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The effect of n-alkanes on the ultrastructure of lipid bilayers has been investigated using freeze-fracture and nega-
tive stain electron microscopy. It has been found that the morphology of bilayers containing the long alkane
tetradecane is quite different from bilayers containing the short alkane hexane. The smooth fracture faces of gel
and liquid crystalline state bilayers are unmodified by tetradecane. However, hexane dramatically alters the hy-
drophobic bilayer interior, producing large (20 to 50 nm) mounds and depressions in the fracture faces. The frac-
ture steps in these multilayer preparations containing hexane are variable in thickness and often considerably
wider than the corresponding fracture steps in multilayers which contain tetradecane or are solvent-free. Alkanes
also modify the structure of the Py or ‘banded’ phase of phosphatidylcholine bilayers. The incorporation of tetra-
decane removes the banded structure from both the bilayer’s hydrophilic surface, as viewed by negative staining,
and the bilayer’s hydrophobic interior, as viewed by the freeze-fracture technique. These results are consistent
with X-ray diffraction data which imply that long alkanes are primarily located between adjacent lipid hydrocar-
bon chains in each monolayer of the bilayer, while short alkanes can partition into the geometric center of the
bilayer between apposing monolayers.

depend on the length of the alkane solvent [8].
Recently, the effects of n-alkanes on the proper-

ties and structure of vesicular bilayers have been anal-

yzed [9,10]. It has been found by "H-NMR spectros-

Introduction

The manner in which the n-alkanes interact with

lipid bilayers is of interest for several reasons. The
n-alkanes, especially the shorter ones, are anesthetics
and have other pharmacological effects [1,2], at least
some of which have been attributed to their interac-
tion with the bilayer [3]. The n-alkanes are also used
extensively to form the planar black lipid membranes
employed in electro-physiological studies [4]. Signif-
icantly, the properties of the black lipid films depend
strongly on the length of the #n-alkane used. Mem-
branes formed with the small alkanes, such as hexane
(six carbons), are markedly thicker than bilayers
formed from larger alkanes, such as tetradecane (four-
teen carbons) [5—7]. In addition, the membrane con-
ductances of bilayers treated with certain ionophores

copy [9] and by differential scanning calorimetry
[10] that small and long alkanes have quite distinct
effects on the phase transitions of phosphatidyl-
choline bilayers, with the short alkanes decreasing
and the longer alkanes increasing the phase transition
temperature. X-ray diffraction data [10] showed dif-
ferences in repeat periods and in electron density pro-
files for multiwalled vesicles containing short and
long alkanes. These X-ray and calorimetric data were
interpreted to mean that the long alkanes tend to
align parallel to the lipid hydrocarbon chains, while
the short alkanes are located in the geometric center
of the bilayer as well as intercalated between the lipid
hydrocarbon chains [10].
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This present investigation, using freeze-fracture
and negative stain electron microscopy, was under-
taken to provide further information on the localiza-
tion of the n-alkanes in lipid bilayers and also to
answer some specific questions concerning the prop-
erties and structure of bilayers containing n-alkanes.
Freeze-fracture is unique among morphological tech-
niques in that it provides a view of the hydrophobic
interior of lipid bilayers [11]. Because the short
alkanes, but not the long alkanes, are thought to
localize in the geometric center of the bilayer, we
were interested in observing the differences in appear-
ance of fracture faces from bilayers containing
alkanes of different length. In our experiments, we
have used hexane and tetradecane as examples of
short and long alkanes, respectively. Also, since long
alkanes eliminate the chain tilt from gel state bilayers
[12,13] and since it has been proposed [12—14] that
chain tilt is necessary for the occurrence of the Pgror
two-dimensional ‘banded’ phase of phosphatidyl-
choline bilayers [15—17], we wanted to determine if
bilayers treated with tetradecane have the ‘banded’
structure.

Materials and Methods

The synthetic lipids used in these experiments,
dipalmitoyl phosphatidylcholine (DPPC) and dimyris-
toyl phosphatidylcholine (DMPC), were used as ob-
tained from Sigma or Calbiochem. Egg lecithin was
obtained in chioroform/methanol from Lipid Prod-
ucts (Nuttfield, U.K.). The n-alkanes solvents (99%
pure) were purchased from Sigma. Triple distilled
water was used in all experiments.

The lipid/alkane/water suspensions were made by
the following procedure. In the case of the egg leci-
thin, the chloroform/methanol was removed by a
two-step procedure involving an initial removal with a
rotary evaporator and then a 1-h period under high
vacuum. The dry lipids were placed in a small V-bot-
tomed reaction vial, and appropriate amounts of
n-alkane were added. Since we were interested in
studying the morphology of bilayers saturated with
the various alkanes, we used concentrations which
provided excess alkane in the suspension [10]. The
mole fraction of alkane listed in each figure caption
refers to the amount of alkane added to the reaction
vial, and does not indicate the amount of alkane
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adsorbed by the lipid. The lipid/alkane suspension was
vortexed until thoroughly mixed, and then water was
added. Unless otherwise noted in the figure captions,
we used 70% water relative to weight of the lipid. The
lipid/alkane/water suspension was mixed by extensive
vortexing and allowed to equilibrate for several
hours at a temperature above the lipid phase transi-
tion temperature. The suspensions were then allowed
to equilibrate for several hours at the temperature at
which the experiment was to be performed.

Freeze-fracture was done by the technique
described earlier [18,19]. Small samples (0.1 ul),
prepared without cryoprotectants, were sandwiched
between two copper strips to give a sample thickness
of about 10 um. The sandwiches were plunged into
liquid propane (—190°C) at sample cooling rates in
excess of 10000°C/s (from 0 to —100°C; see Ref.
19). Frozen samples were inserted into a hinged
double replica device adapted for use on a Balzers BA
360 freeze-fracture unit. Fracturing was done at
—150°C and about 1077 torr by releasing a spring
which opened the sandwiches. Samples were immedi-
ately replicated with platinum from a 45° angle and
carbon from a 90° angle. Replicas were cleaned in
organic solvents such as chloroform/ethanol and
picked up on uncoated 400 mesh electron microscope
grids. Freeze-fracture micrographs are mounted so
that the metal deposition direction is from the bot-
tom.

Negative staining was performed by diluting the
specimen with a drop of water, placing the diluted
specimen on a carbon-coated electron microscope
grid, adding a small drop of 2% uranyl acetate in
water, and blotting dry. Before use, the uranyl
acetate, the water used for diluting the sample, and
the sample itself were kept at the temperature of
experimental interest.

All specimens were examined with a Philips 301
electron microscope equipped with an anticontami-
nation device cooled with liquid nitrogen.

Results

Fig. 1A presents a typical freeze-fracture image of
DPPC in the gel state below the pretransition temper-
ature. Several fracture steps are seen and the fracture
faces are quite smooth. For DPPC with added tetra-
decane, the fracture faces are also smooth (Fig. 1B)



Fig. 1. Freeze-fracture images of: (A) DPPC in 30% water and (B) DPPC/tetradecane (0.75 mol fraction tetradecane) in 30%
water. Both samples were quenched from 18°C, which is below the pretransition temperature of DPPC. Several fracture steps of
uniform thickness are seen in both (A) and (B). Note that screw dislocations [25] are present in both samples, but seem to be

more numerous in B (arrowheads).

and the fracture steps are of uniform height. How-
ever, fracture faces from DPPC with incorporated
hexane have a quite different appearance. As shown
in Fig.2 A, B, and C, the fracture faces of DPPC/
hexane membranes are covered with interconnecting
ridges which surround mounds or depressions of vari-
able size, but usually on the order of 20 to 50 nm in
diameter. The fracture steps in these DPPC/hexane
preparations tend to be more variable in thickness
than the corresponding fracture steps in DPPC
bilayers with the tetradecane (Fig. 1B) or solvent-
free DPPC bilayers (Fig. 1A). That is, at the same
shadowing angle, the fracture step can cast a large
shadow (Fig. 2B, large arrowhead) or relatively small
shadow (Fig. 2B, small arrowhead). In Fig. 2C, the
fracture step shows a notable thickening and thin-
ning. The width of the fracture step is related to
whether the fracture passes directly through one of
the mounds or at the perimeter of a mound.

For temperatures between the pretransition and
main transition, synthetic phosphatidylcholines have

been shown to have a banded structure in freeze-frac-
ture images [17]. Figs. 3A and 3B show this banded
structure with a spacing of about 13 nm for DMPC
at 18°C. There are, as seen in previous studies
[16,17], occasional regions where the periodicity is
approximately twice as large and the depth of the
banding is also greater (inset, Fig. 3A). When tetra-
decane is added to DMPC, the rippled structure is not
present and smooth fracture faces are observed (Fig.
3C) at 18°C. Differential scanning calorimetry has
shown that tetradecane abolishes the thermal pre-
transition [10].

The banded structure can also be observed by
negative staining techniques. Figs. 4A and 4B show
images of DMPC negatively stained at 18°C, while
Fig. 4C shows a DMPC/tetradecane mixture at 18°C.
The DMPC bilayers clearly display a banded struc-
ture, while the DMPC/tetradecane liposomes are
smooth. In Fig. 4B, the linearity of the P8’ phase is
apparent, while in Fig. 4A two layers of the nega-
tively stained banded structure are superimposed,
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Fig. 2. Freeze-fracture images of DPPC containing hexane (0.75 mol fraction hexane). (A) Large convex vesicle displays a ridged
pattern and large concave vesicle contains ring-shaped mounds and depressions. The patterns in the smaller vesicles are not as
clear, probably due to the high curvature. All vesicles are embedded in a smooth ice background. (B) Ridged outlines are seen on
extended fracture faces of a large multiwalled vesicle. Fracture steps show a variation in thickness depending on whether the
steps occur at a mound (thick step, large arrowhead) or a ridge between mounds (thin step, small arrowhead). (C) Variation in
thickness of fracture steps can be seen in this view of a large multilamellar vesicle in which the depressions are evident.
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Fig. 3. (A) and (B). Freeze-fracture images of DMPC quenched from 18°C, which is between the pretransition and main transition
temperatures. The banded pattern of the Pg' phase is evident with the spacing between bands being 13 nm. Occasionally a vesicle
is seen which contains a spacing which is approximately twice as large (inset to A). In (B) the edge fractures in a multilamellar
vesicle reveal the correspondence of the banded pattern between layers (arrow marks a mosaic region which is observable through
several layers). (C) The addition of tetradecane (0.75 mol fraction in DMPC) eliminated the banded pattern.
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Fig. 4. (A) and (B). Negative stain images of DMPC vesicles at 18°C. (A) A large collapsed vesicle shows the superposition of
banded patterns from two bilayers. The bands with the wider spacing (approx. 26 nm, large arrows) are nearly perpendicular to
the narrow spaced bands (13 nm, small arrows). The banded pattern can be seen in edge view in regions where there are folds in
the bilayer (arrowhead). (B) A fragment of a vesicle shows bands at a 13-nm specing. (C) The addition of tetradecane (0.75 mol
fraction in DMPC) produces vesicles with smooth surfaces.
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producing a two-dimensional network. In the middle
of Fig.4A one observes a bilayer with a banding of
13 nm periodicity going from lower left to upper
right superimposed on another bilayer with a 26 nm
periodicity going from upper left to lower right. Of
particular interest in this image are the edges of the
vesicle and folds in the vesicle (arrowhead) where the
large periodicity banded structure can be seen in side
view. In control experiments only smooth surfaces
are observed in DMPC liposomes negatively stained at
temperatures above the main transition temperature.
For vesicles cooled below the pretransition tempera-
ture, an occasional area of rippled structure can be
found, similar to freeze-fracture images of Luna and
McConnell [17].

The effect of n-alkanes on bilayers in the liquid-
crystalline state are shown in Fig. 5. Egg lecithin
bilayers have flat fracture faces (Fig. 5A). These faces
have a slight granular texture and are not as smooth
as gel state DPPC (Fig. 1A). Tetradecane does not
modify the flatness of these fractures faces (data not
shown). However, the fracture faces from egg leci-

thin/hexane bilayers have a quite different appear-
ance (Fig. 5B). Irregularly shaped rounded ridges
cover most fracture planes. The fracture steps are
irregular in height, being thickest where the step
passes through the middle of one of the rounded
ridges (Fig. 5B, arrow).

Discussion

Freeze-fracture experiments have shown that the
long alkane tetradecane and the short alkane hexane
have markedly different effects on the hydrophobic
interior of lipid bilayers. Bilayers containing tetra-
decane have smooth fracture faces and fracture steps
which are uniform in thickness (Fig. 1B), much like
control bilayers (Fig. 1A). The similarities in freeze-
fracture images of bilayers with and without tetra-
decane are consistent with the interpretation from
X-ray diffraction data [10], that the long alkanes
align parallel to the lipid hydrocarbon chains. Such a
positioning of the alkanes would not be expected to
modify the appearance of the fracture planes, which

Fig. 5. (A) Freeze-fracture image of egg lecithin quenched from 18°C shows a multilameliar region with smooth surface and uni-
form step heights. (B) The addition of hexane (0.83 mol fraction hexane in egg lecithin) produces irregularly shaped ridges and
fracture steps of variable thickness. Large steps (arrow) are often seen passing through ridges.



have been shown to pass through the geometric
center of lipid bilayers [11,20]. The long alkanes do
have the effect of eliminating chain tilt from gel state
phosphatidylcholine bilayers [12,13]. Although the
presence or absence of chain tilt cannot be demon-
strated directly with the freeze-fracture technique,
one structural effect of chain tilt loss can be ob-
served. The banded structure of the Pg' phase of
synthetic phosphatidylcholine bilayers occurs at
temperatures between the pretransition and the main
transition for lipids with tilted chains. The long
alkanes remove the chain tilt [12,13], the pretransi-
tion [10], and as shown in Figs. 3 and 4, the banded
structure from phosphatidylcholine bilayers. Thus,
using the notation of Luzzati and co-workers [12],
the long alkanes convert DMPC from either an Lg'
phase (below the pretransition temperature) or Pg’
phase (between the pretransition and main transition)
to an 13 phase (with no pretransition).

Fracture faces from bilayers containing hexane are
not smooth, but have mounds, depressions, and/or
ridges, the exact morphology depending on whether
the lipid is in the gel (Fig.2) or liquid crystalline
states (Fig. 5B). The modification of the fracture face
is consistent with the interpretation [10] that short
alkanes can reside in the geometric center of the
bilayer. The large and variable width of the fracture
steps is compatible with the results from X-ray dif-
fraction experiments [10], where the diffraction lines
obtained from DPPC/hexane and egg lecithin/hexane
bilayers were broader and of larger repeat period than
those from control, solvent-free bilayers. It seems cer-
tain that the mounds and depressions are caused in
some manner by the hexane. The images, such as
those in Fig. 2, are reproducible and are quite differ-
ent from the controls. To the best of our knowledge,
such images have never been reported under any
other circumstances. The variability in the width of
the fracture steps (Figs. 2B and 2C) and the large
dimensions of the steps at their widest points, taken
together with the fact that hexane has an extremely
low solubility in water, are strong indications that
significant amounts of hexane exist in the center of
the bilayer. However, it may be that the exact shape
of the interconnecting ridges of Figs. 2 A, B, and C is
caused in part by the freeze-fracture process. For
example, the ultra-rapid freezing rates that we are
using are fast enough that vitreous ice forms between
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vesicles (see Refs. 18 and 19); however, it is still pos-
sible that there could be a rearrangement of hexane
and/or a formation of hexane crystals in the center
of the bilayer during the freezing process.

The reasons for the difference in appearance
between the fracture faces from DPPC/hexane and
egg lecithin/hexane are not known, although they
presumably relate to differences in properties of gel
and liquid-crystalline state lipids. One possibility is
that the difference in hydrocarbon chain structure
between the gel and liquid-crystalline states might
influence the amount of hexane which can be
absorbed into the geometric center of the bilayer.
According to X-ray diffraction data [10], the repeat
period of DPPC and egg lecithin increase by similar
amounts with the incorporation of hexane. (The dif-
fraction data also show that DPPC remains in the gel
state and egg lecithin remains in the liquid-crystalline
state with incorporated hexane.) However, in hy-
drated control bilayers, DPPC has rigid, extended
hydrocarbon chains while the chains of egg lecithin
are kinked and less rigid. Thus, it is possible in the
case of egg lecithin/hexane bilayers that some of the
hydrocarbon chains of egg lecithin can unfold and
extend far into the hexane region in the center of the
bilayer [21]}. This could drastically alter the proper-
ties of this hexane region.

To the best of our knowledge, the images in Figs.
4A and 4B are the first time the P’ phase has been
observed with the negative stain technique. The nega-
tive stain apparently forms a cast over the lipid layers
and the banded structure is preserved, even though
the specimens are dehydrated and heated in the elec-
tron beam of the microscope. The banded structure
has been employed in the past as an aid in observing
lipid-lipid and lipid-protein interactions [22,23] by
the freeze-fracture technique. Some of these types of
interactions can also be studied by negative staining,
which offers some advantages. First, the negative
staining techniques is simple, fast, and does not
require elaborate preparatory apparatus. Secondly,
new information can be obtained, as the hydrophilic
surface of the bilayer is observed and, in folds in the
bilayer (Fig. 4A, arrow), the banded structure can be
seen in side-view. The images of Figs. 4A and 4B are
consistent with ‘rippled” structural models of Tardieu
et al. [12] and Janiak et al. [24], but inconsistent
with a ‘saw-tooth’ or ‘peristaltic’ model [24].
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