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ABSTRACT The effects of a series of normal alkanes (decane, dodecane, tetradecane, hexadecane, and octadecane) on the
hexagonal HII structures containing dioleoylphosphatidylethanolamine (DOPE) and dioleoylphosphatidylcholine (DOPC) were
studied using x-ray diffraction and osmotic stress. The alkanes affect structural dimensions and the monolayer intrinsic
curvature and bending modulus. The alkane effects are chain-length dependent and are attributed to their different
distribution within the HII structure. The data suggest that short-chain alkanes are more uniformly distributed within the HII

hydrocarbon regions and change the curvature and bending modulus of the monolayer, whereas longer-chain alkanes appear
confined more to the interstitial region and do not change the curvature and bending modulus.

INTRODUCTION

Considerable interest has been focused on the structures and
properties of nonlamellar phases, including the inverted
hexagonal phases (HII). A number of membrane functions
are found to be modulated by HII-promoting lipids such as
dioleoylphosphatidylethanolamine (DOPE), cholesterol,
and diacylglycerol (Epand, 1996, and references cited there-
in; Cullis and DeKruijff, 1979; Seddon, 1990). A particu-
larly lucid study relates membrane curvature stress and
channel gating (Lundbaek et al., 1997). In addition, new
applications of the HII phase are being developed (Perkins et
al., 1996).
Alkanes are known to promote the formation of the

inverted hexagonal phase HII. Gruner et al. have shown that
dodecane lowers the lamellar-hexagonal transition temper-
ature TH of many lipids (Gruner, 1985, 1989; Tate and
Gruner, 1987). The addition of hexane, octane, decane, or
dodecane to egg phosphatidylethanolamine lowers TH
(Hornby and Cullis, 1981). Dodecane and tetradecane lower
the TH for DOPE-dioleoylphosphatidylcholine (DOPC)
mixtures (Rand et al., 1990). A comparatively long-chain
alkane, eicosane, lowers the TH for dielaidoyl phosphatidyl-
ethanolamine (DEPE) and POPE (Epand, 1985). Alkanes
can even induce HII formation in DOPC, which normally
forms lamellar phases (Sjolund et al., 1987, 1989). A recent
study showed that the addition of dodecane into a palmitoylo-
leoyl phosphatidylcholine (POPC)/palmitoyloleoyl phospha-
tidylethanolamine (POPE) system induces a decrease in chain
order of HII phase (Lafleur et al., 1996).
The alkanes are considered to decrease the free energy of

HII as they fill the interstitial region and relieve the hydro-
carbon chain packing stress (Gruner, 1985; Rand et al.,

1990). For this reason alkanes have been used extensively to
measure the intrinsic curvature of phospholipid monolayers.
It is generally assumed that when the HII phase is saturated
with water and alkane the monolayer takes up the intrinsic
curvature of the unstressed lipids (Rand et al., 1990). How-
ever, it was clear that tetradecane did not saturate the
hexagonal phase of DOPE or DOPE/DOPC mixtures and at
higher levels caused disorder. Although much work has
been concerned with the effects of alkanes on the order
parameters and dynamics of host phospholipid bilayers
(Pope and Dubro, 1986; Pope et al., 1984; Jacobs and
White, 1984), less attention has been paid either to the
structural effects of different alkanes on the HII phase or to
the effects of different amounts of alkanes on the hexagonal
structure. It has been shown directly by x-ray diffraction
that decane partitions largely but not exclusively into the
interstitial space (Turner et al., 1992). Sjolund et al. (1987,
1989) and Seigel et al. (1989), on the basis of nuclear
magnetic resonance (NMR) studies, have interpreted their
data as showing that alkanes are located in the more disor-
dered regions peripheral to the phospholipid HII tubes and in
the interstices between tubes. Taken together, these latter
studies suggest that partitioning into these regions is higher
for longer-chain alkanes than for shorter but that higher
levels of alkanes may lead to enough alkane partitioning
between phospholipid chains as to increase monolayer cur-
vature. In this study we show that alkanes cause continuous
increases in HII lattice dimensions and to different extents
depending both on host lipid and on the alkane chain length.
We attempt to discern how and where the alkanes act in
these structures. In applying the criteria of monolayer cur-
vature based on a pivotal plane we show that decane in-
creases the curvature of DOPE monolayers, but tetradecane
does not.

MATERIALS AND METHODS

Sample preparation

Synthetic L-�-dioleoylphosphatidylethanolamine (DOPE) and L-�-
dioleoylphosphatidylcholine (DOPC) were purchased from Avanti Polar
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Lipids (Birmingham, AL) and used without further purification. The lipid
was checked for impurities by thin layer chromatography and judged to be
at least 98% pure. Alkanes were products of Sigma Chemical Co. (St.
Louis, MO).
The lipids were stored under nitrogen at �18°C until used. Lipid

mixtures were produced by combining the appropriate amounts of DOPE
or DOPC, using stock solutions in chloroform, and then removing the
solvent first by rotary evaporation and then under vacuum. Tetradecane
was added to the dry lipid by weighing directly. The concentration of
alkanes is quoted as a percentage of the total dry weight of the sample.
After 48 h of equilibration, the dry lipid mixtures were hydrated by adding
either known weights of double-distilled water or excess amounts of
polyethylene glycol solutions of known osmotic pressure, sealing, and
equilibrating them at room temperature for another 48 h. Each sample was
reweighed, combined with some powdered Teflon to use its 4.87-Å line as
an internal x-ray calibration standard, and then sealed between mica
windows 1 mm apart.

X-ray diffraction

X-ray diffraction was used to characterize the structures formed by the
hydrated lipid. The CuK�1 line (� � 1.540 Å), from a Rigaku rotating
anode generator, was isolated using a bent quartz crystal monochromator,
and diffraction patterns were recorded photographically using Guinier
x-ray cameras operating in vacuo. Sample temperature was controlled with
thermoelectric elements to approximately �0.5°C. All samples formed
hexagonal phases characterized by at least three x-ray spacings bearing
ratios to the dimension of the first order, dhex, of 1, 1/�3, 1/�4, 1/�7,
1/�9, 1/�12, etc. dhex is measured to �0.1 Å on any one sample; sample
to sample variation, approximately �2%, represents experimental error in
sample composition.

Structure analysis

HII phases are two-dimensional hexagonal lattices formed by the axes of
indefinitely long, parallel, regular prisms (Fig. 1). Water cores, centered on

the prism axes, are lined with the lipid polar groups, and the rest of the
lattice is filled with the hydrocarbon chains. Here, the cross-sectional shape
of the water core prism within that lattice is assumed to be circular,
although it has been shown that the cross section can be distorted from
circularity (Turner et al., 1992).
For a hexagonal phase of known composition, the measured lattice can

be divided into compartments as shown in Fig. 1, each containing defined
volume fractions of the lipid and water. This volume average division
follows the method originally introduced by Luzzati (e.g., see Luzzati and
Husson, 1962) and depends only on a knowledge of the specific volumes
of the molecular components and their relative amounts and on the as-
sumption of their linear addition. The water and lipid compartments are
divided by an idealized cylindrical interface that encloses a volume equal
to the volume of water in the HII phase. We refer to the surface of this
cylinder as the Luzzati plane. For the lipid components in this study some
physicochemical and structural parameters are listed in Table 1.
The radius of the water cylinder, Rw, is related to the first-order Bragg

spacing in the hexagonal phase, dhex, and to the volume fraction of water
in the sample, �w, as follows:

Rw � dhex� 2�w

��3 . (1)

The area per lipid molecule at the Luzzati plane is given by

Aw �
2�wVl

�1� �w�Rw
, (2)

where Vl is the volume of an effective lipid molecule, and �w � Vwater/
(Vwater � VPL � Valkane).
We use the notion of an effective lipid molecule that is one phospholipid

(DOPE or DOPE/DOPC) plus x alkanes, where x is the molar ratio of
alkane to phospholipid in the samples. The effective molecular volume
VL � VPL � xValkane.

Elastic energy of the hexagonal phase

The HII phase can be described in terms of the curvature and molecular
area of a pivotal plane where the molecular area remains constant (Rand et
al., 1990; Leikin et al., 1996).
Using the radius of curvature at the pivotal plane, Rp, the elastic free

energy, F, of the hexagonal phase (normalized per lipid molecule) can be
approximated by the energy of bending (Helfrich, 1973; Kirk et al., 1984):

F�
1
2 kcpAp� 1Rp �

1
R0p�

2

(3)

where kcp is the bending modulus and Ap and R0p are the molecular area
and the spontaneous radius of curvature at the pivotal plane, respectively.
We have described a recipe for determining the position of the pivotal

plane, spontaneous curvature, molecular area, and bending moduli (Leikin
et al., 1996) in the HII phase.

FIGURE 1 Schematic diagram of the structure of the hexagonal phase
showing the dimensions determined as described in the text and used for
the structural and energetic analysis.

TABLE 1 Physicochemical and structural parameters

Molecular
weight

Density
(g/cm3)

Molecular
volume (Å3)

DOPE 744 1 1235
DOPC 786 1.01 1292
Decane 142.3 0.730 324
Dodecane 170.3 0.749 378
Tetradecane 198.4 0.763 431
Hexadecane 226.4 0.773 486
Octadecane 254.5 0.777 544
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The molecular area A and radius of curvature R at any cylindrical
dividing surface, separated by a volume V per lipid molecule from the
Luzzati plane (Fig. 1), are given by

A2 � Aw2 � 2V
Aw
Rw

or A� Aw�1�
1� �w

�w

V
V1

(4)

R� Rw�1�
1� �w

�w

V
V1
. (5)

We first verify whether the system has a well defined pivotal plane. From
Eq. 4, in the form that uses normalized areas (Leikin et al., 1996),

Aw2

V12
�
Ap2

V12
� 2

Vp
V1� AwV1Rw�. (6)

We establish whether the plot (Aw/VL)2 versus (Aw/VL)Rw is a straight line.
If so, the system has a dividing surface of constant area, which is the
pivotal plane. From the slope and the intercept of the plot we determine
both the location of the pivotal plane, through Vp, the volume separating it
and the Luzzati plane, and its molecular area (Ap).
From the value of Vp we calculate the radii of curvature (Rp) at the

pivotal plane using Eq. 5. We use these radii and follow the previously
suggested procedure (Gruner et al., 1986; Rand et al., 1990) for determin-
ing the elastic parameters of the lipid mixture from osmotic stress exper-
iments. Specifically, comparing the elastic energy given by Eq. 3 with the
osmotic work done by the osmotic stress (	), we find the following
relationship:

	Rp2 � 2kcp� 1Rp �
1
R0p�. (7)

The plot of (	Rp2) versus (1/Rp) gives, simultaneously from the slope and
the intercept, the monolayer bending modulus (kcp) and the spontaneous
curvature (1/R0p) (Gruner et al., 1986; Rand et al., 1990). We use the
subscript p to be consistent with our previous notation and particularly to
emphasize that these measurements are at the pivotal plane and not at the
neutral plane of the monolayer (Leikin et al., 1996).

RESULTS

Alkanes and the hexagonal lattice dimension

The equilibrium lattice dimensions of DOPE HII phases
with increasing alkane content are shown in Fig. 2. Decane
has little effect on dhex of DOPE, whereas dodecane, tetra-
decane, hexadecane, and octadecane all increased dhex sys-
tematically with alkane content, and to extents that system-
atically increased with chain length. dhex increases linearly
with increasing alkane in the range of 0–15%, indicating
that the alkanes are not forming separate phases within this
concentration range.
At any fixed alkane content, dhex increases with alkane

chain length. Limited amounts of alkane could be incorpo-
rated into the hexagonal phase. Above that limit, extra lines,
disorder, or maximal spacings were observed indicating
either phase separation or phase transition from the single
hexagonal phase. We restrict all of our analysis here to the
single-phase region.

Similar trends for the large hexagonal phases formed by
DOPE/DOPC (3:1, mol/mol) are shown in Fig. 3. Here all
alkanes including decane increased dhex systematically.

Changes in structural dimensions induced by
decane or tetradecane.

The structural effects of alkanes on DOPE were examined.
dhex-�w phase diagrams were constructed for DOPE/water,
DOPE/16%decane/water, and DOPE/16%tetradecane/water
and are shown in Fig. 4.
dhex for the three systems increased with addition of water

to a limiting swelling value where the system becomes
saturated with water. Remarkably, that limiting value is the
same for DOPE with and without decane but increases with
tetradecane, consistent with the data of Fig. 3. The limiting
values of �w

0 and dhex were determined as previously de-
scribed (Chen and Rand, 1997) by the intersection of the
average dimension in excess water with a line fitted to the
change in dimension with water content. These lines are
shown in Fig. 4 and show the different qualitative effects of
these two alkanes. Although the differences are small, they

FIGURE 2 Lattice dimension dhex of the hexagonal phases formed by
dioleoylphosphatidylethanolamine containing increasing amounts of the
indicated alkane in excess water. Higher alkane contents result in disorder
of the hexagonal phase.
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are systematic. Decane results in a lower limiting water
content than DOPE at the same hexagonal lattice dimen-
sion. Tetradecane on the other hand results in an equivalent
limiting water content as decane but at a larger lattice
dimension. On this basis, these data yield the various struc-
tural dimensions, defined in Fig. 1, of the hexagonal phases
in excess water that are shown in Table 2.
The striking effect of equivalent volumes of alkane is that

the lattice dimensions of both DOPE/decane and DOPE/
tetradecane in limited water are larger than that of pure
DOPE and increase with alkane size. This effect is qualita-
tively different from that of dioleoylglycerol (DOG) and
cholesterol added to DOPE, both of which cause no increase
in dhex at constant �w no matter how much cholesterol or
DOG was added (Chen et al., 1997; Leikin et al., 1996). We
analyze these data later in terms of a pivotal plane within the
hexagonal phase monolayer.
Several structural parameters of the hexagonal phase

were measured in an attempt to determine how these hy-
drocarbons affect lattice dimension. In a completely sepa-
rate series of samples, a comparison was made for DOPE
with and without two levels of decane and tetradecane,
where all samples have a constant water content of 14.1
water molecules per polar group. Some characteristic pa-
rameters are shown in Fig. 5. With the same number of
water molecules per effective molecule, dhex of DOPE/

decane is almost identical to that of pure DOPE whereas
dhex of DOPE/tetradecane increases with alkane content.
Although dhex barely changed with addition of decane, Rw
decreased with addition of decane much more than with
tetradecane. Both lipid layer dimensions, dl and dm, increase
more in the case of tetradecane than that of decane, as is also
the case in excess water (Table 2). These differences be-
tween decane and tetradecane are consistent with the data of
Figs. 2 and 4.

Influence of decane or tetradecane on the pivotal
plane of DOPE

The phase data have been used to determine 1) whether
there is a pivotal plane within the monolayer and 2) where
that pivotal plane is. The diagnostic plots (Leikin et al.,
1996) of (Aw/VL)2 versus Aw/(VLRw) for DOPE, DOPE/16
wt% decane, and DOPE/16 wt% tetradecane are shown in
Fig. 6. All three plots are straight lines, which indicates that
there is a well-defined pivotal plane in all three cases. These
linear fits yield the values shown in Table 3 where the errors
are 95% confidence limits.
These results show that the absolute area AP of the pivotal

plane increases from 64 Å2 for DOPE to 73 Å2 with added
decane and tetradecane. The position of the pivotal plane,
however, shifts with added alkanes to include more hydro-

FIGURE 3 Lattice dimension dhex of the single hexagonal phases formed
by DOPE/DOPC 3/1 with increasing amounts of added alkane and in
excess water. Higher alkane contents result in disorder of the hexagonal
phase.

FIGURE 4 Lattice dimension dhex of the phases formed by DOPE,
DOPE/decane, and DOPE/tetradecane (16% dry weight alkane) as a func-
tion of volume fraction water. In less than excess water, the lattice dimen-
sions for each system were detectably different. The maximal lattice
dimension, indicated by the horizontal lines, was not detectably different
with added decane but was for added tetradecane. The limiting water
fraction water is determined by the intersection of the horizontal and fitted
lines. Structural dimensions for excess water are shown in Table 1.
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carbon volume. The volume of the DOPE polar group is 312
Å3; Vp includes 380 Å3 for DOPE, 408 Å3 for decane, and
470 Å3 for tetradecane.

Osmotically stressed hexagonal phases with or
without decane or tetradecane

The lattice dimensions of osmotically stressed hexagonal
phases of DOPE, with and without 16% of the various
alkanes are shown in Fig. 7. The dimensions maintain their
relative values throughout the osmotic stress range but
appear to converge at high pressures or low water content.
For decane and tetradecane, the water content of each of
these phases (�w) is determined from the �w versus dhex

dependence (Fig. 4) and structural dimensions determined
as previously described.

Effect of decane and tetradecane on intrinsic
curvature Rop and bending modulus kcp

We determine the radius of curvature at the pivotal plane,
Rp, and the monolayer bending modulus kcp for the osmot-
ically stressed hexagonal phases, using Eq. 6 with Rw and Vp
and using the �w as determined from Fig. 4. Figure 8 shows
the plots of 	Rp2 versus 1/Rp for DOPE, DOPE/decane, and
DOPE/tetradecane, where 	 is the osmotic pressure of the
equilibrating solution. The intercepts at 	 � 0, and the
slopes yield the radii of spontaneous curvature Rop and

TABLE 2 Some structural parameters of the hexagonal phases in excess water

�w
0 dhex (Å) Nw Rw (Å) dl (Å) dm (Å) Aw (Å)2 At (Å)2

DOPE 0.708 64.0 17 21.0 32.0 43.4 49 94
DOPE/d 0.718 64.5 19 20.3 33.9 45.4 57 115
DOPE/td 0.713 68.4 20 21.8 35.6 47.9 54 109

øw0 is the volume fraction water in the hexagonal phase in excess water yielding Nw, the number of water molecules per effective molecule.

FIGURE 5 Dimensions, defined in
Fig. 1, in the hexagonal phases
formed by DOPE with added decane
or tetradecane where all samples con-
tain 14.1 water molecules per etha-
nolamine group, this being less than
excess water. For these dimensions,
decane is seen to have a smaller ef-
fect on the hexagonal lattice of
DOPE than tetradecane.
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bending moduli kcp shown in Table 4 where the errors are
95% confidence limits. We describe the position of the
pivotal plane in Table 4 in terms of 	pol and 	hc, where
	pol � Rop � Rw and 	hc � dl � 	pol.

DISCUSSION

The idea that one could saturate the hexagonal lattice with
hydrocarbon and water and thereby relieve hydration and
hydrocarbon chain stress and allow the phospholipid mono-

layers to relax to their intrinsic or spontaneous curvature has
been used to measure that curvature. Alkanes are generally
considered to partition into the interstitial part of HII phases
and not to change the radius of the curvature significantly
(Kirk and Gruner, 1985; Siegel et al., 1989). It has been
shown directly by x-ray diffraction (Turner et al., 1992) that
decane partitions largely but not exclusively into the inter-
stitial space. However, these current results indicate that
several dimensions within the fully hydrated DOPE hexag-
onal phase change continuously with alkane content and do
not plateau, for example, at the level used to measure
intrinsic curvature. Higher alkane contents cause phase tran-
sitions. Both of these effects are inconsistent with the con-
cept of saturation of the hexagonal structure with hydrocar-
bon. Furthermore, these results show that the dimension of
the fully hydrated DOPE hexagonal phase increases differ-
ently with hydrocarbons of different chain lengths, i.e., the
hydrocarbons do not act equally as indifferent solvents.
Finally, these results show that these effects are different for
DOPE and DOPC/DOPE hexagonal phases. These data
raise the question as to what extent the measured Rop is
intrinsic or spontaneous or is that of the fully unstressed
unmodified phospholipid monolayer.
The more detailed structural dimensions, measured cur-

vatures and bending moduli for decane and tetradecane
provide some indications for their different effects. The
dimensions in Table 5 summarize the major effects of
decane and tetradecane, with values in bold indicating sin-
gular significant difference where it exists. All suggest that
decane, more than tetradecane, partitions into the hydrocar-
bon space between the phospholipid chains, and tetradecane
is more confined to the spaces between HII tubes, at the ends
of the phospholipid chains. This interpretation is shown
schematically in Fig. 9.
The fully hydrated hexagonal lattice dimension is un-

changed with added decane but increases with tetradecane.
It is clear from this work that the simple lattice dimension
and its changes are deceptive in reflecting curvature
changes when curvature is defined at the pivotal plane. Rop
is unchanged with tetradecane and decreases with decane.
This would be expected if decane partitions or intercalates
between the hydrocarbon chains of the phospholipids,
splaying them, effectively increasing lipid curvature. Tetra-
decane on the other hand has no effect on curvature but
increases dl and dm more than decane, suggesting that it is
more restricted to the regions external to the lipid chains.
Similar differential disposition of the alkanes is suggested

TABLE 3 Fits to the data of Figure 6 to determine the position of the pivotal plane as defined by its area Ap and volume
between the pivotal and Luzzati planes Vp

Ap/Vl (Å)�1 Vp/Vl Vl (Å)3 Vpol (Å)3 Ap (Å)2 Vp (Å)3

DOPE 0.052 � 0.002 0.31 � 0.02 1235 312 64.2 � 2.5 380 � 25
DOPE-decane 0.047� 0.002 0.26 � 0.02 1569 312 73.7� 3.2 408 � 27
DOPE-tetradecane 0.047� 0.002 0.30 � 0.02 1567 312 73.6� 3.2 470 � 30

Vpol is the volume of the polar group of DOPE. Errors are 95% confidence limits.

FIGURE 6 Diagnostic plots, as described in Eqs. 6 and applied to the
data of Fig. 4, relating molecular area at the Luzzati plane Aw with the
radius of the water cylinder Rw. When the area is normalized by the volume
of an effective molecule (Vl) as described in the text, a systematic deviation
from pure DOPE can be seen both with decane and tetradecane. However,
each system yielded linear plots indicating the presence of a pivotal plane
of constant area. Linear least squares fits of these plots give the slope
(2Vp/Vl), which defines the fraction of molecular lipid volume included
inside the pivotal surface, and the intercept, which gives its molecular area.
Data are shown in Table 2.
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by the structural dimensions at limited and constant num-
bers of water per polar group seen in Fig. 4. Here decane
again has a smaller effect than tetradecane on the hydrocar-
bon thicknesses dh and dm, as if it is more distributed among
the hydrocarbon chains of the lipids, and tetradecane be-
tween HII tubes.
With both decane and tetradecane the pivotal plane has

moved toward the polar group layer, as seen by the decrease
in the distance between the Luzzati and pivotal planes, 	pol
and increase in the distance between pivotal plane and chain
terminals 	hc. However, decane causes a greater relative
shift than tetradecane. Such a greater shift is seen also as a
greater decrease in Vp/Vl (Table 3).
Decane, and not tetradecane, causes a decrease in the

monolayer bending modulus. In fact, this is the only de-
crease in the modulus we have ever observed; both choles-
terol and diacylglycerol for example cause approximately a
30% increase in bonding modulus at equimolar concentra-
tions (Chen and Rand, 1997; Leikin et al., 1996). Each of
these latter additives is restricted to the monolayer, con-
strained to be parallel to the phospholipid chains. One might
speculate that if decane, and not tetradecane, increasingly

partitions into the hydrocarbons of the phospholipids during
monolayer bending, that might ease bending, reducing the
effective modulus.
The differential partitioning of these alkanes is consistent

with several NMR and other previous studies of alkanes in
hexagonal phases and their ability to cause lamellar-hexag-
onal transitions. Sjolund et al. (1987, 1989) and Seigel et al.
(1989), on the basis of NMR studies, have interpreted their
data as showing that alkanes are located in the more disor-
dered regions peripheral to the phospholipid HII tubes. Al-
kanes at higher concentrations were thought to partition
between phospholipid chains and to increase monolayer
curvature. However, that interpretation relied on the as-
sumption that lattice dimension and intrinsic radius of cur-
vature were directly connected. However, if curvature is
measured at the pivotal plane, our results show that even at
the high levels of tetradecane such partitioning does not
result in curvature change, whereas it does with decane. One

FIGURE 7 Experimental data relating the osmotic pressure, 	, of the
equilibrating solutions and the hexagonal lattice dimension dhex formed by
DOPE with and without 16 wt% of the indicated alkane. With increasing
alkane size, the lattice dimensions start from ever larger lattice size at low
pressures but converge at higher pressures.

FIGURE 8 Plot, following Eq. 7, to determine the intrinsic radius of
curvature Ro and the bending modulus kcp for these plots of DOPE and
DOPE with 16% decane or tetradecane. Data are shown in Table 3.

TABLE 4 Fits to the data of Figure 8 giving the intrinsic
curvature Rop and bending modulus kcp

Rop (Å) kcp (kT) 	pol (Å) 	hc (Å)

DOPE 28.3 � 0.3 12 � 0.5 7.3 � 0.5 8.7 � 0.5
DOPE-decane 26.7 � 0.3 9 � 0.8 6.4 � 0.5 10.6 � 0.5
DOPE-tetradecane 28.7� 0.3 12 � 0.6 6.9 � 0.5 10.9 � 0.5

	pol and 	hc are the distances, shown in Figure 9, from the pivotal plane to
the Luzzati plane and to the chain terminals in the interaxial direction,
respectively. Errors are 95% confidence limits.
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might expect the longer-chain hydrocarbons, on the basis of
their higher entropic cost of uncoiling, to be more confined
to the more isotropic space external to the lipid chains and
the shorter chains to be able to partition more among the
lipid chains. Marqusee and Dill (1986) have formulated a
mean field theory of solute partitioning in such phases of
amphiphiles that depends on such entropy considerations
and on gradients in hydrocarbon chain order.
In addition to these more general considerations of par-

titioning, our empirical results suggest rather specific ef-
fects; that tetradecane, for example, is the more appropriate
hydrocarbon to use in measuring intrinsic curvature of
DOPE as it intercalates less into the lipid chains. However,
one needs to confirm any independence of measured cur-
vature on chain length with more studies. One can see from
Figs. 2 and 3 that the hydrocarbon effects are different for
DOPE/DOPC than for DOPE itself. Until the details of the
former effects are studied, it is difficult to judge which
hydrocarbon is most appropriate to use to measure these
smaller intrinsic curvatures.
Although these results qualify the strategy of measuring

intrinsic curvature as we have used it in the past, they do not
negate measuring large differences in intrinsic curvature.
The effects of alkane content and the differences among the
alkanes are relatively small compared with the large
changes in curvature induced by, for example, the choline
head group (Rand et al., 1990), cholesterol (Chen and Rand,
1997), and lysolipids (Chen et al., 1997).

We thank Sergey Leikin and Misha Kozlov for constructive discussions.
Nola Fuller always provides valuable guidance in the laboratory and in
discussion. ZC and RPR were supported by the Natural Sciences and
Engineering Research Council of Canada. Much of this work was carried
out when RPR was a Research Fellow of the Canada Council’s Killam
Program.

REFERENCES

Chen, Z., N. Fuller, and R. P. Rand. 1997. Effects of Cholesterol and
lysolipids on phospholipid membrane curvature and bending elasticity.
Biophys. J. 72:A69.

Chen, Z., and R. P. Rand. 1997. The influence of cholesterol on phospho-
lipid membrane curvature and bending elasticity. Biophys. J. 73:
267–276.

Cullis, P. R., and B. DeKruijff. 1979. Lipid polymorphism and the func-
tional role of lipids in biological membranes. Biochim. Biophys. Acta.
559:399–420.

Epand, R. M. 1985. Diacylglycerols, lysolecithin, or hydrocarbons mark-
edly alter the bilayer to hexagonal phase transition temperature of
phosphatidylethanolamines. Biochemistry. 24:7092–7095.

Epand, R. M. 1996. Functional roles of non-lamellar forming lipids. Chem.
Phys. Lipids. 81:101–104.

Gruner, S. M. 1985. Intrinsic curvature hypothesis for biomembrane lipid
composition: a role for nonbilayer lipids. Proc. Natl. Acad. Sci. USA.
82:3665–3669.

Gruner, S. M. 1989. Stability of lyotropic phases with curved interfaces.
J. Chem. Phys. 93:7562–7570.

Gruner, S. M., V. A. Parsegian, and R. P. Rand. 1986. Directly measured
deformation energy of phospholipid HII hexagonal phases. Faraday
Discuss. Chem. Soc. 81:29–37.

Helfrich, W. 1973. Elastic properties of lipid bilayers: theory and possible
experiments. Z. Naturforsch. 28C:693–703.

Hornby, A. J., and P. R. Cullis. 1981. Influence of local and neutral
anaesthetics on the polymorphic phase preferences of egg yolk phos-
phatidylethanolamine. Biochim. Biophys. Acta. 647:285–292.

Jacobs, R. E., and S. H. White. 1984. Behavior of hexane dissolved in
dioleoylphosphatidylcholine bilayers: an NMR and calorimetric study.
J. Am. Chem. Soc. 106:6909–6912.

Kirk, G. L., and S. M. Gruner. 1985. Lyotropic effects of alkanes and
headgroup composition on the L�-HII lipid liquid crystal phase
transition: hydrocarbon packing versus intrinsic curvature. J. Physique.
46:761–769.

Kirk, G. L., S. M. Gruner, and D. L. Stein. 1984. A thermodynamic model
of the lamellar to inverse hexagonal phase transition of lipid membrane-
water system. Biochemistry. 23:1093–1102.

Lafleur, M., M. Bloom, E. F. Eikenberry, S. M. Gruner, Y. Han, and P. R.
Cullis. 1996. Correlation between lipid plane curvature and lipid chain
order. Biophys. J. 70:2747–2757.

Leikin, S., M. M. Kozlov, N. L. Fuller, and R. P. Rand. 1996. Measured
effects of diacylglycerol on structural and elastic properties of phospho-
lipid membrane. Biophys. J. 71:2623–2632.

Lundbaek, J. A., A. M. Maer, O. S. Anderson. 1997. Lipid bilayer elec-
trostatic energy, curvature stress, and assembly of gramicidin channels.
Biochemistry. 36:5695–5701.

Luzzati, V., and F. Husson. 1962. The structure of the liquid-crystalline
phases of lipid-water systems. J. Cell. Biol. 12:207–219.

FIGURE 9 Schematic diagram of the dimensions occupied by the indi-
cated equivalent molecules in the hexagonal phases. Results suggest that
decane partitions more into the hydrocarbon chain regions of the phospho-
lipids, and tetradecane is restricted more to the interstitial regions and the
regions between hexagonal tubes.

TABLE 5 Major effects of decane and tetradecane

dhex (Å) Rop (Å) 	pol Ap (Å)2 Vp (Å)3 dl (Å) 	hc kc (kT)

DOPE 64.0 28.3 7.3 64.2 380 32.0 8.7 12
DOPE-decane 64.5 26.7 6.4 73.7 408 33.9 10.6 9
DOPE-tetradecane 68.4 28.7 6.9 73.6 470 35.6 10.9 12

Chen and Rand Effects of Alkanes on Hexagonal Phases 951



Marqusee, J. A., and K. A. Dill. 1986. Solute partitioning into chain
molecule interphases: monolayer, bilayer membranes and micelles.
J. Chem. Phys. 85:434–444.

Perkins, W. R., R. B. Dause, R. A. Parente, S. R. Minchey, K. C. Neuman,
S. M. Gruner, T. F. Taraschi, and A. S. Janoff. 1996. Role of lipid
polymorphism in pulmonary surfactant. Science. 273:330–332.

Pope, J. M., and D. W. Dubro. 1986. The interaction of n-alkanes and
n-alcohols with lipid bilayer membranes: a 2H-NMR study. Biochim.
Biophys. Acta. 858:243–253.

Pope, J. M., L. W. Walker, and D. W. Dubro. 1984. On the ordering of
n-alkane and n-alcohol solutes in phospholipid bilayer model membrane
systems. Chem. Phys. Lipids. 35:259–277.

Rand, R. P., N. L. Fuller, S. M. Gruner, and V. A. Parsegian. 1990.
Membrane curvature, lipid segregation, and structural transitions for
phospholipids under dual-solvent stress. Biochemistry. 29:76–87.

Seddon, J. M. 1990. Structure of the inverted hexagonal (HII) phase and
non-lamellar phase transitions of lipids. Biochim. Biophys. Acta. 1031:1–69.

Siegel, D. P., J. Banschbach, and P. L. Yeagle. 1989. Stabilization of HII
phases by low levels of diglycerides and alkanes: an NMR, calorimetric,
and x-ray diffraction study. Biochemistry. 28:5010–5019.

Sjolund, M., G. Lindblom, L. Rilfors, and G. Arvidson. 1987. Hydrophobic
molecules in lecithin-water system. Biophys. J. 52:145–153.

Sjolund, M., L. Rilfors, and G. Lindblom. 1989. Reversed hexagonal phase
formation in lecithin-alkane-water systems with different acyl chain
unsaturation and alkane length. Biochemistry. 28:1323–1329.

Tate, M. W., and S. M. Gruner. 1987. Lipid polymorphism of mixtures of
dioleoylphosphatidylethanolamine and saturated and monounsaturated
phosphatidylcholines of various chain lengths. Biochemistry. 26:
231–236.

Turner, D. C., S. M. Gruner, and J. S. Huang. 1992. Distribution of decane
within the unit cell of the inverted hexagonal (HII) phase of lipid-water-
decane systems determined by neutron diffraction. Biochemistry. 31:
1356–1363.

952 Biophysical Journal Volume 74 February 1998


	Comparative Study of the Effects of Several n-Alkanes on Phospholipid Hexagonal Phases
	Introduction
	Materials and methods
	Sample preparation
	X-ray diffraction
	Structure analysis
	Elastic energy of the hexagonal phase

	Results
	Alkanes and the hexagonal lattice dimension
	Changes in structural dimensions induced by decane or tetradecane.
	Influence of decane or tetradecane on the pivotal plane of DOPE
	Osmotically stressed hexagonal phases with or without decane or tetradecane
	Effect of decane and tetradecane on intrinsic curvature Rop and bending modulus kcp

	Discussion
	References


