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Biomembranes are one of biology's
key nanomaterials (∼5 nm thick),
and they are essential to all cellular

life. Manipulation of membranes and of
their constitutive core, lipid bilayers, is ne-
cessary to engineer systems toward applica-
tions.1�4 It is important to characterize how
such manipulations and the resulting envi-
ronment perturb the structure and to build
systems that minimize unnatural perturba-
tions.5�8 The study by Watkins et al.9 de-
scribed in this issue ofACSNanohas focused
on a detailed characterization of single lipid
bilayers supported on a solid substrate.
Remarkable differences were found com-
pared to lipid monolayers, for which the
supported bilayers were constructed by the
Langmuir�Blodgett/Langmuir�Schaefer
(LB/LS) technique. Some data in the litera-
ture suggest that differences also occur for
traditional systems that consist of multi-
lamellar arrays of lipid bilayers,10�13 but

there is some concern that those results
were not well-documented.9

The primary experimental quantity exhib-
iting the differences found byWatkins et al.9

is the wide-angle X-ray scattering (WAXS)
chain packing reflections in the gel phase
of dipalmitoylphosphatidylcholine (DPPC)
lipid bilayers.10�13 Each lipid has a pair of
hydrophobic saturated hydrocarbon chains
2 nm long capped on one end by a hydro-
philic headgroup in contact with water,
thereby forming a bilayer often thought of
as two back-to-back monolayers. The chains
tilt with an angle θ relative to the bilayer
normal because the interfacial area occupied
by the headgroup is greater than the area
of the pair of chains.14 Remarkably, the
chains in each monolayer tilt in the same
azimuthal (φ) direction even though there
are no covalent bonds between the mono-
layers.10,11,15 As the number of X-ray reflec-
tions is far smaller than occurs in polyethy-
lene crystals or in the subgel phase of lipid
bilayers,16 the classical interpretation of
the gel phase WAXS data is that the chains
are disordered with respect to rotations
about their long axis, suggesting that
they can be modeled as tilted cylinders
packed together. However, this classical
interpretation was refined to accommodate
an apparent discrepancy that occurred in
multilamellar arrays between the value of
the tilt angle θ inferred from infrared (IR)
spectroscopy and that inferred just from the
positions of the WAXS peaks.17 Infrared is

The study by Watkins et al.

described in this issue of ACS

Nano has focused on a

detailed characterization of

single lipid bilayers supported

on a solid substrate.

* Address correspondence to
nagle@cmu.edu.

Published online
10.1021/nn501499t

ABSTRACT When engineering lipid membranes for applications, it is essential to characterize them to

avoid artifacts introduced by manipulation and the experimental environment. Wide-angle X-ray scattering is

a powerful structural characterization tool for well-ordered lipid systems. It reveals remarkable differences in

rotational order parameters for samples prepared in different ways. New data and perspectives are presented

here for multilamellar systems that support and extend the characterization work on unilamellar systems

that is reported by Watkins et al. in this issue of ACS Nano.
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sensitive not only to the tilt angle
but also to the rotational angle γ
of the all-trans C�C 3 3 3C�C plane
about the chain long axis relative
to the plane defined by the tilt
direction and the bilayer normal
(see Figure 1). A two-dimensional
rotational order parameter, g =
Æ2 cos2 γ � 1æ, is the appropriate
statistically averaged quantity to
describe this rotational disorder.
Complete disorder has all γ equally
probable and g = 0, whereas com-
plete rotational order corresponds
to |g| = 1 (g = �1 has the zigzag
chain plane perpendicular to the tilt
plane). A value g = �0.3 resolved

the IR/WAXS difference for multi-
lamellar arrays.17

Wide-angle X-ray scattering data
contain information in addition to
the peak positions in reciprocal
space that suffice to obtain the
chain tilt θ. The additional informa-
tion is the relative intensity R of the
WAXS in-plane reflections, usually
called the (20) peak in the literature,
and the out-of plane (11) peak. The
classical model of tilted cyclinders
gives R = 1. Even before the current
paper of Watkins et al.,9 it has been
known that R depends on the rota-
tional order parameter g, but a sim-
plemodel for the electron density of

the chains suggested that R would
only be reduced by 40% for com-
plete rotational order compared to
the value R = 1, so it was previously
ignored when interpreting WAXS.15

In contrast, the new model of
Watkins et al. suggests that R is
more sensitive to g,9 so careful mea-
surement of R opens a new window
on the structure of lipid bilayer sys-
tems. For supported lipid bilayers,
the Watkins paper reports quite
small experimental values for R ran-
ging downward from less than 0.4,
giving values of g varying from�0.5
to �1.0 as the monolayer pressure
at deposition was increased. In strik-
ing contrast, g was reported to be
essentially zero for monolayers, cor-
responding to R= 1 and the classical
cylindrical model. In view of these
considerable differences between
monolayers and supported bilayers,
it is of interest to compare R and
g to the more traditional multi-
lamellar lipid bilayer systems. While
the literature has some suggestive
figures,10�13 values of R were not
given quantitatively, so it is timely
to viewhigher quality data that con-
firm R ≈ 1.

Figure 2 shows grazing incidence
(GIXD) WAXS scattering from a
multilamellar stack of ∼2000 DMPC
lipid bilayers supported on a Si sub-
strate. The lamellar repeat spacing
D = 5.8 nm obtained from the la-
mellar orders on the left indicated
that the stack was nearly fully hy-
drated from water vapor with an
estimated RH greater than 98%.
The intense peak in the upper right
center is the out-of-plane (11) re-
flection. Directly below that is the
first satellite on the (11) Bragg rod10

that is also seen in unoriented

Figure 1. Geometry of the hydrocarbon chains. (a) Normal N is perpendicular to
the plane of the bilayer, and the long axis along the all-trans chain is tilted by θ. (b)
Looking down the chain axis, the carbons in the zigzag chain are shown by dark
circles that define a planeperpendicular to the paper that is rotatedbyγ relative to
vector V that is in the chain tilt plane shown in (a).

Figure 2. Grazing incidence wide-angle X-ray scattering from an oriented stack of
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) bilayers; white is most in-
tense. The beam is located at the x near the center left, and lamellar repeat orders
h=2�7 and h=9 are on themeridian above the beam. The bright (11) peak is located
at (qr,qz) = (13.0 nm�1, 8.2 nm�1). The (1,�1) peak is strongly attenuated by the
substrate.Most of the (20) peak, subsequently shown tobe centered at (14.8 nm�1, 0),
is evenmore strongly attenuated by the substrate and the sample itself. A satellite on
the (1,1) Bragg rod occurs below the (1,1) peak. Temperature was 10 �C.
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multilamellar vesicles.15 The (1,�1)
reflection, though strongly attenu-
ated by having to go through the thin
(35 μm) substrate, can be seen in the
lower right center.Only the tail of the
(20) reflection is visible. The central
part of the (20) reflection cannot be
seen because, for a positive incident
angleω, those scattered X-rays must
travel long distances through the
substrate as well as the sample itself.
When ω is decreased, more of the
(20) reflection can be seen,13,18 but

its intensity still appears somewhat
weaker than the (11) reflection. Note
that, historically, the (20) peak was
often not observed and there was
even concern that it did not exist.
While the grazing incidence ex-

perimental geometry in Figure 2
might be taken to indicate R < 1,
that is wrong. Figure 3 shows scat-
tering from the same sample but
tilted with respect to the beam by
ω = 45�. As was described previ-
ously,11 this moves the reflections

around on the area detector, but
most importantly, the (20), (1,1), and
(1,�1) reflections traverse nearly
equal thickness of the thin sub-
strate, so the differential attenua-
tion is negligible.
Intensity profiles through the or-

ders in Figure 3 are shown in Figure 4.
The in-plane (20) peak is narrowwith
greater maximum intensity than the
out-of-plane (11) and (1,�1) peaks,
so the integrated intensity is about
the same for all peaks, consistent
with the conventional view that
R = 1 for multilamellar systems.
(The (11) peak width is instrumen-
tally resolved here. The (20) width
was even narrower when the instru-
mental resolutionwas greater,15 but
instrumental resolution does not
affect R.) However, for a different
exposure of the same sample, R

was about 0.8, more consistent with
the g = �0.3 obtained from using
IR and WAXS.17 Nevertheless, as
Watkins et al. suppose,9 there is a
considerable difference compared
to the much smaller value of R

they obtain for supported single
bilayers.
As supported single lipid bilayers

are used for many purposes, it is
important that the method of form-
ing them and subsequent distor-
tions be documented. It could be
argued that the most relevant lipid
bilayer system to be studied is the
fluid phase that does not have a
rotational order parameter. How-
ever, obtaining fluid phase structure
is relatively difficult and differences
even more so. Another advantage
of the gel phase for this kind of
study is that it is relatively rigid com-
pared to fluid phases and would be
expected to be more robust under
the stresses of deposition and the
effect of a substrate. Detection of
even subtle changes in the gel
phase, like the rotational order pa-
rameter, would indicate stresses
that would then likely deform a fluid
phase even more, albeit undetect-
ably so, but not necessarily without
consequences for studies employ-
ing supported bilayers. Concerns
about the substrate have, indeed,

Figure 3. Transmission wide-angle X-ray scattering from the sample in Figure 1
with the beam incident atω=45�, so the threemain labeled reflections are rotated
in the laboratory frame according to formula11 that also gives the q values in the
caption to Figure 2. The first satellites of the (1,1) and (1,�1) are visible, as are the
overlapping second satellites15 centered on the equator (qr = 0), which follows a
trajectory from the beam toward the (20) reflection. The weak ring closer to the
beam than the WAXS reflections is from a Mylar window on the sample chamber
and occurs because of imperfect subtraction of the background obtained from a
substrate with no lipid. The intensity of the beam on the charge-coupled device
was highly attenuated by an absorber downstream from the sample, and there are
no lamellar reflections for large incidence angles ω.

Figure 4. Integrated intensity versus pixel number in the direction perpendicular
to the elongated reflections on the charge-coupled device in Figure 3.
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led to devising many ways to sup-
port single bilayers.1�8,12

The result for supported single
bilayers that R ∼ 0.3 from the study
of Watkins et al.9 together with the
result that R = 1 for multilamellar
stacks makes it clear that there is a
substantial difference. As the multi-
lamellar stacks have an ample 2 nm
water cushion between adjacent
bilayers, it is unlikely that stacking
affects the properties of the indivi-
dual bilayers; this is supported by
the absence of three-dimensional
WAXS reflections, indicating no cor-
relation of the in-plane structure be-
tween adjacent bilayers.10 Differences
with the results from supported bi-
layers would then be attributed
either to interactions with the sub-
strate or to the deposition method.
Because Watkins et al. obtain the
same small R using a different de-
position method, the focus shifts to
the substrate. While multilamellar
stacks are also deposited on sub-
strates and the closest bilayerwould
likely have similar properties to
the single supported bilayer, WAXS
overwhelmingly comes from the
other ∼2000 bilayers that do not
directly interact with the substrate.
A concern for the results of

Watkins et al.9might have been that
they did not perform transmission
WAXS, so their R value from GIXD
might have been small for the same
reason that it has been artifactually
small for multilamellar samples.
One difference is that they use
higher energy X-rays to make water
more transparent, but that is sim-
ilar to having air above multilayer
stacks. Their substrate was quartz,
which is 20 times as absorptive as
water at their X-ray energy, so that
is similar to previous studies where
the substrate is also much more
absorptive than air. Crucially, they
performed an experiment that
allays this concern; namely, they
found that monolayers on water
and on quartz both have R ∼ 1. A
likely explanation for R smaller than
1 for GIXD of oriented stacks is that
the (20) scattering is attenuated
from those bilayers deep within

the 10 μm multilamellar stack be-
cause they have to go farther
through the upper bilayers than
the (11) scattering. This explanation
could be tested by examiningmulti-
layer stacks with higher energy
X-rays, which have much longer
attenuation lengths in lipids.
While it would be attractive to

suppose that the substrate alone
causes the difference in R, this is
refuted by the finding of Watkins
et al. that monolayers also have
R = 1 when deposited on a quartz
substrate.9 A difference between
monolayers and bilayers, both on
the substrate, is the interactions
between the monolayers in a bi-
layer that manifests itself in parallel
alignment of the chains in both
monolayers.9�11 Watkins et al.

therefore suggest that obtaining a
small R and rotational ordering re-
quires both the substrate interac-
tion and the interactions between
the two monolayers in a bilayer.
They also carefully document the
interesting and important variation
of structural parameters in mono-
layers and supported lipid bilayers
as the surface pressure in the LB/LS
deposition method is varied. Their
Figure 6 shows that the chain tilt θ
of the supported bilayer is larger
than the monolayer from which
it was formed. That would be ex-
pected to make the area per mole-
cule larger for the bilayer, but the
opposite occurs because the origi-
nal packing density reflected in the
inverse chain area Achain is consider-
ably smaller for the monolayer. This
is additional evidence supporting
the perspective that bilayers are
not simply two back-to-back mono-
layers and that, instead of using
one system to elucidate the other,
efforts should focus on the differ-
ences between them.19 These new
data nicely do so.9

Methods for the Data in the Included
Figures. Samples were prepared on
thin (35 μm) Si wafers as previously
described.13 Experiments were per-
formed at the G1 station at CHESS.
The X-ray energy was 10.5 keV
at which the absorption length of

lipid is 2.6 mm. The W/B4C multi-
layer monochromator had 1.2% en-
ergy dispersion. The beam size was
0.2 mm � 0.2 mm, and measured
divergences were less than 0.0001
radians. Reflections recorded on the
1024 � 1024 CCD detector (Finger
Lakes Instrumentation, Lima, NY)
were broadened by the X-ray en-
ergy dispersion and divergence; ad-
ditionally, they were geometrically
broadened in Figure 2 by the beam
width and the 25 mm length of
the sample along the beam and in
Figure 3 by the beam width and
height. The pixel size of the detector
was 71.13 μm, and the distance from
sample to detector was 175 mm. At
these distances, there were scatter-
ing rings from the Mylar windows
of the hydration chamber.13 Highly
accurate background for Figure 2
was obtainedby rotating the sample
to negative angle to block scattering
from the sample.13 For the back-
ground for Figure 3, the sample had
tobe replacedbyadifferent bare thin
Si substrate, resulting in incomplete
subtraction of the Mylar ring.
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