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ABSTRACT: We demonstrate a method by which we can
produce an oriented film of an inverse bicontinuous cubic
phase (QII

D) formed by the lipid monoolein (MO). By starting
with the lipid as a disordered precursor (the L3 phase) in the
presence of butanediol, we can obtain a film of the QII

D phase
showing a high degree of in-plane orientation by controlled
dilution of the sample under shear within a linear flow cell. We
demonstrate that the direction of orientation of the film is
different from that found in the oriented bulk material that we
have reported previously; therefore, we can now reproducibly
form QII

D samples oriented with either the [110] or the [100]
axis aligned in the flow direction depending on the method of preparation. The deposition of MO as a film, via a moving fluid−
air interface that leaves a coating of MO in the L3 phase on the capillary wall, leads to a sample in the [110] orientation. This
contrasts with the bulk material that we have previously demonstrated to be oriented in the [100] direction, arising from flow
producing an oriented bulk slug of material within the capillary tube. The bulk sample contains significant amounts of residual
butanediol, which can be estimated from the lattice parameter of the QII

D phase obtained. The sample orientation and lattice
parameters are determined from synchrotron small-angle X-ray scattering patterns and confirmed by simulations. This has
potential applications in the production of template materials and the growth of protein crystals for crystallography as well as
deepening our understanding of the mechanisms underlying the behavior of lyotropic liquid-crystal phases.

■ INTRODUCTION

We have previously demonstrated a method to produce highly
oriented inverse bicontinuous cubic phases of biological lipids.1

In this Letter, we show that we are able to produce oriented
films of this material by a modification of this method, which
displays a different crystallographic orientation.
The inverse bicontinuous cubic phases formed by biological

amphiphiles, such as lipids, are of great interest across of a
range of scientific disciplines.2 These 3D nanostructures are
composed of a curved fluid bilayer made from the lipid
molecules, which separates two interpenetrating continuous
networks of water channels. Three such cubic phases are
known: the QII

D (diamond), QII
P (primitive), and QII

G (gyroid)
phases, each of which contains water channels typically 2−5 nm
in diameter. Because of their high surface area and easily tuned
geometry, they have potential as templates for size- selective
molecular sieves or catalysts34 or for electronic applications.56

They have also shown success as a matrix for the crystallization
of membrane proteins7 and as a host for siRNA8.9 Moreover,
given the biological origin of the amphiphiles and the similarity
of the bilayer environment within the QII phase to a cell
membrane, they have much more widespread potential in

protein research.10 A related but much less ordered phase than
the inverse bicontinuous cubics has also been reported: the L3
or sponge phase. The L3 phase can be considered to be a
disordered cubic phase that still displays a bicontinuous
network of water channels separated by a lipid bilayer.11 It
possesses short-range order; however, it is disordered over
longer length scales. Amphiphiles that spontaneously form
cubic phases are often seen to form L3 phases in the presence of
additives, which causes a relaxation of the curvature of the cubic
phase, leading to this disordered structure.12,13

We recently reported a method by which the L3 phase
formed by biological lipids could be converted to a highly
oriented QII

D phase using controlled dilution under shear.1 An
oriented sample such as this is advantageous because it allows
information to be obtained that is not possible from the
unoriented analogue. This includes the mechanism of
interconversion of lyotropic phases, which cannot be
determined unambiguously using powderlike samples.14 In
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addition, internal domain boundaries are also known to affect
phase-transition kinetics,15 and can potentially affect transport,
mechanical, and optical properties16 in cubic phases and
inorganic materials templated from them. In such applications,
it is likely that key properties are dependent on the control of
the specific orientation adopted. In a different approach,
Pieranski has produced single crystallites of an inverse
bicontinuous cubic phase between 10 μm and 1 mm in
size.17 although no direct evidence for the orientation has been
produced using X-ray scattering, the observed faceting of the
droplet makes it highly likely that the sample is macroscopically
oriented.
Although much work has concentrated on the production of

bulk materials of lipid cubic phases, there has been little
previous work on the formation of inverse bicontinuous cubic
phases of lipids as films. This has previously been achieved by
dip coating the lipid from a chloroform solution, followed by
hydratio, for subsequent visualization with atomic force
microscopy.18 However, this method does not produce a
material with in-plane orientation, and the production and
analysis of such films are nontrivial. By preparing a film from
the L3 phase, however, the relatively low viscosity of the L3
precursor19 can be exploited. Furthermore, as we will
demonstrate here, it is possible to prepare a film with in-
plane orientation.
The bulk QII

D phases produced in previous work were found
to be oriented with the [100] axis aligned parallel to the flow
direction. We show here that it possible to produce an oriented
thin film of the same material and that this film displays a
different orientation, with the [110] axis aligned parallel to the
flow direction. This is achieved by setting the flow conditions
such that the film is formed on the X-ray capillary as the
liquid−air interface passes repeatedly across the portion of the
sample that is being measured by the X-ray beam. By achieving
control over the deposition of the material and the subsequent
structural alignment, it opens up further possibilities for the use
of materials in applications where a particular crystal plane may
be desirable or where a thin film may be advantageous.

■ MATERIALS AND METHODS
Experimental Data. A 60:40 v/v solution of water/1,4-butanediol

was prepared and mixed with monoolein (MO) (Rylo, received as a
gift from Danisco) in a 60:40 w/w solvent/MO ratio. The sample
underwent two freeze−thaw cycles to form an optically isotropic
viscous liquid. Samples were loaded into a custom-built syringe-pump-
driven flow cell using 1.5-mm-internal-diameter fluorinated ethylene
propylene (FEP) tubing connected to a 1.5-mm-diameter thin-walled
borosilicate glass X-ray capillary.
The method of preparation of a thin film oriented in the [110]

direction is illustrated in Figure 1. First, approximately 50 μL of the L3
phase was introduced into the capillary at a distance such that when
oscillatory shear was applied the air−L3 interface passed through the
X-ray beam. SAXS patterns confirmed that the starting material was
present in the L3 phase. The sample was separated from a column of
water by an air gap of approximately 40 μL. The sample was subjected
to oscillatory shear at a rate of 10 μL s−1 with a displacement of 50 μL
(Figure 1i−iv). The acquisition of SAXS data during this process
demonstrated the formation of an oriented cubic phase, which
remained stable when the capillary was subsequently flushed with
water (step v). As a mechanism for cubic-phase formation, we suggest
that the water and sponge phases each leave a residual coating in their
path on every passage, and because the 50 μL displacement is greater
than the 40 μL air gap, there is some overlap, allowing the gradual
exchange of material. This dilution reduces the concentration of
butanediol, causing cubic-phase formation, as we have discussed

previously.1 Our previous studies have demonstrated that the bulk slug
of sample to the right itself gradually becomes transformed into the
cubic phase showing a [100] orientation.1

Data were collected at beamline I911-4 at the Max-lab synchrotron
facility20 with a beam size at the sample of 0.3 × 0.3 mm2 (full width at
half-maximum, fwhm). The wavelength was 0.91 Å, and data were
collected over a q range of 0.006−0.18 Å−1. Images were recorded in a
bidimensional CCD detector (165 mm diameter from Marresearch
Inc.) over a range of exposure times between 30 and 60 s, and
azimuthal and radial plots were generated using the YAX macro within
ImageJ.21 Additional data in the linear flow cell were collected at
beamline I22 at the Diamond Light Source and recorded on a Pilatus 2
M detector. Data in a Couette cell were collected at the ID02 high-
brilliance beamline at the ESRF using a Haake RS300 rheometer fitted
with an X-ray-transparent polyimide Couette cell (inner diameter, 20
mm; outer diameter, 22 mm; height, 40 mm; gap, 1 mm). For the
azimuthal plots shown in Figures 2b−d and 3b,c, a background was
subtracted as determined by the average of azimuthal plots from annuli
taken inside and outside each ring.22 For Figure 3d, this could not be
done because of the small signal to noise ratio, and thus a constant
background was subtracted.

Simulated Data. Simulated peak positions were calculated as
follows; we denote the uniaxial axis of rotation, which lies parallel to
the flow direction, as [hRkRlR]. (This axis is [100] or [110] in the two
different orientations described in this Letter.) For a given (hkl)
reflection, we begin by identifying every possible {hkl} combination.
For example, for {hkl} = {1 0 0}, the six variations of (hkl) are (1 0 0),

Figure 1. Schematic showing the process by which the oriented cubic
phase film is formed within the linear flow cell. Under steps i−iv, a
sample−air interface repeatedly crosses the X-ray beam path, leaving a
thin film of sample adhering to the capillary wall. When the bulk
cubic/sponge phase is washed away (step v), the remaining cubic
phase coating is found to be oriented with the [110] axis parallel to the
flow direction.
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Figure 2. (a) 2D SAXS pattern for a sample oriented along the [110] axis. (b−d) Aziumuthally integrated 1D patterns of a sample oriented along the
[110] axis, with (b) the first reflection, (c) the second reflection, and (d) the third reflection. The dotted lines indicate the positions of the expected
peaks in the azimuthally integrated data based on our simulations. Angles are relative to the flow direction, which is horizontal in the 2D SAXS
patterns.

Figure 3. (a) 2D SAXS pattern for a sample oriented along the [100] axis. (b−d) Aziumuthally integrated 1D patterns of a sample oriented along the
[100] axis, with (b) the first reflection, (c) the second reflection, and (d) the third reflection. The dotted lines indicate the positions of the expected
peaks in the azimuthally integrated data based on our simulations. Angles are relative to the flow direction, which is horizontal in the 2D SAXS
patterns.
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(−1 0 0), (0 1 0), (0 −1 0), (0 0 1), and (0 0 −1). Each {hkl}
variation gives two reflections with azimuthal angles of ±χ relative to
the axis of rotation, which is horizontal in the images shown. The
azimuthal angle, χ, is approximately equal to the angle between the
[hRkRlR] direction and the [hkl] vector that is normal to the (hkl)
planes and can be described as

χ =
| || |

h k l hkl
h k l hkl

cos( )
[ ]. [ ]
[ ] [ ]

R R R

R R R

where |[hRkRlR]| is the modulus of vector [hRkRlR].
This approximation is valid for scattering at small angles where

reflections occur when the [hkl] direction lies approximately in the
plane of the detector and therefore perpendicular to the beam
direction, which is close to parallel to the (hkl) planes. Because the X-
ray wavelength is 0.91 Å and the d spacings of the reflections were >50
Å, this approximation is reasonable. We also determined a qualitative
estimate of the relative intensities of reflections in a given azimuthal
scan for different sets of {hkl} planes. Our estimated relative intensity
is given by the multiplicity divided by sin(χ) and reflects the Lorentz
factor for uniaxial (i.e., fiber-averaged) scattering patterns.23 The
multiplicity in this case is the number of ⟨hkl⟩ vectors giving
reflections at the same values of χ. We have arbitratily assigned an
upper limit of 30 for the relative intensity when χ = 0 in order that the
value remain finite. Because of the various approximations made in our
theoretical approach and the manner in which the background
subtraction was performed on the experimental data, this estimate is
not quantitative; it predicts which reflections are more intense than
others but does not give the exact ratio of intensities.

■ RESULTS AND DISCUSSION
Figure 2 shows the 2D scattering pattern obtained from the
oriented film and its corresponding integrated 1D azimuthal
plots for the first three reflections. The data clearly demonstrate
a significant degree of alignment. Because the data were
obtained with the beam passing perpendicular to the plane of
the substrate (i.e., across the diameter of the capillary tube),
this alignment is parallel to the plane of the substrate. We
demonstrate that the data are consistent with a sample
uniaxially oriented about the [110] axis that lies parallel to
the flow direction by including simulations for the predicted
azimuthal angles of each reflection, assuming this orientation.
The simulated positions and approximate relative intensities are
shown as dotted lines, which give good agreement with the
experimental data. The sample was left sealed in the capillary
and was found to be stable in this orientation for over 24 h
(Supporting Information, Figure S2). The possibility of a
sample maintaining its orientation on these much longer time
scales greatly enhances the potential value of these oriented
materials.
Figure 3 shows the 2D scattering pattern and corresponding

azimuthal plots for an oriented bulk sample prepared using the
method described previously.1 Here, we find that the
orientation matches the pattern generated by a sample oriented
in the [100] direction.
We have considered a number of possible mechanisms that

could explain the in-plane orientation of the film sample and
the reasons that it produces an orientation that is different from
that observed previously for the bulk sample.
First, there is the possibility that a thin coating of the sponge

phase is rapidly converted to an unoriented cubic phase, which
is then oriented by the shear force of the flowing water. The
shear force that is experienced is greatest at the walls and
decreases closer to the center of the capillary. We estimate that
given a volume flow rate of 10 μL s−1 in a capillary of radius
0.75 mm, the shear rate at the wall would be 30 s−1. Moreover,

as the thin films experience a higher shear rate than the bulk
sample closer to the center of the capillary and analogous work
on gyroid diblock copolymers describes the selection of a
particular orientation under increasing shear,24 this could in
principle suggest the difference in orientation between the thin-
film samples described here and the oriented bulk samples in
our previous paper. To test this, we formed a thin film of MO
on the inside of the capillary. To provide this thin coating of
lipid, a 50% w/w solution of MO in ethanol was introduced
into the capillary and then removed, and the residual solvent
was allowed to evaporate. This has been shown to leave a thin
coating of lipid approximately 10 μm thick.6 Water was then
introduced under oscillatory shear in a manner analogous to
that described in the previous experiments. We observed that
films prepared from ethanol were hydrated immediately to give
a QII

D phase. However, when this film was subjected to
repeated oscillatory shear with water present, the sample did
not display any orientation (Supporting Information, Figure
S3). We also considered the possibility that the presence of
some residual butanediol would soften the cubic phase, making
it more suspectible to the shear orientation. To test this, we
replaced the water with an aqueous solution of 15 wt %
butanediol. However, repeated shear with this solution did not
orient the cubic phase, even with an increased flow rate of 30
μL s1− (Supporting Information, Figure S4i,ii).
Second, we considered the possibility that shear acting on a

film of the sponge phase causes it to orient, prior to its
transformation to a QII

D phase, as previous work on surfactant
sponge phases has shown the transformation of the L3 phase to
an aligned lamellar phase under shear.25 However, even
subjecting the sponge phase to a shear rate of 500 s−1 in a
Couette cell is insufficient to produce any orientation of the
sponge alone (Supporting Information, Figure S5i,ii).
We therefore suggest that there is something inherent in the

simultaneous hydration and shear that causes the orientation,
both for the thin film and for the oriented bulk samples
described previously. It is difficult to separate further the
variables of shear rate, the rate of dilution of the butanediol, and
the thin film versus bulk morphology of the sample. It is
possible, for example, that the difference in orientation between
the thin films and the bulk samples could be ascribed to the
differences in residual butanediol concentration, as demon-
strated by the differences in the lattice parameter shown later. It
has been suggested that such a hypothesis could in principle be
tested by carrying out the experiments with different
concentrations of butanediol already dissolved in the column
of water driven by the syringe pump. However, in practice we
have not successfully obtained samples with any orientation
using this approach, so we cannot test this hypothesis; it is
possible that the presence of butanediol itself affects the surface
tension at the liquid−air interface, in addition to changing the
physical properties of the mesophase itself. Nonetheless, it is
unclear how a change in butanediol concentration could cause a
complete change from one orientation to another, and we
hypothesize, given the current evidence, that a more plausible
explanation is that the different orientation in the film is
brought about by the passage of the liquid−air interface over
the sample that is in the X-ray beam in a manner analogous to
the “molecular combing” process that has been shown
previously to cause alignment in samples made of protein
fibrils.26,27 This does not occur in the formation of the bulk
samples reported previously, where orientation is induced by
bulk flow.
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Radial integration (over the full 360° range of azimuthal
angles) of the 2D patterns shown above allows us to calculate
and compare the lattice parameters for each sample. These are
shown in Figure 4, plotted against time to emphasize the

decrease in the lattice parameter in which dilution under shear
occurs for both orientations. Note, however, that the times are
approximate because no trigger mechanism was used during
data acquisition. For the thin-film sample oriented in the [110]
direction, there is a similar trend in the decrease in the lattice
parameter with time under shear, followed by a stabilization of
the lattice parameter after shear is halted. However, now the
initial value is 117.5 Å, decreasing to 108.9 Å under shear and
finally reaching a value of 103.8 Å, which is within the error for
the expected value for a QII

D phase formed by MO in excess
water.28 Although the initial lattice parameter and subsequent
measurements of the [110]-oriented phase are swollen with
respect to what would be expected if no butanediol were
present, they are smaller than the values obtained for the [100]-
oriented sample. The final value measured for the [110]-
oriented sample is close to that for a QII

D phase in pure water.
By comparing the observed lattice parameters in our oriented
material with those observed by Cherezov et al,12 it can be seen
that the [110] orientation contains less butanediol than the
[100] orientation, and it is likely by the end of the experiment
that it contains no butanediol. We find that for the bulk sample
oriented in the [100] direction, the initial value of the lattice
parameter is swollen relative to the lattice parameter expected
for a QII

D phase formed by MO in excess water, which is
approximately 104 Å.28 The initially observed value of 134.2 Å
gradually decreases to 127.8 Å under continued oscillatory
shear. Shear is then halted, and the lattice parameter undergoes
a further decrease to 126.1 Å, at which point it appears to
stabilize. A scattering pattern was measured approximately 3 h
after shear was halted, and the sample was found to have
retained some orientation, though it was not oriented to the
same degree as immediately after preparation. After 3 h, the
lattice parameter was measured to be 125.5 Å (data shown in
the Supporting Information, Figure S1). This initial increase in
the lattice parameter is to be expected; the presence of
butanediol used to form the sponge phase leads to an increase
in the lattice parameter, as observed by Cherezov et al.12 as well
as us in our previous work.1

The orientation of the sample in the [110] direction was
achieved when, as described above, there was repeated

movement of the liquid−air interface across the X-ray beam,
which lead to the “painting” of a thin film of the L3 phase on
the capillary wall. The d spacing of the resulting [110]
orientation is comparable to the initial value described above
(data not shown). In both instances, the common factors are
the removal of greater amounts of butanediol from the sample
(as shown by the decrease in d spacing) and the potential to
form a thin film on the walls of the capillary. It is possible that
one of these is the prevailing mechanism or indeed that they
may be dependent upon each other.
However, one advantage of our method is the relatively low

viscosity of the L3 precursor19 from which the oriented QII
D

phase is formed. Thus, our ability to form thin films of oriented
material, which can be introduced to an area of interest on a
surface using a low-viscosity precursor, opens up a greater
scope for the use of this method in the production of ordered
nanoscale materials, for example, in templating applications.

■ CONCLUSIONS
We have demonstrated that it is possible to control the
alignment of a uniaxially oriented QII

D phase with either the
[110] or [100] axis aligned parallel to the flow direction. This
has been achieved by controlled dilution under shear, and it
appears to be a function of the total or partial removal of
butanediol from the sample. In cases where the sample is
present as a thin film, the removal of butanediol is complete
and the orientation is along the [110] direction. In bulk
samples, this removal is partial and leads to the formation of a
swollen oriented QII

D phase as seen previously. The control of
both the production of thin film versus bulk materials and the
orientation in this way has potential in applications such as the
production of templated materials, where the selection of a
particular orientation may be beneficial. Furthermore, it may
open up further insights into the mechanisms of interconver-
sion between inverse bicontinuous cubic phases that require the
sample to be oriented.
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