ Q3 shows a distinct peak close to Q, in case of the tail contrast matched
samples. The solid lines represent the calculations by equation 4. Differences between the full
contrast experiments — tail and heads visible in case of hydrogenated (h) lipids in D20 — and tail
deuterated (dt) samples is obvious. This peak is a direct evidence of the substantial contribution

of a process in addition to the ZG behavior and is ascribed to the thickness fluctuations [28].
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Figure 3. (a) SANS scattering diagrams on dt-DMPC/dt-DSPC at three different
temperatures. Reproduced from the literature [28]. (b) The decay rate, I/ Q3, from NSE

relaxation spectrum for tail-deuterated (dt) and fully hydrogenated (h) phospholipids in the
fluid phase. The solid lines represent calculated results by equation 4. The data for h-DMPC
[52], h-DOPC [58], dt-DPPC [27] and the lipid mixtures dt-DMPC (41.5wt%)/dt-DSPC
(48.3wt%) in h-DMPC (4.49wt%)-h-DSPC (1.1wt%), and, h-DMPC (46.1wt%)/h-DSPC
(53.8wt%) [28] are adapted from the literature.

Recently, Bingham et al. [99] introduced a theoretical relation between thickness fluctuations
and viscoelastic properties of membranes. Following that prediction Nagao et al. [10] have

included both the elastic and viscous components in the Lorentzian expression as

& _ % N KukgT
Q3 Q3 IJQ(?)’kBT + 4uQoK4A40(Q — Qp)?

(6)

Here K, is the area compressibility modulus, A, is the area per lipid molecule and p is the local
viscosity of the membrane. The obtained membrane viscosity was found to decrease with
increase in temperature for DMPC, DPPC and DSPC, ranging from 10 to 100 nPa-s [10]. The
most important consequence of equation 6 is the connection of the viscoelastic properties of the
membrane with the bending and thickness fluctuations. Generically speaking, the viscosity of

lipid membranes seem to vary from 1 to 700 nPa-s'm. Nagao report a linear increase with
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temperature and the results suggest that values of around 100 nPa‘s-m are reached at T, for

DMPC, DPPC, DSPC [10].

5.4. Lipid Lateral Motions

Lipid lateral motion embraces all time-dependent processes perpendicular to the symmetry axis
of the lipids. These may include independent motion of single lipids or groups of lipids, or
collective dynamics. Hereafter, we consider only motions of those lipids confined to one leaflet
of the bilayer and omit flip-flop processes, which will be discussed in section 6.7. Mode coupling
theory and MD simulations indicate that the lateral motion of the lipid entity (head and tail) is
restricted by cages formed by neighboring lipids [100]. In addition, MD simulations predict a
sub-diffusive motion of the lipids due to the crowded environment that leads to a non-Gaussian

dynamics [101].

Several experimental techniques permit the measurement of lateral motions at different length-
and time-scales. Busch ef al. used quasielastic neutron scattering (QENS) to access the fast-
localized motion of h-DMPC lipid molecules at time-scale from few ps to few ns [29]. The
authors conclude that the entire lipid molecules undergo localized diffusive motions along with
its neighbors [29, 102]. In agreement with MD simulations they found the lipid molecules form a
dynamically assembling patch [29, 102]. A more detailed study of the lateral diffusion was
conducted by Sharma et al. on h-DMPC [52, 103, 104] using QENS. They authors used a
separation ansatz to distinguish the lateral from the faster internal motion. It was concluded that
Dyq¢ is essentially determined by three contributions, the change in free volume, fz,, direct
obstructions, f,pst, and interactions, f;,;, between the additives and lipids [103]. Recently, more
details have been obtained extracting the mean square displacement by a procedure established

earlier. It shows a certain motion of the tails, which can be considered as a trapped motion of the

tails [105-107].

A very successful tool to measure lateral diffusion is fluorescence recovery after photo bleaching
(FRAP). Fluorescent molecules are embedded in the bilayer and bleached in one region. By

recovery of the fluorescence intensity, Brownian motion of the fluorescent molecules (lateral
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diffusion) is quantified [108]. Under such circumstances, microscopes can be used to track the
motion of organic fluorophores, typically on a time- and length-scale of ms to s and mm-um,
respectively. Typical diffusion coefficients of around 0.67 — 1.62 AZns™ are obtained [109],
values which are well compatible with those obtained by other techniques, such as QENS, PFG
NMR and RET, cf. table 2. PFG-NMR has been extensively used to explore lateral diffusion
[110]. Most of the studies concentrate on oriented bilayers, powders or hydrated multilamellar
structure, which are omitted here. Astonishingly only a few attempts target the lateral diffusion

of lipids in spherical liposomes ins the liquid, L, phase.

The effect of additives like cholesterol, myristic acid, farnesol, and sodium glycocholate on the
lateral dynamics of h-DMPC was studied using QENS [111] [104]. While a decrease of the lipid
lateral mobility of h-DMPC with increasing cholesterol content was observed, the other additives
did not significantly impact the mobility of lipids [104] [111]. It was concluded that cholesterol
affects the packing density of the tail regime causing a decrease of free volume, and thereby
lowering the overall in-plane lipid mobility [111]. Observations of enhanced membrane rigidities

(table 1) may also be associated with a closer packing of lipids.

A systematic study of the impact of the addition of antimicrobial peptides alamethicin and
melittin on the dynamics of h-DMPC by QENS in the L, fluidic phase discovered a reduced
lateral diffusion and a stiffening of the membrane, with melittin being a stronger stiffening agent
than alamethicin [103]. For comparison, at 7= 6.85 °C and 19.85 °C, both are in the Lg/ gel
phase, there was no change in the lateral diffusion on addition of alamethicin, however there is
an increase in D;,;; on addition of melittin (table 2). The addition of cholesterol decreases the
mobility of h-DMPC [111] and lowers the binding affinity of melittin to the bilayer, but also
saturates the liposomes that prohibits further incorporation of melittin into the bilayer [104]. In
this case, D;,; is not affected by the addition of melittin as observed in table 2. On the other
hand, addition of drugs like, aspirin causes a slight increase in Dy, both in Lgr and L, phases in
h-DMPC due to the plasticizing effect of aspirin [52], causing a decrease in the membrane

rigidity as observed before (table 1).
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Table 2: Comparison between values of lateral diffusion coefficient, Dy, from different

techniques, for the L fluid and Lgr gel phases.

Phospholipids in water (D0 for QENS)

(O

Lipid Phase

Dyq; (A’ns™)

Methods
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6.85 Ly 0.7 £ 0.1 [103] QENS
100 mM h-DMPC 19.85 Lg 1.4 + 0.1 [103] QENS

36.85 L, 5.0 £ 0.2 [103] QENS

6.85 Lgr 0.7 + 0.1 [103] QENS
100 mM h-DMPC, 0.5 mol% alamethicin 19.85 Lg 1.3 +0.1[103] QENS

36.85 L, 4.9+0.1[103] QENS

6.85 Lg 1.2+0.1[103] QENS
100 mM h-DMPC, 0.5 mol% melittin 19.85 Lgr 1.9 £ 0.1 [103] QENS

36.85 L, 3.340.1[103] QENS

19.85 Lg 1.5 +0.1 [52] QENS
7wt% h-DMPC

36.85 L, 6.0 £ 0.1 [52] QENS

19.85 Lgr 2.5+0.1[52] QENS
Twt% h-DMPC, 6.5 wt% asprin

36.85 L, 6.3 £0.1[52] QENS

19.85 Lgr 0.7 0.1 [104] QENS
74 mM h-DMPC

36.85 L, 7.7+ 0.3 [104] QENS

19.85 Lgr 1.1 £0.1[104] QENS
74 mM h-DMPC, 0.2 mol% melittin

36.85 L, 2.4+0.1[104] QENS

19.85 Lg 0.7 + 0.1 [104] QENS
74 mM h-DMPC, 20 mol% cholesterol

36.85 L, 2.8 £0.1[104] QENS

19.85 Lgr 0.7 0.1 [104] QENS
74 mM h-DMPC, 0.2 mol% melittin, 20
mol% cholesterol 36.85 L, 2.8+ 0.1[104] QENS
12wt% h-POPC in H,O (MLV) 48.85 Ly, 1.9+0.1[110] PFG-MAS
BOD diffusion in h-DMPC (MLV) 27 L, 0.67 — 1.62 [109] | FRAP
h-DMPG (ULV) in H,0O 10 L, 0.04 [112] RET
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23 L, 0.11[112] RET
35 L, 0.23 [112] RET
10 L, 0.31[112] RET
h-DOPC (ULV) in H,O 23 L, 0.69 [112] RET
35 L, 1.6 [112] RET
3wt% h-DPPC 25 L, 0.68 [113] PFG - NMR

5.5. Lipid rotational motion

The notion lipid rotational motion embraces several possible processes [114]. Considering lipids
as circular cylindrical entities, (i) rotations around their symmetry axes, which is assumed to be
perpendicular to the bilayer plane (axial rotation), can occur. While free lipids could also rotate
around their longitudinal axes, the bilayer restricts this attempt to a confined space (wobbling).
The term anisotropic diffusion embraces axial rotation [5] and wobbling [115]. Lipids are
flexible molecules, in which the (iii) lipid head group and fatty acid tails may show a different
rotational motion from the entity. Furthermore, (iv) tails may rotate (flexing) (lipid hydro-carbon

chain as an entity), but also the rotational isomerization around C-C bonds.

Axial rotation of phospholipids can be measured using several techniques (Dielectric
spectroscopy, ESR and NMR) [116] [5]. Roberts and Redfield identified molecular rotation and
wobbling by 3P Field Cycling NMR experiments [115]. A more recent study of Klauda ef al.
shows how the 3'P field cycling NMR data agrees with molecular dynamic simulations while the
dynamics are described by a rigid-body model [117]. In fluid phase, cumulative effect of the
rotational isomerism of C-C bonds in the fatty acid chains gives rise to a shorter length of the
fatty acid chain and as well as more disordered structure. These individual rotations around C-C

bonds are in fact crucial in obtaining the fluid phase of bio membranes.

5.6. Lipid flip-flop motion

The notions flip-flop or transverse diffusion of lipids refer to the change of lipids from one to the

other bilayer. Many biological membranes maintain distinct asymmetry between the inner and
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outer monolayers of the bilayer in terms of lipid composition. This could only be explained by a
transverse movement of lipids although it seems energetically unfavorable [118]. In cells, this
movement is controlled enzymatically by energy driven or independent flippases (inward

movement) and floppases (outward movement) [119].

A direct method of measuring the flip-flop motion in fluid phase vesicles is by using Electron
Paramagnetic Resonance (EPR) [120]. Fluorescence spectroscopy has shown detergents can
accelerate flip dynamics in fluorescence labelled erythrocytes [121]. However, it has been
observed that using fluorescent or spin-labelled lipids do not accurately represent the native lipid
flip-flop dynamics [122]. Therefore, it is important to explore techniques that obtain flip-flop
dynamics without or minimum perturbation to the lipid bilayer. Recently, Marquardt et.al. have
studied translocation rates in DPPC vesicles in both gel and fluid phases under various
temperatures using 'H NMR coupled with a paramagnetic shift reagent where they found that in
the gel phase translocation is much slower compared to fluid phase [123]. Molecular dynamics
simulations have provided important insights on flip-flop dynamics in relationship to water
permeation, acyl chain length and unsaturation, integral membrane proteins and the presence of
cholesterol [124] [125-127]. Time-resolved SANS on DMPC, POPC and POPA vesicles have
shown that acyl chain length and saturation change the flip-flop motion rates. Moreover, it has
also shown cholesterol entirely inhibits flip-flop in DMPC vesicles [128]. SANS have also been
employed in showing that methanol can increase the rate of flip-flop in DMPC LUVs in fluid
phase [129].

6. Future perspectives

This review summarizes the dynamics of liposomes. A variety of processes can be envisioned. In
many cases, differences in time- and/or length-scale can help to distinguish them from each
other. In order to understand how the molecular mechanisms may contribute to the membrane
properties at least 12 orders of magnitude need to be captured to track the dynamics from the
motion of single elements (~ 0.9 nm) to the translational diffusion of liposomes (~ 20 nm to
several um for LUVs). Numerous experimental and simulation techniques are necessary to

capture such a broad time- and length scale range.
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We have discussed in detail the rich morphology of the liposomes and the different dynamics of
the liposomes over a broad length and time scale. In order to understand the dynamics at
different time scales one needs to consider specific techniques. We have shown that scattering
experiments like SANS and SAXS are vital to understand the structure and morphology of the
liposomes, whereas, neutron spectroscopic techniques like NSE and QENS are vital to
understand the membrane fluctuations (undulation), thickness fluctuations and lipid lateral
motions in nano to picosecond time scale. The length scale dependent dynamics measured from
different scattering techniques are noteworthy to validate different scaling behavior from theory
and simulations. Other techniques like, DLS and PFG-NMR provides us valuable information
about the center of mass diffusion of the liposome in millisecond time scale. The lipid rotational
motion was successfully perturbed using Dielectric spectroscopy, ESR and NMR. The slower
flip-flop motion of the lipid can be best measured using EPR techniques. Understanding the
dynamics of lipid bilayer is gaining more importance in order to tune the viscoelastic properties

of the lipid bilayer. In this context a joint study of NSE and QENS is very important.
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