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5.1

NEUTRON AND X-RAY SCATTERING FROM ISOTROPIC AND ALIGNED MEMBRANES

INTRODUCTION

Neutron and X-ray scattering are two of the most powerful structural determination techniques presently available. Although many are familiar with the
exploits of atomic resolution X-ray crystallography—in particular, protein
crystallography—these techniques also have applications in polymer science,
colloid chemistry, and materials science. With regard to structural biology, the
various neutron and X-ray scattering techniques complement crystallographic
studies that require hard-to-obtain high quality crystals of macromolecules.
Moreover, small-angle neutron (SANS) and X-ray scattering (SAXS) are two
structural techniques capable of studying biomolecules and their assemblies in
solution, including molecules whose crystallization conditions have yet to be
determined.
Neutron and X-ray scattering are similar in that both techniques are capable
of providing dynamical and structural information. However, whereas X-rays
are scattered primarily by electrons, neutrons are fundamental particles scattered
primarily by their interaction with atomic nuclei. Although the amplitude of
X-ray scattering increases in a simple way with atomic mass, neutron scattering
amplitudes depend in a complex manner on the nucleus’ mass, spin, and energy
levels. Since neutrons interact differently with the different nuclei, including with
the various isotopes of elements, this allows for the powerful and commonly
used method of contrast variation. In structural biology the classic example is
the substitution of hydrogen (1 H) for its heavier isotope deuterium (2 H). It should
be pointed out that contrast variation is often more easily exploited with neutron
rather than X-ray scattering.
In biological systems, the ubiquitous cell membrane surrounds cells and
separates their contents from the external environment. It is accepted that the
lipid bilayer is the underlying structure of most, if not all, biomembranes. The
self-assembly of lipids in solution into model membranes for laboratory study is
based on three pivotal experimental findings. (1) Using an apparatus developed
by Agnes Pockels [1], Langmuir proposed that fatty acid molecules form a
monolayer by orienting themselves in such a fashion that their carboxyl groups
are in contact with water, while their hydrocarbon chains stick out in the air
away from the water [2]. (2) Using lipids extracted from plasma membranes and
a Langmuir trough, Gorter and Grendel [3] reported that lipids can form bilayers,
since the surface area of the monolayer formed from the lipids extracted from a
cell’s plasma membrane was approximately equal to twice the surface area of
the cell itself. (3) Mueller et al. [4] reconstituted a lipid bilayer from the lipids
extracted from a cow’s brain.
Over the decades that followed, the validation of the lipid bilayer and its association with the life sciences [5] and biotechnologys [6, 7] is of central interest
to a wide variety of investigators including biochemists, biologists, biophysicists,
bioengineers and technologists, electrochemists, physiologists, pharmacologists,
surface and colloid scientists, and others working on ultrathin films and membrane
phenomena.

INSTRUMENTATION

5.2
5.2.1

109

INSTRUMENTATION
The Neutron

The neutron is an electrically neutral, subatomic, elementary particle, whose
existence had been postulated by Ernest Rutherford [8] and was subsequently discovered in 1932 by the English physicist James Chadwick [9]. With the exception
of hydrogen (1 H), the neutron is found in all atomic nuclei, has a mass slightly
larger than a proton—but approximately 1840 times greater than that of an
electron—a nuclear spin of 12 , and a magnetic moment [10] of −1.91eh/(2mp ).
Neutrons are only stable when bound by an atomic nucleus, while free neutrons
are unstable with a mean lifetime of approximately 900 s, and decay into a proton,
an electron, and an antineutrino [11].
Although the neutron’s interaction with atomic nuclei is weak, the scattering
“power” (cross section) of an atom is not related to its atomic number. As such,
neighboring elements in the periodic table can have substantially different scattering cross sections. Moreover, the interaction of a neutron with the nucleus of
an atom allows for an element’s isotopes to be differentiated. The classic example
of this is the isotopic substitution of 1 H for 2 H (deuterium), commonly used in
the study of polymeric and biologically relevant materials. As a result of their
intrinsic properties neutrons are used as follows:
1. The weak interaction of neutrons with atomic nuclei makes them a highly
penetrating probe. This feature allows the construction of enclosed, windowless, and complex sample environments, and enables the measurement
of bulk processes under realistic conditions without significant attenuation
of the neutron beam by the sample container.
2. Since the scattering ability of an atom is not strongly related to its atomic
number, neutrons are used extensively to locate “light,” low atomic number
atoms among “heavier” atoms. In the case of polymeric materials, neutrons
are used to precisely locate hydrogen atoms, otherwise invisible to X-rays.
3. 1 H and 2 H atoms scatter neutrons differently. 1 H has a negative coherent scattering length (e.g., bcoh = −3.74 × 10−15 m) lending it “contrast”
when surrounded by other, positive scattering length atoms. For biological samples, intrinsically rich in hydrogen, judicious substitution of 2 H
(bcoh = +6.67 × 10−15 m) for 1 H provides a powerful method for selectively tuning the “contrast” of a given macromolecule. One can therefore
accentuate, or nullify, the scattering from particular parts of a macromolecular complex by selective deuteration. This powerful technique is commonly
referred to as “contrast variation” [12].
4. Neutron energies are similar to the energies of atomic and electronic processes in the millielectron volt (meV) to electron volt (eV) range. This
allows for the study of various dynamic properties (i.e., translations, rotations, vibrations, and lattice modes) exhibited by molecules, and eV transitions within the electronic structure of materials.
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5. Neutrons possess a magnetic moment (spin-half particles), and spinpolarized neutron beams are ideally suited to the study of magnetic structures (short- and long-range) and short-wavelength magnetic fluctuations
[10]. The cross sections for magnetic scattering are of the same magnitude
as those for nuclear scattering.

5.2.2

Production of Neutrons

Neutron beams with intensities suitable for scattering experiments are presently
being produced either by nuclear reactors, where the fission of uranium nuclei
(235 U) results in neutrons of energies between 0.5 and 3 MeV, or by spallation sources, where accelerated charged subatomic particles strike a heavy metal
target, expelling neutrons from the target nuclei (Fig. 5.1) [13, 14].
In reactors, fission takes place when a fissile nucleus of similar mass captures
a neutron. Upon capture, the nucleus splits into two nearly equal-mass fragments
producing, on average, 2.5 high energy neutrons per fission. Since the probability
of a fast (high energy) fission neutron interacting with a fissile nucleus is small,
to sustain the chain reaction, neutrons must be slowed down or “thermalized”
by passing through a moderator. In practice, moderators such as H2 O, D2 O,
graphite, or beryllium are used, and the resulting “thermal” neutrons exhibit a
peak energy flux centered at ∼1.2 Å. Thermal neutrons can further be slowed
down by interaction with another, colder moderator, for example liquid hydrogen
(∼20 K) [15, 16]. These “cold” neutrons, with their Maxwellian distribution
now shifted towards lower energies (λ ∼ 5–10 Å), can then be transported over
many meters to various experimental stations by total reflection from 58 Ni-coated
optically flat glass guides [17]. Recently, supermirrors made of, for example,
Ni/Ti multilayers, can increase the effective total reflection critical angle θc by up
to a factor of 3, compared to pure Ni [18, 19]. They do so by utilizing not only the
total external reflection component, but also the constructive interference (Bragg
reflection) from the successive layers of Ni, effectively extending the incident
angle of total external reflection.
The desired energy neutrons are selected through Bragg scattering from a
single crystal or pass through a velocity selector whose rotating vanes, coated
with a neutron-absorbing material, allow only selected energy neutrons to pass.
These neutrons then impinge on the sample, which are then scattered and are
usually detected by a 3 He-filled two-dimensional (2D) detector. Cold neutrons
are ideally suited for the study of systems that commonly self-assemble into
larger structural units, such as polymeric and biologically relevant materials.
Another technology for producing neutrons is accelerator-based, pulsed neutron sources (Fig. 5.1B), whereby an ion source produces negative hydrogen (H− )
ions, which are collected and accelerated to form a pulsed beam with energies
on the order of kiloelectron volts (keV) to megaelectron volts (MeV) [20]. This
beam is then delivered to a linear accelerator, which accelerates the H− beam
to energies approaching 1 gigaelectron volts (GeV), such as in the case of the
Spallation Neutron Source (Oak Ridge, TN). The H− ions are stripped of their
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electrons, producing protons (H+ ) that are bunched and further intensified using
an accumulator ring structure, such as a synchrotron. Once bunched, the protons are extracted from the ring in short (10−6 s), intense, proton pulses at a
rate of 50–60 times per second. The individual pulses are delivered to a metal
target (e.g., Pb, Ta, Hg, U), releasing neutrons from the target material’s nuclei.
The characteristic neutron spectra emanating from reactor- and accelerator-based

(a)

Figure 5.1 (A) The National Research Universal (NRU) reactor, a steady-state neutron
source, is located at Chalk River Laboratories. Pictured are staff standing on top of the
reactor core cover plate, in front of the fuel rod extraction crane. It is a heavy water
(D2 O) moderated and cooled reactor and is the major world source for medical isotopes
(e.g., 99 Mo, 125 I, 131 I, and 192 Ir). Presently, the reactor operates at 125 MW and uses
20% enriched 235 U fuel. NRU was Canada’s third nuclear reactor and went critical in
1957, and the first ever reactor with online refueling capability. (B) Schematic of the
Spallation Neutron Source (SNS), an accelerator-based source located at Oak Ridge, TN
and completed at a cost of ∼$1.4 billion. Accelerated H− ions produced by an ion
source (a) are stripped of their electrons and delivered to the Linac (Linear accelerator)
(b), producing a 1-GeV H+ ion beam. The H+ ions are bunched and intensified by the
accumulator ring (c), which are then delivered to the liquid mercury target (d) housed in
the target station (e), which houses the various neutron scattering instruments (f). The SNS
chose mercury as the target for the proton pulses for the following reasons: (1) unlike solid
materials, liquid mercury does not experience radiation damage; (2) mercury is a high
atomic number material resulting in many spallation neutrons (∼20–30 neutrons/mercury
atom); and (3) compared to a solid target, a liquid target at room temperature is better at
dissipating heat and withstanding shock effects.
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Figure 5.1

(Continued )

neutron sources differ considerably. Spallation neutron spectra possess both a
high energy “slowing” component and a thermalized component. Spallation neutrons are thermalized in a fashion similar to those produced by reactor-based
neutron sources, by passing through a vessel of hydrogen-rich material at a fixed
temperature.
Compared to reactor sources, the biggest advantage of spallation sources is
that the production of neutrons results in much less heat, translating into increased
neutron fluxes. Despite this, since neutrons at spallation sources are produced in
pulses, the time-averaged flux of even the most powerful pulsed sources is less
than that of high flux reactor sources. However, judicious use of large detector arrays and time-of-flight techniques, which can utilize the wide range of
neutron wavelengths present in each pulse, can exploit the high brightness and
can, for certain experiments, more than compensate for the time-averaged flux
disadvantage.
5.2.3

X-Rays

X-rays are electromagnetic waves whose wavelengths range from about 10−8 to
10−12 m and were discovered in 1895 by Wilhelm Conrad Roentgen by discharging electrical current in an evacuated glass tube commonly known as a “Crookes
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tube.” Unlike neutrons, which scatter from atomic nuclei, X-rays interact vigorously with the atom’s electron cloud. The atomic form factor is a measure of
the scattering strength of an element, and for very small scattering angles, scales
with Z , the number of electrons in the element, which is also the atomic number. Since the electron cloud makes up most of the atom’s volume and shape,
the X-ray form factor strongly depends on the angle of photon scatter, unlike
neutrons, whose scatter from the nucleus can be treated as a point source in the
Born approximation [21].
5.2.4

Production of X-Rays

Over the sixty years since their discovery, the most common means of producing
X-rays were by the impact of high energy electrons, accelerated over several
thousand volts in an evacuated glass tube, onto a metal anode. Rapidly decelerating electrons lose their kinetic energy, which is converted into radiation and
heat. This type of X-ray radiation, with a range of energies from a few keV to
a maximum energy corresponding to that of the accelerated electron beam, is
referred to as bremsstrahlung radiation [21].
X-rays are also produced when the high energy incoming electron interacts
with the target’s K-shell electrons, imparting enough energy to knock the electron
out of its K-shell. When L- and M-shell electrons cascade down to fill the K-shell
vacancies, the energy released results in the intense characteristic Kα and Kβ
X-ray photons. Each target element has its own characteristic Kα and Kβ X-rays.
However, this process of producing X-rays is very inefficient as only ∼0.1% of
electrons produce K-shell vacancies.
A significant advance in X-ray production came with the development of the
rotating anode. In this case, the metal anode is fashioned as a rotating wheel that
shows its circumference to the electron beam, thereby increasing the effective
area bombarded by the electrons by factor of 2πr, where r is the radius of the
rotating wheel. The wheel is typically water-cooled internally, and since the heat
is better dissipated, more electrons can impinge on the anode with a resultant
tenfold increase in X-ray flux over a conventional sealed tube with a fixed anode.
A further improvement in X-ray flux came as a result of synchrotrons.
Synchrotron radiation is produced when a charged particle traveling at high
speed undergoes acceleration, and was first observed (1947) at General Electric’s laboratories by Elder and co-workers [22, 23]. At first, this radiation was
considered a nuisance and wasted energy in particle physics research. However,
in the 1960s it was recognized that this intense light could be used to carry
out a variety of experiments. Today, these machines are commonly referred to
as first-generation synchrotrons and are operated in a “parasitic” mode whereby
condensed-matter physicists exploited the synchrotron light, while high-energy
physicists used the electron beam.
In the 1970s and 1980s synchrotrons were constructed solely for their ability to
generate synchrotron radiation. These so-called second-generation synchrotrons
were large circular rings where charged particles, such as electrons or positrons
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were guided around the ring through a series of bending magnets at nearly the
speed of light. As the magnets alter the electrons’ path, the electrons are accelerated toward the center of the ring, emitting synchrotron radiation. Examples of
second-generation synchrotron sources are Brookhaven’s National Synchrotron
Light Source (NSLS, Upton, NY), commissioned in 1984, and The Photon Factory (Tsukuba, Japan).
The latest, third-generation synchrotrons, such as the Advanced Photon
Source (APS, Chicago, IL), Spring 8 (Hyogo, Japan), and the European Synchrotron Radiation Facility (ESRF, Grenoble, France) are ∼1010 times brighter
(photons/s/mm2 /mrad2 ) than first-generation sources and ∼1015 times brighter
than conventional sealed tubes and rotating anodes (Fig. 5.2). This increased
brightness has been achieved through the use of insertion devices known as

d

c

a

b

e
f
(a)

(b)

Figure 5.2 (A) Schematic of a third-generation synchrotron source. (a) An electron
gun produces electrons that are accelerated by a (b) Linac to nearly the speed of
light (∼300,000 km/s). (c) The electrons from the Linac are then further accelerated
to 99.999994% of the speed of light, after which they are transported to the (d) storage
ring, where they circulate for hours in a high vacuum environment. Bending magnets
direct the electrons around the ring—X-rays are emitted when electrons moving near the
speed of light are forced to change direction—and (e) insertion devices (i.e., wigglers and
undulators) are placed in the straight sections of the storage ring, producing the brightest
synchrotron light. (f) The experimental station is where X-rays interact with the sample
and are detected. (B) The Diamond synchrotron located at the Harwell Chilton science
campus.

TYPES OF SCATTERING

115

wigglers and undulators. Wigglers consist of a series of high field magnets
placed above and below the electron beam along a straight section of the
storage ring. The magnets cause the electrons to undulate with a tighter radius,
increasing the light emitted by the electrons at shorter wavelengths. Undulators
are similar to multipole wigglers, but with a larger number of poles. The effect is
that strong interference occurs between the radiation from consecutive magnets,
which results in a spectral profile with a peak at a specific wavelength. The
energy of the emitted X-rays is tuned by changing the gap between the magnet
poles.

5.3

TYPES OF SCATTERING

Coherent scattering is the result of interference between the wavefunctions of
scattered particles arising from correlations among the atoms within the sample. It can be either elastic or inelastic [10]. Elastic scattering occurs when the
neutron or X-ray scatters without any change in kinetic energy, while inelastic
scattering involves an exchange in kinetic energy with the sample. In addition,
neutrons exhibit isotropic incoherent scattering, the result of correlations between
the same nuclei at time zero and at a later time t. Neutron incoherent scattering
generally contributes to the general background intensity, but can be used in the
determination of dynamical information. In the case of X-rays, Compton scattering is sometimes referred to as incoherent scattering, but it is not analogous to
neutron incoherent scattering. For the purposes of this chapter we limit ourselves
to coherent, elastic scattering.
The wavevector k, points in the direction of the neutron or X-ray beam and
has magnitude |k| = 2π/λ, where λ is the wavelength. The scattering vector
Q, is the difference between the incident and final wavevectors, ki − kf , and is
schematically represented for a crystalline material in Fig. 5.3. From the figure,
which depicts equally spaced planes of atoms separated by a distance d, Bragg’s
law (λ = 2d sin θ ) can easily be derived. To observe a diffraction peak, the Laue
condition Q = G, where G is a reciprocal-lattice vector, must be met.
Analytically, one can derive Bragg’s law from the magnitude of the scattering
vector |Q|. From Fig. 5.3 we observe that |Q| = 2k sin θ , where 2θ is the angle
between the incident beam and diffracted beam. Since k = 2π/λ and the magnitude of the reciprocal-lattice vector |G| = 2π/d, carrying out the appropriate
substitutions results in λ = 2d sin θ . Simply, this is the condition for constructive interference of waves with incident angle θ on a set of equidistant planes
separated by a distance d. From this condition, it is possible to derive the concept
of the structure factor for a crystal. The structure factor represents the cumulative scattering of the electrons or nuclei in a real sample and the effects of their
arrangement within the sample.
The structure factor F is the Fourier transform of the arrangement of the atoms
in the sample, ρ(x,y,z). The function F is in general, a complex function with
both real and imaginary parts. The imaginary part is related to the “phase” of F.
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Figure 5.3 The equivalence of Bragg’s law (real space) and the Laue condition (reciprocal space) for a two-dimensional square lattice. In the Bragg condition, neutrons or X-rays
are specularly reflected from planes of atoms separated by a distance d . The requirement
for constructive interference between two waves resulting from the different planes is
that the pathlength difference is an integer number of the wavelength (λ), leading to the
well-known expression λ = 2d sin θ , where 2θ is the angle between the incident beam
and diffracted beam. The Laue condition requires that Q = G (constructive interference).
Since |G| = 2π/d, |Q| = 2k sin θ and k = 2π/λ, it then follows that λ = 2d sin θ , commonly known as Bragg’s law.

However, the intensity of the detected scattered radiation, I , is proportional to
the magnitude of F, I = |F|2 , meaning the phase of F is not detected. In crystallography this is the widely known “phase problem.” Through various techniques,
one can determine the phases of F, and inverse Fourier transform to reconstruct
the arrangement of atoms in the sample.
Small-angle neutron scattering (SANS) probes structures on the order of 10−9
to ∼10−6 m and is a technique uniquely suitable for the study of isotropic materials in solution [24]. As such, SANS is sensitive not only to local length scales,
but also length scales describing the gross morphology of the system. Deuterated materials, including deuterated solvents, are used to enhance neutron contrast
[14]. The neutron wavelength, λ, and the scattering angle, θ , determine the length
scale, d, being probed (d ∼ λ/θ ).

MODEL MEMBRANES

5.4
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In biological systems, plasma membranes surround cells and function as an
interface between the cell’s interior and exterior environments. Phospholipids,
cholesterol, and a variety of integral and peripheral proteins are the chief components of these membranes.
Lipids constitute as much as 50% of the mass of eukaryotic cellular membranes, while the remaining mass is accounted for by proteins [25]. The most
common lipids have a hydrophilic polar headgroup and two hydrophobic fatty
acid chains that can differ in length and degree of unsaturation (presence or
absence of inter carbon double bonds). Normally, the shorter of the two tails
is saturated (no double bonds) while the longer hydrocarbon chain contains one
or more double bonds. Difference in the length, saturation of the hydrocarbon
chains, and chemical makeup of the headgroups all conspire to influence the
packing of the lipid molecules, resulting in a variety of structural phases when
pure lipids are placed in solution (Fig. 5.4) [25, 26].

(a)

(e)

(i)

(b)

(c)

(d)

(f)

(g)

(h)

(j)

Figure 5.4 Example morphologies adopted by lipids: (a) prolate micelle, (b) inverse
prolate micelle, (c) hexagonal, (d) inverted hexagonal, (e) micelle, (f) inverted micelle,
(g) unilamellar vesicle, (h) bilayered micelle, (e) bilayer, and (j) cubic.

118

NEUTRON AND X-RAY SCATTERING FROM ISOTROPIC AND ALIGNED MEMBRANES

5.4.1

Isotropic Membranes

Spontaneously Forming Unilamellar Vesicles Phospholipids share many
of the characteristics exhibited by surfactants. However, since phospholipids
are biological in origin, they are generally considered to be a promising group
of materials suitable for the engineering of biocompatible systems for medical
purposes. Unilamellar vesicles (ULVs) made of lipids and other biocompatible
molecules are used to enhance the efficacy of various pharmaceuticals by protecting encapsulated material and by acting as targeted carriers [27]. These ULVs
are usually produced through sonication of multilamellar vesicles (MLVs), resulting in nonuniform size or polydisperse ULVs, or through multistage extrusion of
MLVs. However, these mechanically produced ULVs are generally unstable and
revert over a period of time (e.g., hours to days) to their native MLV conformation [28]. In addition, the efficacy of polydisperse ULVs in treating disease is
compromised as both polydispersity and instability lead to highly variable circulation half-lives in the patient. Generally, ULVs produced by mechanical means
are costly, have a limited “shelf life,” and are not amenable to industrial scale
production.
Over the last decade or so, spontaneously forming ULVs have been observed
in cationic–anionic surfactant mixtures [29–33] and cationic surfactant systems
[34]. Although some of these are believed to be thermodynamically stable, with
low size distributions, issues concerning biocompatibility and biodegradability
must be considered for them to be relevant to medical applications. Spontaneously
formed ULVs have previously been found in phospholipid mixtures composed
of long- and short-chain lipids [35, 36]. However, their stability as a function of
total lipid concentration (clp ) and polydispersity was seldom studied.
There has also been a great deal of scientific activity in lipid systems forming
bilayered micelles, commonly referred to as “bicelles” [37, 38]. Although bicelles
are often formed using a variety of surfactants [39–41], a number of groups
have demonstrated biomimetic bicelles composed of long- (e.g., dimyristoyl
phosphatidylcholine (DMPC)) and short-chain (e.g., dihexanoyl phosphatidylcholine (DHPC)) zwitterionic phospholipids doped with either paramagnetic ions,
charged lipids/surfactants, or both [42–44].
Nieh and co-workers [45] have brought together these three topics of inquiry,
by discovering the presence of spontaneously formed, biocompatible, reasonably
monodisperse and stable ULVs in bicelle mixtures consisting of the lipids DMPC
and DHPC, and the anionic lipid dimyristoyl phosphatidylglycerol (DMPG) [45].
The system’s phase diagram is dominated by three liquid-crystalline morphologies. Below a critical temperature Tc , comparable to the chain melting transition
temperature (TM = 23 ◦ C) of DMPC, the mixture exhibits an isotropic dispersion of disk-like micelles over a wide range of total lipid concentration (clp ).
At temperatures above Tc , a lamellar phase is found for clp ≥ 2 wt%, whereas
at lower concentrations, monodisperse ULVs are obtained. These results raised
several questions regarding the thermodynamics of the system. Do higher concentration lamellae undergo a complete unbinding transition to form ULVs at
lower concentrations? Are the ULVs formed thermodynamically stable, and what
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dictates their size? To answer these questions, a series of SANS and polarized
optical microscopy (POM) experiments were devised, whereby the formation of
the various morphologies from different dilution and temperature pathways was
explored [46].
Figure 5.5 shows a 25 wt% sample, at 45 ◦ C, being diluted to a final concentration of 0.1 wt%. Samples with clp ≥ 2.5 wt% exhibited Bragg maxima,
typical of a lamellar phase with a unit cell size of d. The unit cell changed
−1
with decreasing lipid concentration, from 104 to 1348 Å, as a function of clp
.
In contrast, SANS patterns for clp ≤ 1.25 wt% did not exhibit Bragg maxima,
while the scattering intensity decayed as q −2 over an extended q-range. This is
consistent with the form factor of locally flat, sheet-like objects such as bilayers
making up a ULV. The fact that these scattering curves were absent of any oscillations indicates that the ULVs were highly polydisperse. Fitting with a model
of noninteracting spherical ULVs resulted in an average radius <R > larger
than 1200 Å with an absolute minimum polydispersity (standard deviation of
radius/mean radius) p ∼ 0.25. From these observations it was clear that at clp
below 2.5 wt% the lamellae completely unbind, meaning the lamellar phase may
not be thermodynamically stable.
No sharp peaks were observed after these samples (1.25 and 2.5 wt%) were
cooled down to 10 ◦ C. The SANS data were best described by the bilayered
micelle morphology and the best fit was obtained using a combination of the
core-shell-discoidal (CSD) model and the Hayter–Penfold structure factor, which

d = 103.5 Å
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Figure 5.5 SANS profiles of DMPC/DHPC ULVs doped with DMPG diluted at 45 ◦ C.
The profiles for clp ≥ 2.5 wt% are characteristic of multibilayers. The scattered intensity
for clp ≤ 1.25 wt% follows a q −2 dependence, indicative of isolated bilayers. The solid line
is a fit to the data from the 0.1-wt% sample using a model of noninteracting polydisperse
ULVs.
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resulted in a disk core radius, R, of 590 and 220 Å for the 1.25- and 2.5 wt% samples, respectively. Moreover the bilayered micelles for both lipid concentrations
had the same bilayer thickness (42 Å).
On reheating to 45 ◦ C, the lamellar morphology was recovered for all of the
samples with clp ≥ 2.5 wt%. However, reheating had a very different effect on
the 1.25-wt% sample. The scattering pattern showed an oscillatory behavior as
a function of q, instead of the monotonic decay initially seen at 45 ◦ C. This was
a clear indication that the initial polydisperse ULVs, when reformed from the
bilayered micelle morphology, transformed into monodisperse ULVs. However,
it is interesting to note that recooling a 0.1-wt% sample containing monodisperse
ULVs to 10 ◦ C did not result in bilayered micelles, but rather the data was best
fit using a model of monodisperse oblate ellipsoids.
The major conclusions of the study by Nieh et al. [45] (schematically shown
in Fig. 5.6) can be summarized as follows:
1. Diluting the lamellar morphology at 45 ◦ C eventually leads to the lamellae completely unbinding. The individual unbound lamellae form highly
polydisperse ULVs.
2. For a 1.25-wt% sample when cooled from 45 to 10 ◦ C, polydisperse ULVs
adopt a uniform size bicelle morphology, which when reheated reform into
monodisperse ULVs.

Figure 5.6 Schematic of morphological transformations exhibited by DMPC/DHPC/
DMPG lipid mixtures. Diluting below a critical lipid concentration, at a temperature T
> Tc , results in bilayers unbinding and forming polydisperse ULVs. On cooling below
Tc , 1.25-wt% polydisperse ULVs transform into an isotropic bicellar solution, which on
reheating to T > Tc gives rise to monodisperse ULVs. For clp ≤ 0.5 wt%, polydisperse
ULVs are trapped and cannot transform into bicelles at T = 10 ◦ C. Monodisperse ULVs
can also be obtained by diluting the bicellar phase to a clp of ∼1.25 wt% and heating
above Tc . However, in the case of very dilute mixtures, (i.e., clp ≤ 0.1 wt% and T < Tc ),
bicelles are not recoverable. Instead, oblate ellipsoids are formed. The dashed lines indicate
plausible transformations, which were not proved experimentally. For details the reader
is referred to Ref. 46.
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3. When 0.1-wt% monodisperse ULVs are cooled down to 10 ◦ C, they do not
reform bicelles, but instead transform into oblate ellipsoids.
4. For clp ≤ 0.5 wt%, the ULV morphology at 45 ◦ C remains unchanged even
when the sample is cooled down to 10 ◦ C.
It was concluded that the various results indicated that ULVs are most likely
the thermodynamically stable morphology for temperatures greater than those
corresponding to the TM of DMPC and clp less than the unbinding clp . Finally,
the ULV size distribution depended on the equilibrium precursor morphology.
Recently, the ULVs were formulated to carry bi-modal (optical and MRI) contrast
payloads in sufficient concentrations to allow for signal detection in vivo.
5.4.2

Aligned Membranes

Being amphiphilic molecules, lipids self-assemble into a variety of morphologies
when in contact with water. Dipalmitoyl phosphatidylcholine (DPPC) is one of
the most extensively studied and best understood lipids, which when completely
hydrated, exists in four distinct lamellar morphologies. On decreasing temperature
they occur in the following sequence: Lα , Pβ  , Lβ , and Lc . The Lα phase contains
no long-range order within the plane of the bilayer, and the hydrocarbon chains
are in a disordered “melted” state. On the other hand, both the periodically
modulated lamellar Pβ  and gel Lβ  phases are characterized by a 2D ordering of
their hydrocarbon chains in the bilayers, with no interbilayer correlations. It has
also been shown that the Lβ  phase in DMPC, in fact, consists of three phases
with differing directions of the molecular tilt with respect to the 2D bond direction
[47, 48]. The lowest temperature Lc phase was first observed calorimetrically by
Chen et al. [49] in fully hydrated DPPC bilayers after a few days of incubation
at ∼0 ◦ C.
When compared to powder or liposomal preparations, aligned membranes have
allowed a variety of techniques of extracting unambiguous structural information.
With regard to scattering, because the signal is not isotropic, as is the case
for liposomal preparations, aligned samples permit clear differentiation between
in-plane and out-of-plane structures. Moreover, data collection is accelerated and
the sample quantity required is generally a fraction of that needed for nonaligned
samples. Although the use of aligned samples, for all of the reasons stated, is
highly desirable, their use was previously limited as they could not be fully
hydrated. However, that problem was overcome, opening the doorway for their
use in biologically relevant studies [50, 51].
X-Ray Diffraction from Aligned Lc DPPC Multibilayers Until 1980, DPPC
MLV suspensions were known to exhibit only two thermotropic phase transitions:
the sharp main Lβ  –Lα transition centered at ∼41 ◦ C and the broad Pβ  –Lβ 
pretransition centered at ∼35 ◦ C. However, a new transition was observed by
Chen et al. [49] using differential scanning calorimetry (DSC), after storing DPPC
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at ∼0 ◦ C for several days. Since then, numerous investigations were conducted
in order to determine the structural features characteristic of this morphology.
The structural changes accompanying the Lβ  –Lc transition, commonly
referred to as the subtransition, had been well documented using powder X-ray
diffraction [52, 53]. Compared to Lβ  bilayers, it was generally accepted that Lc
bilayers exhibited a decreased lamellar periodicity and the diffraction patterns
contained a number of “additional” reflections, supposedly the result of a more
ordered system [52]. It was not until the production of highly aligned samples
that the structural details of Lc DPPC bilayers were elucidated [54, 55].
Figure 5.7 shows the diffraction from aligned Lc DPPC bilayers. From the
visual examination of the diffraction pattern it is reasonably simple to identify
the reflections corresponding to structure parallel and perpendicular to the plane
of the bilayer. This would not be possible from a powder diffraction pattern
resulting from a dispersion of MLVs. Of importance is that the 4.2- and 4.5-Å
reflections, which lie in a straight line with the 3.9-Å reflection, and also parallel
with the c* axis, are the result of the form factor of finite length hydrocarbon
chains. Consequently, these reflections do not arise from lattice spacings and,
as such, could not be surmised from powder patterns. Moreover, because the
hydrocarbon chains in DPPC are tilted, the 3.9- and 3.8-Å repeat spacings do
not directly correspond to the spacing of lattice planes; only their projections
(e.g., 4.65 and 4.4 Å) onto the axis perpendicular to c* do. Again, from powder
patterns all of this information regarding chain tilt becomes obscured.
From analysis of the diffraction pattern presented in Fig. 5.7, it was concluded
that the Lc phase of DPPC is described by a 2D molecular lattice containing
two lipid molecules. Moreover, the molecular lattices are positionally correlated
across a single bilayer, but this positional correlation does not extend to adjacent
bilayers (i.e., there are no out-of-plane correlations).
X-Ray Diffraction from Aligned Pβ  DPPC Multibilayers Hydrated disaturated phosphatidylcholines often exhibit an intriguing thermodynamic phase
known as Pβ  , or ripple morphology, in which the time-averaged bilayers are
locally flat, and which can be formed by cooling from the fluid Lα phase.
Evidence that the Pβ  phase is indeed rippled and not flat has accumulated over
25 years from freeze-fracture electron microscopy (FFEM) and X-ray diffraction.
[56–60] The most precise structure of the Pβ  phase was determined for DMPC
multibilayers using a synchrotron data set taken at T = 18 ◦ C and 25-wt% water,
corresponding to a relative humidity RH ∼98% [61]. This DMPC ripple profile
has an asymmetric, “sawtooth” shape, rather than a smooth symmetric or simple
sinusoidal shape (Fig. 5.8).
Although there was a general agreement that the asymmetric ripple pattern
exists, it also became clear that there was an additional ripple morphology,
as imaged by FFEM [56–58, 60] and deduced from powder X-ray diffraction.
[62, 63]. After considerable uncertainty lasting over a decade regarding the conditions for seeing different ripple patterns, it was noted that the Pβ  phase can
differ depending on whether it is formed on cooling from the Lα phase or on
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(b)

Figure 5.7 (A) X-ray powder diffraction patterns of the (a) wide-angle region showing
reflections arising from the hydrocarbon chains and their corresponding repeat spacings,
and (b) the 10.0- and 6.8-Å regions. The broad reflection in (a) contains both the 3.8- and
3.9-Å reflections seen in the aligned pattern (B). From this diffraction pattern the positional
relationship between the various Bragg reflections (i.e., those arising from in-plane vs.
out-of-plane structure) are clearly seen. The 10.0- and 6.8-Å lattice line reflections, arising
from the ordering of DPPC molecules in two dimensions, are labeled (01) and (11̄),
(11), respectively. Data were collected with an 18-kW Rigaku Rotaflex RU300 rotating
anode generator and a 2D MarResearch imaging plate detector having a plate diameter of
180 mm and pixel size of 150 µm × 150 µm. For complete details see Refs. 54 and [55].

heating from the Lβ  phase. The consensus, at least in the case of DPPC bilayers,
was that upon heating from the Lβ  phase the Pβ  phase formed consisted of short
wavelength (λ ∼ 145 Å) asymmetric ripples, while the ripple phase formed upon
cooling from the Lα phase was a mixture consisting of long wavelength (λ ∼ 260
Å) ripples coexisting with the usual short wavelength ripples [58, 64]. However,
coexistence over an extended range of temperature generally violates the Gibbs
phase rule. Coexistence was disputed when previously supporting X-ray data
were reanalyzed, and along with powder neutron diffraction data concluded that
the analysis was consistent with pure long wavelength rippled bilayers [65].
The solution of the vapor pressure paradox [51] allowed for the construction
of a sample environment capable of fully hydrating aligned lipid multibilayers
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(a)

(b)

γ

(c)

Figure 5.8 Schematic drawing showing (A) asymmetric (MmMm) rippled bilayers separated by a layer of water. The unit cell, shown by the dotted parallelogram, has dimensions
d, λ, and a monoclinic angle γ . ψ is a structural angle made between the two adjacent
“kinks” in the bilayer and the horizontal. (B) Symmetric ripple whereby M and m are indistinguishable. For this type of bilayer, a γ of 90◦ is expected, and γ = ψ. (C) Schematic
drawing of the symmetric, W-shaped ripple having a repeat of MmmM or mMMm. As
was the case of the symmetric ripple (B) a W-shaped ripple has a γ of 90◦ , however,
unlike the symmetric ripple, γ = ψ. For further details the reader is referred to Ref. 66.

[66] (Fig. 5.9). One outstanding issue that could be resolved using fully hydrated
aligned samples so that their bilayer repeat spacings were indistinguishable from
those bilayers immersed in water [50] was whether or not DPPC bilayers formed,
upon cooling, a mixture of short and long wavelength rippled bilayers or simply
a single population of long wavelength rippled bilayers [62, 63, 65]. The experiments were carried out at the Cornell High Energy Synchrotron Source (CHESS,
Itahca, NY) using monochromatic X-rays (λ = 1.38 Å) and a 2D charge coupled device (CCD) detector. The flux at the sample was determined to be ∼1012
photons mm−2 s−1 [67].
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From the 2D diffraction patterns (Fig. 5.10), it is clear that upon heating both
chiral and racemic DPPC bilayers form one population of rippled bilayers, as all
reflections can be indexed to one unique unit cell. However, upon cooling, the
situation is very different. The data in Fig. 5.10 supports the commonly accepted
notion by Yao et al. [62] and Matuoka et al. [63]. that there are two distinct,
coexisting populations of ripples differing in d, ripple wavelength, and ripple
symmetry. Moreover, direct evidence for the existence of the symmetric ripple
was provided, for the first time, using synchrotron radiation.
X-Ray Scattering from Lα Lipid Bilayers It is difficult to obtain the structure of a fully hydrated Lα phase bilayer as bilayer fluctuations degrade the
Bragg signal, which in the traditional crystallographic approach is used to determine the membrane’s structure. Employing stacks of aligned multibilayers, a new
method of analysis was proposed whereby the focus is on the diffuse scattering
(in the plane of the bilayer,Qr direction) taking place across the entire Qz range
(Fig. 5.11A), instead of on the discrete Bragg reflections [68, 69]. Compared to
traditional Bragg scattering, this method has access to data over a greater range
in Qz , thereby providing better real-space resolution. However, in contrast to the

(a)

(b)

Figure 5.9 Schematic of X-ray sample environment capable of attaining 100 % RH.
(A) Exploded view and (B) perspective view of the assembled sample environment. The
temperature controlled sample cell (a) is a sealed unit (shown with sealing panel removed)
and contains the water-saturated evaporative sponge used in hydrating the sample and the
cylindrical sample support (b) enabling the collection of multiple Bragg reflections. The
sample chamber is thermally isolated from the independently temperature controlled outer
“jacket” (c) via the use of an acrylic base (d). Entrance and exit windows are made of
aluminized mylar (e) or kapton (f), respectively. For complete details the reader is referred
to Ref. 67.
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Figure 5.10 Two-dimensional diffraction patterns of oriented (A) l-DPPC and (B)
dl -DPPC ripple phases formed on heating from the Lβ  phase. (C) Two-dimensional
diffraction pattern of Pβ  dl -DPPC rippled bilayer phases formed on cooling from the
disordered Lα phase. The coexistence of two rippled bilayer populations is depicted by
the indices (hS ,kS ) for the short ripple phase and the indices r for the long ripple phase.
The bold arrows identify the family of peaks due to the long ripple. From the diffraction
patterns the various lattice parameters are directly obtainable. Cooling Lα phase l-DPPC
bilayers also results in two rippled bilayer populations (data not shown). For complete
description of experimental data the reader is referred to Ref. 67 from which this figure
was adapted.
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Figure 5.11 Gray-scale X-ray diffraction plot of the log of background-subtracted intensity from aligned multibilayers (A) and isotropic ULVs (B) of fully hydrated DPPC in the
fluid phase. (C) Analysis of the diffuse scattering data from aligned multibilayers resulted
in the high Qz data (squares), while ULVs provided the low Qz data (circles). The solid
curve is the fit to the data using the hybrid model of electron density distribution across
the bilayer. Inset to the figure shows such a model of one-dimensional electron density
and its decomposition into various sub molecular components (shown for only one-half
of the bilayer). The vertical broken lines show the hydrocarbon thickness (DC ) and half
of the estimated bilayer thickness (DB /2).

usual crystallographic approach of Bragg scattering, this method of analysis does
not extend to data in the low Qz , as in this region of Qz the diffuse scattering
is weak relative to the very strong scattering exhibited by the first and second
Bragg reflections.
An alternative approach is to utilize isotropic ULVs (Fig. 5.11B). Scattering data from ULVs directly provide the continuous form factor, which is the
Fourier transform of the scattering density distribution across the bilayer. However, a dilute system of unoriented bilayers results in a rapidly decaying scattered
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intensity, which, although it contains good counting statistics at low Qz , exhibits
rather poor counting statistics in the high Qz region where the scattering from the
bilayer, on average, is near the level of the background. To summarize, aligned
multibilayers provide excellent high Qz data (i.e., short to medium length scale
features), while scattering data from ULVs are better at resolving medium to long
length scale structural features (i.e., low Qz ).
Kučerka et al. [70] have recently combined the scattering data from fully
hydrated ULVs and aligned multibilayers into a single scattering curve covering
an extended Qz range(Fig. 5.11C). Among other lipids, the structure of a fully
hydrated Lα phase DPPC bilayer was presented in terms of a hybrid model (inset
to Fig. 5.11) [71] based on a functional form obtained from molecular dynamics
simulations. Using a model approach to analyze the data allows not only for the
determination of the bilayer’s total one-dimensional electron density profile, but
also for the location of its individual submolecular components. Thus high quality
experimental data covering an extended range in reciprocal space is better able
to resolve structural features, including biomolecules added to the membrane.
Neutron Diffraction from Aligned Lα Multibilayers Aligned lipid bilayers have proved useful for elucidating their liquid-crystalline structures at high
and low temperatures, but have revealed important structural information under
physiologically relevant conditions as well. Numerous experiments have used
neutron diffraction to locate individual membrane components along the normal
of the bilayer plane. The technique relies on the specific deuterium labeling of
molecular groups and the Fourier transform reconstruction of the bilayer profile
from the diffraction data. The unique ability of neutrons to distinguish between
hydrogen and deuterium atoms provides the signal from the deuterium label,
which remains once all of the unlabeled sample data has been subtracted away.
A first application of the technique was provided by Zaccaı̈ et al. [72],
who identified the various molecular components of a DPPC bilayer [73, 74].
The molecular components of bilayers formed, for example, from dioleoyl
phosphatidylcholine (DOPC) [75, 76] and phosphatidylinositol [77] lipids
have also been measured. The location within the bilayer matrix of several
membrane-bound molecules has also been determined. They include anesthetics
[78], squalene [79], selectively labeled protein residues [80, 81], and cholesterol
in disaturated and mixed saturated–monounsaturated PC bilayers [82, 83].
Cholesterol has greatly reduced solubility within polyunsaturated fatty acid
PC lipids, leading to questions of cholesterol’s orientation and location within
PUFA lipids. Harroun et al. [84] employed neutron diffraction with specifically deuterium-labeled cholesterol incorporated into PC bilayers with increasing
degrees of unsaturation. The deuterium atom replacements were located on the
first steroid ring, near the hydroxyl oxygen atom. This end of the molecule usually is directed outward to the aqueous environment, and the long axis of the
molecule stands upright in the acyl chain matrix.
After subtracting the neutron scattering length density profile of the unlabeled
cholesterol experiments, the remaining signal shown in Fig. 5.12 is the time- and
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Figure 5.12 The time- and sample-averaged center of mass of the hydroxyl group of
cholesterol located within bilayers of increasing degrees of acyl-chain unsaturation. The
origin of the abscissa is the center of the bilayer. The calculated SLD profiles have a
spatial resolution of 10 Å. The dashed line is the measured data, and the solid line is a
fit with a single Gaussian function. Fitting is performed in reciprocal space by taking the
difference in the measured form factors.

sample-averaged center of mass distribution of the deuterium atoms attached to
the steroid ring of the cholesterol, relative to the center of a PC bilayer. For
lipids with at least one acyl chain of no or single double bonds, the hydroxyl end
of cholesterol is located near the lipid–aqueous interface, approximately 1.6 nm
from the center of the bilayer. This was expected, since cholesterol has a relatively
high solubility in these lipids. However, in the di- arachidonyl (20:4–20:4 PC)
bilayer, the center of mass shifts to the center of the bilayer. This surprising result
must be interpreted as the reorientation of the molecule such that the hydroxyl
group end now is located at the bilayer center. This is the consequence of either
the cholesterol laying flat within the bilayer, or the complete inversion of the
molecule. The inability of the PUFA acyl chains to accommodate cholesterol in
its normal upright position must have physiological implications, which have not
yet been explored.
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