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Abstract—Mesomorphic lyotropic phases, including the gel state of a special
soap-water system (potassium oleate}, have been studied by electron micro-
scopy over the whole concentration range. Pictures obtained are interpreted
in terms of known model structures.

Hexagonal, lamellar and rectangular phases are demonstrated. Struc-
tural parameters of these phases are measured at room temperature and as a
function of concentration. Equations are given for calculating transiticn
concentrations from measured values.

The investigation shows that in spite of rigorous preparation techniques
results generally are in good agreement with those obtained by X-ray diffrac-
tion method. This is of interest for interpretation of ultrastructure of bio-
logical specimens in terms of structural parameters of naturally occurring
lipids.

1. Introduction

Before studying structures of some special lipid-water systems of bio-
logical interest™ by electron microscopy influence of preparation tech-
niques of samples of well-known soap-water systems should be estab-
lished in order to reduce artifacts. The system potassium oleate-water
was chosen, since extensive X-ray studies by Luzzati et al.?-*% have
been done on structural parameters of various mesomorphic phases
under different conditions. Potassium oleate contains a double bond in
its oleic acid residue which favours fixation by osmium tetroxide. Its
chainlength is comparable to those of lipids of biological membranes. It
forms lyotropic mesomorphic phases at room temperature. This is
important as autoxidation processes diminish the value of the results
obtained.
119
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Electron microscopic data which are available are limited to special
conditions. (5:6.7.8) They donot allow one to draw conclusions about the
equivalence of the results from X-ray and electron microscopic
techniques. We attempt to do this by a systematic investigation of
the dependence of structural parameters on conditions of the system
used.

2. Materials and Methods

Potassium oleate was prepared by neutralizing oleic acid (Fluka)
with potassium hydroxide in ethanolic solution. The reaction was
controlled by the colour change of phenolphthalein. The precipitated
soap was dried to a constant weight in a refrigerator under vacuum
or a nitrogen atmosphere. An aliquot of this was dissolved in a sur-
plus of water and dried to the desired concentration in the absence of
air. Thereafter the system was stored for about one hour at room
temperature to establish equilibrium.®® The last procedure was
carried out in the same polyethylene capsules (BEEM) in which
further steps in the preparation of the sample were to take place.
The following steps were employed in sample preparation :

(a) Fixation by vapour of an osmium tetroxide crystal in the
closed capsule (requires 5 to 20 minutes);

(b} Dehydration in graded concentrations (each concentration 20
minutes, 3-fold changes) by use of acetone or ethanol with
propylene oxide. Because of the small water content of the
specimen starting concentration generally was 90 or 1009, in
terms of oleate ;

(c) Embedding in methacrylate, Vestopal, Epon, or Araldite
according to methods generally used®;

(d) Ultra-thin sectioning was performed by a Porter-Blum Micro-
tome (Ivan Sorvall, Inc.) or an Ultratome I (LKB). No
section staining was necessary.

Electron micrographs were taken with a Siemens Elmiskop I pro-
vided with a cooling device at apertures of 200 and 50 um for the
condenser and the objective, respectively. The electronic mangifica-
tion in the range of 80000-fold was repeatedly and carefully cali-
brated, using different methods (replicas of diffraction gratings, and
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test objects in combination with internal markers.®-1® Structures
were measured on optical enlargements (3 x ) by a filar micrometer
using a stereomicroscope SM 20 (VEB Carl Zeiss Jena) with 6 x
magnification. Each point in the diagrams is the mean value of 20
to 100 single measurements. The standard deviations of the
measured periods are in no case greater than x 2.0 A. Section
deformation caused by the cutting process was eliminated by mount-
ing the section on the microscope stage in such a way that direction
of sectioning was known on the photographic plate. Only struc-
tural parameters of the undeformed direction were measured.

3. Results and Discussion
A. HexacoNAL Puase

In accordance with X-ray studies®® (Fig. 1) we observed a
hexagonal structure (Fig. 2) at lower concentrations (30-60%,). It
consists of hexagonally arranged circles or hexagons, which show
a remarkably higher contrast at the periphery than in the interior.
This is in agreement with present ideas about the deposition of con-
trasting material after osmium tetroxide fixation.®

The hexagonal period is strongly dependent on soap/water ratio
adjusted in the system (Fig. 3). Deviations of our results from those
of the X-ray studies are tolerable (Fig. 3), but it is difficult to co-
ordinate this difference to a special preparation step. Contrary to
the periods, however, diameters of the inner contrastless parts of the
structural units remain approximately constant. This is in accord-
ance with the prediction®:3:4.1D that thickness of water shells be-
tween single cylinders increases as dilution rises. The agreement of
the measured diameters with those calculated from X-ray measure-
ments (37 A®) is less good than for the periods, particularly at low
soap concentrations (Fig. 3). Reasons for this fact may be: (a)
Standard deviations of the diameters are greater than those of the
periods (Fig. 3). This is obvious in view of the fact that an oblique
position of the cylinders to the plane of the section leads to a smear-
ing effect of contrast within the visible projection of the cylinder.
The influence of this effect on the period is only very small, as long as
the structure remains visible. (b) Calculations for the X-ray
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Figure 1. Schematic dra‘}uing of & soap phase diagram and structure of some
phases. The boundaries for the main phases of the system studied are 30609,
for the hexagonal phase and 71-82%, for the lamellar phase at the 20°C-

isotherm.

Figure 2.

Electron micrograph of the hexagonal phase of potassium oleate.

¢ = 479, methacrylate embedding, 953 000 : 1 and 229 000 : 1, respectively.
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Figure 3. Hexagonal phase. Period d, and diameter of the low-contrast
interior d,, of the eylinders (different scale). The various symbols stand for
single embedding media ((J—methacrylate, A—Vestopal W, O—Epon and
Araldite). The weak line is taken from Husson et al.® for comparison.

values®*11) were done assuming a constant specific volume of the
paraffin part of the structure, reaching up to the middle of the car-
bonyl bond, whereas the electron microscopically visible contrast is
located more at the periphery of the structural elements. Possibly
the discrepancy observed in d,, values is due to those differences.
The hexagonal structure is accompanied by a seemingly lamellar
one (Fig. 2), which is due to special projections of the hexagonal
pattern with a direction of view perpendicular or oblique to the
cylinder axis.®:12) This is demonstrated in Fig. 4, where two planes
of the image parallel to the cylinder axis are indicated leading to the
two possible lamellar patterns with periods d; and d,. One of the
most impressive criteria for distinguishing seemingly lamellar periods
from true ones are their constant ratios to the hexagonal periods d,
independent of cutting angle. The correlated periods d;, d, and d,
vary in the same manner dependent on the cutting angle (Fig. 5).
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Figure 4. Model of hexagonal structure. Cross-sections and favoured direc-
tions of view which lead to lamellar appearances.
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Figure 5, Constant ratio of hexagonal to seemingly lamellar periods on
the same plate. Small points are calculated from the other two parameters by
formulae given in Fig. 4.
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B. LAMELLAR PHASE

According to existing phase diagrams(®.4.8:13.14) thig structure at
ordinary temperatures covers only a small soap concentration range
between 70 and 80%, The concentration range may be broader, if
the phase does not exist as a single-phase system, but in equilibrium
with one or two other phases, which is frequently observable.®
Assuming that contrasting substances after osmium tetroxide fixa-
tion are accumulated in the aqueous and polar regions® of the known
1-dimensional lattice, 2:2:4.1%) g structure of alternating dark and light
bands is to be expected.

Figure 6 shows such a lamellar structure. Beside this we find
regions with less pronounced regularity. This is similar to the
hexagonal phase and is either due to obliquely sectioned lamellae or
to some decomposition in the course of preparation.

The lamellar period within the small concentration range of this
phase remains constant at 36.9 A (Fig. 7), a value being quasi

L_‘_,_.—-". . "_-‘V_-
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Figure 6. Electron micrograph of the lamellar phase of potassium oleate.
¢ = 769, methacrylate embedding, 950 000 : 1.
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Figure 7. Lamellar phase. Period d; (upper curve) and width of the low-
contrast region d,,. Symbols as in Fig. 3.

identical with that of Husson et al.® using X-ray diffraction tech-
niques under the same conditions of sample preparation. Again
regions free of blackening are measurable with a lower accuracy than
is possible with periods (Fig. 7). The average value amounts to
26.3 A. Contrary to X-ray studies on some saturated soap-water
systems(®:3.4.11) no concentration dependence has been observed in
our experiments.

C. INTERMEDIATE PHASES

It is assumed by Luzzati ef al.®-2411) that several new phases in
the concentration range between hexagonal and lamellar phases may
exist. The reality and structure of these phases are not generally
accepted 16:17.18) because of difficulties arising from interpretation of
X-ray diagrams having only a few diffraction lines from several co-
existing phases. Recently the reality of the proposed models for
these new phases have been questioned by Luzzati himself.@®) Direct
visualization of these structures by electron microscopy therefore
may contribute to solving this question.

Assumed structures are (with increasing concentration): (a) de-
formed hexagonal, (b) rectangular, (¢) complex-hexagonal, and (d)
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cubic. Structures (a) and (d) do not exist in the system potassium/
oleate water® and we have confirmed this.

Pictures with a rectangular arrangement (structure (b)) were
found by us several times®® in the concentration range given for this
phase by Luzzati et al.® We wish to mention®® a structural differ-
ence to the model proposed by these authors. Instead of the rhombic
lattice postulated by them we found a rhombic face centered one, in
which the single structural elements (quaders) were mutually dis-
placed like the bricks in a wall. The dimensions of the elements
(@ =542 £ 1L.9A andb = 40.9 + 1.7 A, at a concentration of 65%,)
agree well with X-ray data.®

The efforts to demonstrate the structure of complex-hexagonal
phase was less successful. We never found a somewhat extended
region with the expected structure (a hexagonal pattern of circles,
each of which contains a dark spot (¢f. Fig. 1)), though single ele-
ments of this type were present. In her paper on aqueous phases of
sodium linolenate Husson®® discusses the instability of this phase
during the time interval necessary for a single X-ray diffraction ex-
periment. It may be that the instability is responsible for our
failure to see this structure in our system.

D. GEL STRUCTURE

Gel structure of soaps was first investigated seriously in 1966.
Using X-ray diffraction technique Vincent and Skoulios®2:2%) found a
lamellar structure in some saturated soaps which contrary to the
other mesomorphic phases contains the fatty acid residues in a stiff
configuration. The single chains show mutual overlap resulting in a
hydro-carbon layer only one molecule thick.

This characteristic feature was found in our preparations below
the 7',-curve as indicated in Fig. 1. At high lipid concentrations the
period amounts to 30.0 A, whereas the contrastless middle zone has
an average thickness of only 21.4 A (Fig. 8). The double bond in the
paraffin chain of our system does not alter the rules found by Vincent
and Skoulios(2.23),

It is interesting that in preparations as used in our experiments
the gel state is not a uniform phase, or it has not reached structural
equilibrium. In addition to typical lamellar gel structures we ob-
served spindle-shaped designs with high contrast (Fig. 9); these
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designs frequently occur in equilibrium with the true lamellar phase.
The width of the spindles is correlated to the amount of water present
in the system. Therefore it seems that they are water-containing
zones of the structure. Using different preparation methods, the
possibility of an artifact produced by orientation of the specimen
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Figure 8. Period d, (upper curve) and thickness of the contrastless part d,,
of lamellar gel structure. Symbols as in Fig. 3.

Figure 9. Electron micrograph of potassium oleate gel. ¢ = 819, Vestopal
embedding, 240000 : 1.
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by the surface of the support, by polymerization or by cutting could
be excluded. 24

The same appearances as described above for the gel phase at high
concentrations (to the left of the ascending branch of the 7',-curve in
Fig. 1 and at a smaller degree in equilibrium with the lamellar phase)
may be observed over an extended concentration range on ageing
the soap; the melting point goes to higher temperatures. Therefore
at room temperature the 7',-curve is above the working range in the
phase diagram at all concentrations and the systems are in the gel
region.

At high dilutions the gel is able to take up considerable amounts of
water. Thereby the period increases.®?:2®) This effect was con-
firmed only qualitatively in our investigation. The exact fron-
tiers of the gel phase were not detected, neither by Vincent and
Skoulios, 22:23) nor by us. Our interest concerned mainly the liquid
paraffin phases.

The gel state holds a position between crystalline and meso-
morphic soaps. The chains are stiff, but packing is relatively
loose.®2.23)  The last point is of importance for fixation by osmium
tetroxide, which requires special steric conditions ; these are realized,
for example, in the mesomorphic system with liquid paraffin
chains. ) For the same reason the waxy structure of water-free
soaps are not demonstrable by the technique used. As pointed out
by Skoulios ef al.®8 polar groups are in a crystalline state in these
phases and reaction with osmium tetroxide cannot take place.

E. MrecHaNisM oF Puase TRANSITIONS

At present there is no possibility to predict the structures and
transition ranges of a given amphiphile-water system.” A first
trial in this direction was done by Parsegian,®”) who calculated the
free energies of electrostatic charge for water-hydrocarbon inter-
actions at an interface. The results explain the existence of hexa-
gonal and lamellar structures, each being found at one side of a
transition concentration. Intermediate phase transitions could not
be explained. We were confronted with the same difficulty in pre-
dicting the transition concentrations on the basis of volume relations
of the corresponding phase structures. It is possible, however, to
calculate the transition concentrations for other phases.
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The concentration of a special component of a given system may
be written as:
. omy eV L
T mp+mp pLVi+ ppVe’

where m, p and V are mass, density and volume, respectively, and
the indices L and P mean lipid and polar parts of corresponding struc-
tures. For the hexagonal phase we can write

cn — prdis _ dhapr
" pidia + pr(d} — ) dipp — dia(pp — p1)

Inserting into this equation the smallest observable parameters of
the hexagonal phase, we find a relation for transition concentration
to the next phase:

max d%a AL
= Jmin 2 —dz — .
wEpp — dia(pp — pL)
Using the calculated value of the partial specific volume of the oleate
residue (0.96 cm?® g7'@) and a value of pp = 1.13 g cm™2 (from the
calculated density of a potassium hydroxide solution®), we find
with our results df'® = 49.5 A and d,, = 38.0 A

% — 0.60.

This value agrees well with the concentration determined ex-
perimentally for the transition from hexagonal to intermediate
phases. 4> Corresponding calculations were done for the transition
from lamellar phase to the gel of potassium oleate and, in addition,
for the system potassium palmitate-water at 100 °C using the results
of Husson and co-workers,®) which were the bases of Parsegian’s
work.®” In all cases the agreement of calculated and observed
transition concentrations is very good (Table 1). This is also true
for special phospholipid-water system with other structural charac-
teristics, as will be reported later.®

These results indicate that volume relations play an important
role in the configuration and transformation of liquid crystalline
structures and that the colloidal elements are not deformed in these
cases. We did not try to give any predictions concerning the range
of the existence of intermediate phases hecause of the inaccuracy of
structural parameters, especially of the apolar part.
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TapLE 1 Calculated Transition Concentrations of a Given Phase with known
Structural Parameters

Parameters (A)

Low Densities Transition

contrast (g em~3) concentrations
Object Structure Periods regions  py PP obs. cale.
KC18:1 hexagonal 49.5 38.0 1.04 1.13 0.60 0.60
KC18:1 lamellar 37.0 29.5 1.0¢4 1.15 0.78 0.79
KC16:0 hexagonal 49.0 38.0 0.97 1.13 0.54 0.56
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