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Abstract

We have used neutron spin echo (NSE) spectroscopy to study the effect of bilayer thickness and
monounsaturation (existence of a single double bond on one of the aliphatic chains) on the
physical properties of unilamellar vesicles. The bending elasticity of saturated and
monounsaturated phospholipid bilayers made of phospholipids with alkyl chain length ranging
from 14 to 20 carbons was investigated. The bending elasticity «, of phosphatidylcholines
(PCs) in the liquid crystalline (L, ) phase ranges from 0.38 x 10~'° J for
1,2-dimyristoyl-sn-glycero-3-phosphocholine to 0.64 x 107'° J for
1,2-dieicosenoyl-sn-glycero-3-phosphocholine. It was confirmed that, contrary to the strong
effect on the main transition temperature, the monounsaturation has a limited influence on the
bending elasticity of lipid bilayers. In addition, when the area modulus K 4 varies little with

chain unsaturation or length, the elastic ratios (k./K 4) 172

of saturated and monounsaturated

phospholipid bilayers varies linearly with lipid hydrophobic thickness d which agrees well with

the theory of ideal fluid membranes.

1. Introduction

Biomembranes of natural living cells are made of bilayers
of phospholipid molecules embedded with other constituents,
such as cholesterol and membrane proteins, which help to
accomplish a broad range of functions [1]. Since the lipid
bilayers are characterized by a distinct central hydrophobic
region sandwiched by two polar interfaces, we strive to
understand how the configuration of aliphatic chains in the
hydrophobic region influences the biological, physical and
chemical properties of biomembranes. In this paper we
report bending elasticities of saturated and monounsaturated
phospholipids studied by the neutron spin echo (NSE)
technique.

The bending elasticity is an important mechanical
property that governs the thermal fluctuations of bilayers,

0953-8984/09/155104+07$30.00

gives rise to undulation forces and predetermines the contact
time of the membranes with solid substrates and other
objects [2]. Here we have attempted to elucidate the influence
of monounsaturation and the thickness of the hydrophobic
region d on the bending elasticity «, of artificial phospholipid
membranes that form large vesicles. Membranes made
of saturated phospholipids undergo a first-order melting
transition, the so-called main transition from the ripple gel
(P};) phase to the liquid crystalline (L) phase at temperatures
above the freezing point of water [3]. Although the lower
transition temperatures can be achieved by having shorter chain
length in saturated lipids, the introduction of the cis double
bond drastically decreases the main transition temperatures
without changing the chain length, thus ensuring the fluidity
and temperature insensitivity of biomembranes [4-6]. The
double bond exists in the normal cis configuration which is
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asymmetric and forces a kink of the hydrocarbon chain. As
a result the unsaturated lipids are packed together loosely,
or crystallize less readily compared to the straight chain
saturated lipids. In agreement with this scenario, recent
studies by x-ray scattering have found that the areas per lipid
molecule of monounsaturated lipids are larger than those of the
corresponding saturated lipids [6] with the same chain length.
The effect of the double bond on transition temperatures has
been referred to when the bilayers with double bonds are often
described as being more ‘fluid’ than the corresponding fully
saturated bilayers at the same temperature [5]. In the scope
of our paper, the membrane ‘fluidity’, which is frequently
related to the packing of the hydrocarbon chains, is different
from the definition of the membrane bending elasticity «.. We
have addressed the question of whether the introduction of a
single double bond can affect the bending elasticity in a similar
manner to the membrane fluidity.

The main transition temperature of saturated phospholipid
bilayers is also known to be proportional to the length of
the alkyl chains, from 24 °C for 1,2-dimyristoyl-sn-glycero-
3-phosphocholine (14:0 PC) with 14 carbon atoms and zero
double bonds, to 64°C for 1,2-diarachidoyl-sn-glycero-3-
phosphocholine (20:0 PC) with 20 carbon atoms and zero
double bonds [7, 8]. Similarly, monounsaturated lipid
bilayers also show such dependence [9]. This dependence
originates from the balance between the interaction energy of
the headgroups, which is constant, and the total interaction
between the chains, which decreases with the alkyl chain
length [10]. Furthermore the change of hydrophobic
thickness also has been linked to such properties as ion
permeability [11, 12], regulation of a membrane protein
function [13, 14] and electric capacitance [15]. However, how
to measure directly the effect of the hydrophobic thickness on
thermal undulations of biomembranes without using external
forces remains an open question.

Most of the work on determination of the bending
elasticity of phospholipid bilayers is based on static structural
methods such as small angle x-ray and neutron scattering
techniques [18, 19]. These methods determine the time
averaged roughness of the lipid layers that can be related to
k. through a model. Nuclear magnetic resonance (NMR)
spin—spin relaxation time can also be used to determine &k,
by probing the dynamics of the bilayer; however, this method
involves speculative assumptions and is quite indirect [20, 21].
Here we have chosen neutron-spin-echo (NSE) spectroscopy
as the most suitable method to determine k.. NSE is a dynamic
method, ideal for studies of the thermal fluctuations of the
biomembranes because its correlation times (0.1 ns to 100 ns)
and length scales (10 A to 10° A) overlap with those of
the cell membrane fluctuations [22, 23]. In this paper the
bending elasticity of several saturated and monounsaturated
phospholipids with the same hydrocarbon numbers were
measured by the NSE technique. The intermediate scattering
function acquired through NSE was analyzed by the Zilman—
Granek model [24, 25] for two-dimensional (2D) free-standing
membranes. We have explored the question of how the
presence of the double bond and hydrophobic thickness affect
the bending elasticity of lipid bilayers in the L, phase.

2. Materials and methods

2.1. Lipids and vesicle preparation

Seven synthetic species of diacyl-PC lipids from Avanti Polar
Lipids (Alabaster, AL) were used without further purification.
The following three were fully saturated 1,2-dimyristoyl-
sn-glycero-3-phosphocholine (14:0 PC); 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine(16:0 PC) and 1,2-distearoyl-sn-
glycero-3-phosphocholine (18:0 PC), with chain length from
14 to 18 carbon atoms. The following four were cis unsaturated
1,2-dimyristoleoyl-sn-glycero-3-phosphocholine (14:1 PC);
1,2-dipalmitoleoyl-sn-glycero-3-phosphocholine (16:1 PC);
1,2-dioleoyl-sn-glycero-3-phosphocholine (18:1 PC) and 1,2-
dieicosenoyl-sn-glycero-3-phosphocholine (20:1 PC). The
vesicles were prepared by the extrusion method [26]. To
ensure good mixing and dispersion, the weighed amount of
lipids was dissolved in HPLC grade chloroform (Fluka). Then
the chloroform was evaporated by a stream of dry N; gas.
Any solvent residuals were further removed by placing the
sample in a vacuum chamber at 60°C for 30 min. The
necessary amount of deuterated water D,O (either from CDN
isotopes or Cambridge isotopes) was added to achieve final
concentration of a mass fraction of 2.0%. Deuterated water
was used as a solvent to keep the incoherent background
low and to provide high scattering contrast. The mixtures
were vortexed on a Daigger Vortex for about 10 min until all
the lipids were suspended and the resulting lipid suspensions
were repeatedly filtered through a Nalgene filter with a pore
size of 400 nm that predetermined the average diameter of
the vesicles. The vesicle size distribution was characterized
on a dynamic light scattering (DLS) DynaPro-Titan system
equipped with an He-Ne ion laser (A = 783 nm). The
DLS method yields the normalized intensity time correlation
function that was converted to relaxation time by an inverse
Laplace transformation. The diffusion coefficient was obtained
from the moments of the time distribution of the intensity and
the hydrodynamic radius of the vesicles was finally obtained
using the Stokes—Einstein equation [27]:

_ keT
e 67T7]0D

(D

where D is the mean diffusion coefficient, kg is the Boltzmann
constant, T is the absolute temperature and 7 is the solvent
viscosity. The averaged radii of the vesicles were about
200 nm, and the radius distribution function was shown in a
previous paper [26].

2.2. NSE spectroscopy

The NSE technique has been widely used in the study of
dynamic processes in macromolecular systems that are relevant
to, among others, polymer and biomedical sciences [28-30].
Our data were taken on the spectrometer located on the NG5
guide of the NIST Center for Neutron Research (NCNR) [31].
The momentum transfer Q (scattering vector) ranged from
0.03 to 0.12 A~". The longer wavelength of 11.6 A was
chosen to access the lower regions of the scattering vector at
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the expense of reduced beam intensity. The reduced NSE data
were analyzed using DAVE software provided by NCNR [32]
as reported elsewhere [26]. The temperature was controlled
by an oil circulation bath with the accuracy of +0.1°C. We
measured the temperature dependence of the bending elasticity
of several saturated lipids 14:0 PC, 16:0 PC and 18:0 PC for the
purpose of testing the temperature component of the model and
to obtain comparative values for the monounsaturated lipids.
The monounsaturated lipid membranes 14:1 PC, 16:1 PC, 18:1
PC and 20:1 PC were measured at temperatures above the main
transitions.

The shape fluctuations of the vesicles dominate at the Q
range corresponding to the dip position in the small angle
scattering; in the present case, we saw a dip at around Q =~
0.003 Afl, which is below the accessible Q range of the NSE
instrument. The accessible Q range of the NSE spectrometer
corresponds to length scales that are an order of magnitude
smaller than the radius of the vesicles (about 200 nm) hence
the vesicle deformations do not have an effect on the intensity
decay. The intermediate scattering function 7(Q,t) can be
solely attributed to the surface undulations with wavevectors
much smaller than the vesicle radius. Thus we have chosen the
Zilman—Granek model for free-standing membranes to explain
the NSE decay.

2.3. Zilman—Granek model

The membrane dynamics in the lamellar phase could be
qualitatively explained by the theory given by Zilman and
Granek [24, 25]. The time decay of 1(Q, t) originating from
thermal undulations of a free-standing (unsupported) single
membrane can be predicted to exhibit stretched exponential
decay:

1(Q.1) = 1(Q, 0)e """, 2

where I' is the relaxation rate, and « is the exponential
stretching factor which is given by

2 ()4 T 3)
o= - ,
3 Ak,

where k. is the bending elasticity. For lipid bilayers, x/kgT
is expected to be of the order of 10 or greater, which is
supported by experimental findings and predicted by computer
simulation. At k/kgT > 1 the factor « is close to 2/3 and it
is the case of the present system, hence we have fitted /(Q, 1)
according to equation (2) with « = 2/3 to determine I" as a
function of Q.

The relaxation rate I' is related to the bending elasticity as

—q, “

kBT)i ksT |
n

T = 0.025y; <

Ke

where 7 is the viscosity of the solvent water and the factor
yx originates from averaging over the angle between the
wavevector and the plaquette surface normal. The parameter
yx approaches unity when «/kgT > 1. In this analysis,
we assumed the solvent viscosity as three times the value
of averaged viscosity of DO (n = 3npyo) for viscosity

n when taking the local dissipation at the membrane into
consideration [33, 34]. The viscosity of D,O was taken as
0.973 x 1073 Pa s and 0.553 x 1073 Pa s at 30°C and 60 °C,
respectively. Figure 1 shows I(Q,1)/1(Q,0) obtained by
NSE against the Fourier time ¢ at different Q values ranging
from 0.05 A" t00.12 A~ for 14:0 PC, 16:0 PC, 18:1 PC and
20:1 PC vesicles in the L, phase. The solid lines represent
fits to equation (2). The nice fitting confirmed that the NSE
decay reflects predominantly the thermal fluctuations exhibited
by the lipid bilayers. The Zilman—Granek’s model fitted the
scattering data very well, hence the slight differences between
the conditions for saturated and unsaturated lipids can be
neglected within the precision of the experiment.

It has been shown by Mihailescu et al [35] that Zilman—
Granek model involves inaccurate approximations to yield
precise absolute values for the bending elasticity; however,
one can obtain relative values from equation (4) that can be
very informative. In order to obtain reasonable values of
bending elasticity, it was necessary to assume the viscosity 1
to be three times the value of the viscosity of D,O. Such an
assumption was applied by Farago et al [33] and Takeda et al
[34] to explain the results for the bicontinuous microemulsion
and the lamellar phases of the Cj;Es/n-octane/water system
and also for the lamellar phase of the DPPC/water/CaCl,
system. They thought that the fitted viscosity was due to the
local dissipation around amphiphile membranes. Recently,
Komura et al [36, 37] analyzed their NSE data on ternary
microemulsion systems in terms of three models, including
Zilman—Granek, and they showed that the viscosity could be
a different value depending on the model. They suggested that
the effective n should be from three to four times the mean
values of the solvent viscosity in the Zilman—Granek model.

3. Results and discussion

The calculated relaxation rate I" as a function of Q in a double
logarithmic plot of 16:0 PC at 30 °C, 41 °C and 60 °C is shown
in figure 2 where the solid lines are fits to equation (4). When
fitted by a power law with a variable exponential factor we
have found the slope to vary within 2.6 to 3.4 which is close
to 3 as predicted by equation (4). This confirms the Q3
dependence of the relaxation rate and indicates that the NSE
result is directly related to the membrane undulation since it
follows Zilman and Granek’s prediction.

We have calculated the bending elasticity from the
scattering intensity using equation (4). It is known that at
T > T, the temperature has a minimal effect on the properties
of the lipid bilayers in the L, phase. The bending elasticity «.
also is expected to be independent of temperature. To examine
the effect of temperature on . of saturated lipids we examined
vesicles made of 14:0 PC, 16:0 PC and 18:0 PC across their
melting temperatures (table 1).

To analyze the temperature dependence we have plotted
k. against T — T, in figure 3. It is seen that when the
phospholipids are in the L, phase, «. is independent of the
temperature. It is noted that the value of «. is slightly
larger in the vicinity of the main transition temperature. This
temperature corresponds to the anomalous swelling regime and
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Figure 1. Normalized intermediate scattering functions against Fourier time obtained by NSE at different Q values for vesicles made of
different phospholipids in D,O at 60 °C: (a) 18:1 PC; (b) 20:1 PC; (c) 14:0 PC and (d) 16:0 PC. The error bars shown indicate 4 one standard

deviation. Note the longer Fourier time scales in (b) and (d).

T T T T

A 16:0PCat30°C
0O 16:0 PCat41°C
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0.1

Figure 2. Relaxation rate I" for 16:0 PC in D,0 at 30, 41 and 60 °C
as a function of the scattering vector Q. The solid lines are fits to
equation (4).

the present NSE result is consistent with the result obtained
by Seto et al [38]. At temperatures below the main transition
temperature k. dramatically increases. The measured k. in the
P/ﬂ phase of all three kinds of saturated lipid bilayers are 6 to 10

Table 1. Bending elasticity «,. of saturated bilayers in D,O
calculated from equation (4) at different temperatures.

Lipid T, (°C) T(°C) (T —Tw(°C) «./ksT
140PC 24 22 -2 100.0 £ 4.99
24 0 20.9 £0.61
28 +4 13.9£0.24
35 +11 15.3+0.31
45 +21 13.9 40.44
60 +36 8.240.12
16:0PC 41 30 —11 49.6 £ 2.78
41 0 36.1 & 1.49
60 +19 9.5+0.18
I18:0PC 54 40 —14 79.1 +3.23
60 +6 13.6£0.24

times k. in the L, phase. The high values of «. in the P;g phase
mean significant stiffening of the lipid bilayers which can be
explained by the higher ordering of the lipid molecules in the
P}, phase than in the L, phase.

To understand the specific effect of the double bond on
bending elasticity of lipid bilayers we measured the bending
elasticities of several saturated and monounsaturated lipid
bilayers with the same hydrocarbon numbers in the L, state.
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Table 2. Bending elasticity k. of saturated and monounsaturated bilayers in D, 0 calculated from equation (4) at different temperatures.

K4, d and A are quoted from [10], [16] and [6], respectively.

Lipid K, (1071°T) T (°C) «4(Nm~') d (am) AR B

14:0PC 0.38£0.01 60 0.234 230+£0.1 60.2 1/(26.9 £0.76)

16:0PC 0.444+0.01 60 0.234 260£0.1 59 1/(35.9 £0.87)

18:0PC  0.62£0.01 60 0.235 295+£0.1 57 1/(32.9£0.57)

14:1PC  0.454£0.02 30 0.250 2.00+£0.1 76 1/(22.2£1.04)

16:1PC  0.38£0.02 30 0.250 235+£0.1 74 1/(36.3 £1.98)

18:1PC 0.41+£0.02 60 0.236 270+£0.1 72 1/(41.7 & 2.09)

20:1PC  0.73£0.02 60 0.250 3.05+£0.1 70 1/(31.8 £0.91)
This means that the structural changes caused by the double
100 § bond, reducing the hydrophobic thickness and increasing the
‘ area per molecule all lead to decreasing of the bending
w0l [} Ripp?e- Gor s ‘Liq:”.; Crystalline ela.st%city. .Thi.s is contrary to the effect on the membrane
. fluidity which is strongly dependent on the temperature and
' shows phase transition-like behavior. The influence of the
& sl ) double bond on bending elasticity is very limited. As the
M Phase Transition main transition temperature is greatly related to the ordering
< i ' of the hydrophobic parts, the kink in the hydrocarbon chain
20 ! caused by a double bond changes the packing order of the
@® 140PC m phospholipid bilayers. Since the bending elasticity is related
O 16:0PC ' to the undulation of the membrane tiny structural changes of
20 > 18:0 PC ? phospholipid conformations only give rise to small changes
. o> o °® in the dynamics of biomembranes. Our results show that the
- 2*0 1*0 (*) 1*0 Elzlo bending elasticity of the monounsaturated bilayer in the liquid
(T-T,) I°C crystalline phase is slightly smaller than that of the saturated

Figure 3. The bending elasticity «,. of 14:0 PC, 16:0 PC and 18:0 PC
bilayers in D,0 plotted against (T — Tj,).

All samples were measured at 60 °C except for 14:1 PC and
16:1 PC where the data were taken at 30 °C because of their
extremely low main transition temperatures. The calculated
relaxation rate I' as a function of Q of monounsaturated and
saturated phospholipid bilayers is shown in table 2 and plotted
in a double logarithmic plot in figure 4.

We found that «. values for 14:1 PC, 16:1 PC and
18:1 PC are very similar to those of 16:0 PC and 18:0 PC.

‘T® 14.0PCat60°C
> 16:0 PC at 60 °C
0 18:0 PC at 60 °C

QA
(a)

one. However, the monounsaturation has a strong effect on
the transition temperature, which suggests that it is possible to
reduce the transition temperatures of the living membranes by
the presence of monounsaturated or even polyunsaturated lipid
bilayers without changing the total lipid bilayers’ mechanical
properties.

We can find from table 2 that the bending elasticities of
either monounsaturated or saturated lipid bilayers fluctuate ir-
regularly with the increase of the hydrocarbon number within
the experimental error. The values of k. seem to be indepen-
dent of the number of carbon atoms in the hydrophobic chain.
From the mechanics of a thin slab of solid material it is known

6 E=

0.01 3
- 6F
g ):
=
© ® 14:1 PC at 30°C
0.001 o O 16:1 PC at 30°C
6F O 18:1 PC at60°C
ar m 20:1 PC alt 60°C
) 5 6 7 8 9
01
QA
(b)

Figure 4. Relaxation rate I' of membranes in the L, phase made of saturated (a) and monounsaturated phospholipids (b) as a function of the
scattering vector Q. The respective lipids are identified in the legend and the solid lines are fits to equation (4).
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Figure 5. The ratio «./K 4 for 14:0 PC, 16:0 PC, 18:0 PC, 14:1 PC,
16:1 PC, 18:1 PC and 20:1 PC plotted against hydrophobic thickness
d. The dashed line is a least-square fit to k. = BK 4d*. The slope of
this curve is approximately equal to (1/32.2)!/? (see the text).

that the bending elasticity should scale as the area modulus K 4
multiplied by the square of the thickness d?:

ke = BK od® (5)

where f is a normalization constant. For fluid membranes it
has been shown that K, varies little with chain unsaturation
or its length [5]. We speculate that the variations in bending
elasticity «. in different phospholipid bilayers are due to the
differences in bilayer hydrophobic thickness. As a test of
this hypothesis we have plotted in figure 5 the elastic ratio
k./ K 4 as a function of the hydrophobic thickness d in a double
logarithmic plot. The slope of this curve fitting (84)'/? is
approximately equal to (1/32.2)!/2, which agrees well with the
results of Rawicz et al [16] and Bermudez et al [17] obtained
by micropipette pressurization [39, 40]. The area moduli K4
and hydrophobic thicknesses d for these seven lipid bilayers
were quoted from [16] (K4 of 14:1, 16:1 and 20:1 PCs were
assumed as the averaged K, of phospholipid bilayers) and
are also listed in table 2 for comparison. The normalization
constants B were calculated from equation (5). Compared to
the B4 obtained from the fits to equation (5), all the g of seven
lipid bilayers vary from 1% (for 20:1 PC) to 23% (for 18:1 PC).
The ideal fitting in figure 5 shows that in a broad range of chain
lengths (from 14 to 20), either with or without the presence
of one double bond on the hydrophobic chain, the bending
elasticity of lipid bilayers is quadratically dependent on the
hydrophobic thickness. For fluid membranes «, is controlled
by two independent parameters K4 and d. On the other hand
K 4 is independent of the hydrophobic thickness d and depends
strongly on the interfacial structures. The prefactor B can
be assumed to be a constant that is not influenced by K4
and d. However, it was noted in others papers [7] that for
polymer vesicles B becomes relatively large because of the
high viscosity and possibly entangled membranes.

4. Conclusions

We have used neutron spin echo spectroscopy (NSE) to
measure the dynamics of unilamellar vesicles made from
saturated and monounsaturated phospholipid bilayers with
different numbers of hydrocarbons in hydrophobic chains
in both P/ﬂ and L, phases. Unlike the P%-to-La transition
temperature, the bending elasticity «. in L, phases is
weakly affected by the presence of one double bond in one
of the hydrophobic chains. This softness caused by the
monounsaturation originates mainly from the change of the
hydrophobic thickness. We also examined the relationship of
the bending elasticity against the square of the hydrophobic
thickness: k. = BKad?. Since there is a small change
in area moduli K4 in fluid membranes, the strong variations
in bending elasticities are only due to differences in bilayer
hydrophobic thickness. The prefactor g can be assumed to be
a constant which is not influenced by the stretching modulus
and the bilayer hydrophobic thickness.
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