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fl
Introduction

Lyotropic mesophases possess lattice dimensions of the order of magnitude of the
length of their molecules. Consequently, the first Bragg reflections of such systems
appear at small scattering angles (small angle scattering). _ j_ ^ r /j

sturaf information (symmetry of the mesophases, dimension of the supramo-
lecular aggregates, site, orientation and conformation of the molecules forming the
supramolecular aggregates) can be gained by scattering and spectroscopic meth-
ods. Especially the combination of nuclear magnetic resonance (NMR) with x-ray
and neutron small angle diffractions (SAX(N)D) yield comprehensive and detailed
data about structural properties of anisotropic (lamellar and hexagonal, Fig. 1) sys-
tems.

Fig. 1: Important anisotropic lyotropic mesophases

The scattering and NMR methods can be considered as complementary methods in
many respects. For instance, the higher the ordering of the mesophase, the more
Bragg reflections can be registered under the same conditions. With other words, the
diffraction is sensitive in case of highly ordered mesophases, e.g. in gel states. The
opposite is true for NMR. Its sensitivity is the higher, the lower the ordering of the
phase is. Additionally, the NMR is able to give quantitative information about the por-
tion of the different phases and the distributions of the molecules between them in
case of the coexistence of two or more phases (more phase regions).
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Further, on principle, one can determine the detailed molecular structure by SAND
applying deuterium contrast variation. Generally, this approach needs an enormous
chemical work for synthesis (partial deuteration of individual hydrocarbon segments)
and correspondingly several neutron scattering experiments. Therefore, this ap-
proach is generally not practicable. But in case of deuterium NMR, totally "deuterated
compounds can be used and all information (NMR deuterium splittings of the individ-
ual segments) can be obtained by only one experiment.

Following approaches for gaining structural information will be considered:

a) SAX(N)D scattering pattern > symmetry of the phase

b) SAX(N)D model
> dimension of the supramolecular structure

composition

c) FT model
SAX(N)D —> scattering length > overall molecular structure

density profile

d) SAND FT model
partial —> mean position of the > molecular structures
deuteration deuterated segment (s)

e) NMR De-Pake-ing
> deuterium order — > molecular structures

deuteration parameter profile

These approaches will be demonstrated by considering special examples of mixtures
composed of the lipid 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC)
and non-ionic surfactants of the ethylene oxide type C12H25 (OCH2CH2)nH
(C-|2En). At this I will concentrate on the lamellar phase since lamellae are very im-
portant as models for biological membranes and very useful for elucidating funda-
mental problems.

2. Lvotropic mesophases determined bv x-rav diffraction patterns and 3 1 P NMR
line shapes

Fig. 2 shows the diffractograms of POPC/C12E4 mixtures with the surfactant/lipid
molar ratios of 1 : 5 (above) and 1 : 1 (below) exhibiting the spacing of the Bragg
reflections in the ratios of the unit-cell dimensions of 1, 1/2, 1/3, 1/4,... and 1, 1/V3,
1/V4, 1/V7,..., respectively, which are characteristic for lamellar and hexagonal
structures. If both phases are in equilibrium (two-phase region) the resulting diffrac-
togram is the superposition of the Bragg reflections for the lamellar and hexagonal
phases. An unambiguous assignment of the phases is possible, if the three first re-
flections at least are observed.
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Fig. 2: X-ray diffractograms of POPC/C12E4 mixtures with surfactant/lipid molar ratios
1 : 5 (above) and 1 : 1 (below) hydrated at RH = 97 % at 25 °C.

Isotropic phases without long range order cannot be detected by diffraction but by
3 1PNMR.
Lyotropic phase diagrams of lipid/C-|2En mixtures applying scattering and/or spec-
troscopic methods were determined in Refs. /1-4/.

3. Dimension of lamellae (lamellar mesophase) determined from the unit-cell
parameter and composition

In Fig. 3 the unit-cell of a bilayer is represented. The first Bragg reflection yields di-
rectly the repeat distance of the one-dimensional lattice. If the composition is known,
the other geometrical parameters can be calculated from the repeat distance pro-
vided incompressible and non-penetrating lipid and water layers. This simple model
is sometimes critizised, but it is the only model which yields geometrical parameters
in a streightforward manner. The applicability of the model is restricted to low water
concentration where the water is totally included between the lipid layers. The limit
can be determined by measuring the swelling curve /5, 6/.

The usefulness of this approach was demonstrated for POPC/Ci2En bilayers 111.
The repeat distance was determined as function of the length of the ethylene oxide
chain and surfactant concentration under equal conditions (25 °C, the same hydra-
tion pressure) and the other parameters were estimated from it. Low surfactant con-
centrations lead to a rigidisation and high surfactant concentration to a fluidisation of
the mixed membrane compared with the pure lipid membrane.
Information about the contributions coming from the individual components and
about the origins of the effects deduced cannot be gained from this approach.
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The Unit Cell:

Vo... Volume of the unit cell v =~>(V +R V )

FL,, ... Water/iipid molar ratio

V,... Molecular volumes (iipid, water)

V^... Molecular volume of the lipid
hydrocarbon chains

V^ ... Volume of the polar lipid head y = v-V

d ... Lamellar repeat distance

The Model

A... Surface requirement of the lipid molecules A=V Id

dL . . . Thickness of the membrane j = 2V /A

tiK... Thickness of the hydrophobic core j = 2V /A

d ^ ... Thickness of the two polar membrane layers j _ ?v I A

dw ... Water layer thickness j -d-d

Fig. 3: Calculation of the dimension of the lamellar phase structure (bilayer)

4. Molecular structures determined by x-ray and neutron diffractions

The information about the overall molecular structure is included in the electron and
neutron scattering length densities which can be calculated from the intensities of the
Bragg reflections by Fourier synthesis. That means, if one is known, one can in prin-
ciple conclude on the molecular structure applying a trial error procedure. This ap-
proach gives more or less satisfactory results only in case of the gel state where up
to ten or more reflections (x-ray diffraction) can be registered resulting in a resolution
in the order of 5 A.
In liquid crystalline lamellar phase at the most only up to 5 reflections can be re-
gistered due to its high disorder. Nevertheless, in this case useful structural infor-
mation can be deduced from the difference scattering length density profiles ob-
tained by Fourier synthesis from the diffractogram using deuteration of individual hy-
drocarbon segments. The maximum yields the mean position of the deuterated seg-
ment in the membrane (see Fig. 4).
Using this approach the first indica-
tion was obtained that the a methyl-
ene segments of the surfactant hy-
drocarbon dodecyl chain in POPC/
C-|2En membranes is anchored just
at hydrophobic/hydrophilic boundary

LFa

0
Angstroms

Fig. 4: Neutron scattering length density
profiles of mixed POPC/C12E4 ( ) and
POPC/C-|2E4-d2 (——) membranes hy-
drated at RH = 97 % and at 25 °C and the
corresponding different scattering length density profile (-).
5. Molecular structures determined from NMR order parameter profiles
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The NMR deuterium quadrupoie splittings of hydrocarbon and headgroup deuterated
POPC and C12E4 in mixed membranes were determined at two concentrations and
the segmental order parameter profiles of the hydrocarbon chains were estimated
191. The data obtained allow to conclude onto structural details of the lipid and sur-
factant molecules in the mixed membranes.
For instance, the thickening of the bilayer found at low surfactant concentration by x-
ray diffraction 111 is mainly the result of the stretching of the surfactant hydrocarbon
chain. The thinning of the membrane at high surfactant concentration results from
the mismatch of the lipid and surfactant hydrocarbon chains. The surfactant induces
simultaneously changes of the lipid headgroup orientation.

6. Conclusion

A combination of scattering and NMR methods was applied to study structural prop-
erties of POPC/Ci2En mixtures. Generally,

the ranges of existence of the liquid crystalline lamellar phase,
the dimension of the unit-cell of the lamellae and,;
important structural parameters of the lipid and surfactant molecules in the
mixed bilayers

were determined. With that the POPC/C12E4 bilayer represents one of the best
structurally characterized mixed model membranes. It is a good starting system for
studying the interrelation with other e.g. dynamic orthermodynamic properties.
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