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Abstract

Simple mono- and bilayers, built of amphiphilic molecules and prepared at air-liquid or solid-liquid interfaces,
can be used as models to study such effects as water penetration, hydrocarbon chain packing, and structural changes
due to head group modification. In the paper, we will discuss neutron and X-ray reflectometry and grazing incidence
X-ray diffraction techniques used to explore structures of such ultra-thin organic films in different environments. We
will illustrate the use of these methods to characterize the morphologies of the following systems: (i) polyethylene
glycol-modified distearoylphosphatidylethanolamine monolayers at air-liquid and solid-liquid interfaces; and (i)
assemblies of branched polyethyleneimine polymer and dimyristoylphophatidylcholine lipid at solid—liquid interfaces.
© 2000 Published by Elsevier Science B.V.
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1. Introduction have been developed for probing the surface
structure of materials. These include neutron and
In recent years, several scattering techniques X-ray reflectometry and X-ray grazing incidence

diffraction (GID) (Eisenberger and Marra, 1981;

N Als Nielsen and Kjaer, 1989; Feidenhans’l, 1989;
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probe (electromagnetic radiation or the neutron)
near the condition of perfect reflection from the
sample. As shown by the latest reports (Russell,
1990; Als-Nielsen et al., 1994), these techniques
can be successfully implemented for studying
structures of organic, ultra-thin, layered molecu-
lar arrays at various interfaces with A resolution.

Structural studies of bulk, layered, polycrys-
talline molecular assemblies provide information
about characteristic repeat distances, molecular
conformations, chain packing properties, magni-
tude of the molecular motion or surface rough-
ness of the layers, hydration and inter-layer ar-
rangements (Janiak et al., 1976, 1979). It is not
clear, however, how many of the bulk properties
are preserved in single monolayers and bilayers.
In the case of these ultra-thin organic structures,
standard diffraction techniques are not applicable
because of the low, scattered signal rates and
substantial background contribution. Therefore,
the task of the surface sensitive scattering meth-
ods is to maximize the signal or to reduce the
thermal diffuse scattering from the bulk to a level
where surface signal can be observed with reason-
able statistics.

2. Reflectometry

The reflectivity of a surface is defined as the
ratio of the number of particles (neutrons or
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photons) elastically and specularly scattered from
the surface to the number of incident particles.
When measured as a function of wavevector
transfer (defined below), the reflectivity curve
contains information regarding the sample-nor-
mal profile of the in-plane average of the coher-
ent scattering cross-sections. X-rays are scattered
from the electrons, whereas, neutrons are scat-
tered from nuclei. As will be shown below, the
X-ray (neutron) reflectivity yields a profile of the
electron density (coherent neutron scattering
length density, SLD). If one knows the chemical
constituents of the investigated system and the
electron density or SLD distribution, the concen-
tration of a given atomic species at a particular
depth can then be calculated.

2.1. Neutron reflectometry

Detailed theoretical descriptions of the X-ray
and neutron reflectometry have been given in
literature (Als-Nielsen, 1986a; Russell, 1990;
Smith and Majkrzak, 1999). To summarize basic
principles of the technique lets consider the situa-
tion shown in Fig. 1 where a neutron is incident
on a flat substrate covered with a thin layer of a
material. That neutron may be reflected, trans-
mitted or refracted. In addition, each of the de-
Broglie waves associated with the moving neutron
may interfere constructively or destructively with
the other. To understand how these measure-
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Fig. 1. (a) Schematic of a reflection experiment with a hydrocarbon layer on a silicon substrate (for specular reflection 6; = 6,) and
(b) calculated reflectivity curve for system shown in Fig. 1a. The upper curve is calculated for a deuterated layer and the lower curve

is for a protonated alkane layer.
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ments yield information regarding the flat mate-
rial, we begin by considering that far from the
source, the incident neutron can be treated as a
plane wave with wavevector, Ei. The magnitude of
the wavevector in air is given by:

K =k, = 5= = —- (D

where N is the neutron wavelength, v; is the
velocity of the neutron, # is Planck’s constant
divided by 2, and m,, is the mass of the neutron.
|1?f| = |k, =k, for elastically scattered neutrons.
We then look for wave functions that satisfy the
one-dimensional Schrédinger wave equation
(since the component of the neutron k; vector
parallel to the surface is conserved during the
scattering process). In air, the wave function at
the interface between the layer and the air is
described by:

U(z) =ekiz 4 pe=ikiz (2)

Similarly, wave functions in the layer and the
substrate can be written as

U(z) = Ae' uver? + Be~ Kiayer? 3)

lli(Z) = teiksubslraiez’ (4)

respectively. In Egs. (2)~(4), the k;, k., and
Kqsirate describe the components of the neutron
wave vector normal to the interface.

The amplitude of the incoming wave is unity, of
the reflected wave is r, and of the transmitted
wave in the substrate is . When one examines
the current density of neutrons at the interface
and if we define the reflectivity, R, to be the ratio
of reflected neutrons to the number of incoming
neutrons, we find that the reflectivity is simply the
square of the amplitude of the reflected wave,
R=|r|

For specular reflection, the momentum trans-
ferred to the neutron in the collision is perpen-
dicular to the surface and is given by:

- o 4wsin(6,)

The energy of the neutron in free space is
given by: E =#%k* /2m,. Whenever the neutron
encounters a material in space, that material pre-
sents a potential energy step to the neutron given
by the Fermi pseudopotential:

h2k?
VFermi = z_rnt

(6)

n

where k. is related to the number of nuclei per
unit volume of type i (i.e. the density of atoms of
a particular chemical species) in the layer, N,, and
the coherent neutron scattering length of the
nuclei of type i, b;, by:

k?=4m)Y Nb,=4mp @)

where B is called the scattering length density
(SLD). b, may be complex with its imaginary
component giving rise to absorption and the real
part may be either positive or negative depending
on the isotope (see for example the table in
Lovesey, 1986). Conservation of energy dictates
that:

T . AN M, Ulayer
klayer = ‘/(k(% - 41TB) = % (8)

By matching wave functions and their deriva-
tives at the interfaces (e.g. air-layer and layer-sub-
strate), one can solve for R (Russell, 1990; Smith
and Majkrzak, 1999), thus, the SLDs and thick-
nesses of the layers determine the reflectivity. Fig.
1b shows calculated reflectivity curves corre-
sponding to the simple experiment in Fig. 1a. The
goal of the reflectivity experiment is to measure
R(Q,) and then infer B(z) by fitting a model for
the SLD to the data.

The example in Fig. 1a also highlights one of
the advantages of neutron scattering. If we substi-
tute deuterium for hydrogen, we would have a
significantly different SLD (7.74 X 107° A™? vs.
—0.41 X107 A2 for deuterated and protonated
hydrocarbon chains, respectively). This illustrates
that by employing isotopic substitution, one can
change the contrast between various parts of the
system to gain a better understanding of their
structures.
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Fig. 1b also illustrates some of the common
features found in reflectivity curves. Whenever
the energy of the neutron is at or below the
potential of the substrate (i.e. whenever k<
47 B pstrare)> the neutrons are perfectly reflected
from the surface. The onset of total reflection is
called the critical edge and the value of Q, at
that point is referred to as Qica- Also, Fig. 1b
shows that fringes arise from interference between
waves being reflected from the top surface and
the buried interface between the substrate and
the layer. For this simple case, the fringes have a

2T The amplitude of the

Spacing, dfringe = tl
ayer

fringes relates to the contrast between the layers
and the overall falloff of the curve obeys Fresnel
law (R~ Q*, Als-Nielsen, 1984). Finally, most
interfaces are not discontinuous but are graded
due to mixing or surface roughness. The surface
roughness (characterized by the root mean square
displacement from the average interface, o) can
also be obtained from the reflectivity curve (Nevot
and Croce, 1980; Als-Nielsen, 1986b).

2.2. X-ray reflectometry

Essentially all of the discussion above describ-
ing neutron reflectometry is applicable to X-ray
reflectometry. The basic difference is that neu-
trons are scattering from the nuclei where X-rays
scatter from the charges in the system, the elec-
trons (Braslau et al., 1985, 1988). In this case, we
use the charge density instead of the scattering
length density such that:

B(z)=r0pel—i% €

where r, is the classical radius of the electron
(2.82x 1075 A), p,, is the clectron density, p is
the X-ray linear absorption coefficient (averaged
over the constituent atoms) and X\ is the X-ray
wavelength. As in the case for the neutrons, the
imaginary term accounts for the absorption of the
X-rays by the material.

2.3. Comparison of X-ray and neutron reflectometry

The ability to change contrast through isotopic
substitution makes neutron reflection a powerful
tool. However, neutron sources are inherently
weak compared to the brilliance of available syn-
chrotron light sources. This usually limits neutron
reflectivity to a value of R ~ 10~¢ although lower
values are possible to achieve by controlling the
incoherent scattering background (Koenig et al.,
1996). On the other hand X-ray reflectivities from
liquid air interfaces down to R ~ 107! are typi-
cal and allow one to probe larger values of Q,
(i.e. shorter length scales).

A big advantage of neutron scattering is the
low absorption of neutrons in many solid state
materials (for example, monocystalline silicon or
quartz). This allows neutrons to penetrate through
thick layers of substrate to probe buried,
solid-liquid interfaces. Neutrons are virtually
non-destructive for hydrocarbon layers but high
flux synchrotron X-ray beams can damage organic
films.

3. Grazing incidence diffraction (GID)

Due to low flux neutron sources, GID is gener-
ally used with intense synchrotron X-ray beams.
The theory of grazing incident diffraction was
first worked out by Vineyard (1982) and later
applied to liquid surfaces (Als-Nielsen et al., 1982;
Als-Nielsen, 1984; Als-Nielsen et al., 1994; Kjaer
et al., 1987; Majewski et al., 1995). As discussed
above, when the angle of incidence is below the
critical angle, X-rays are perfectly reflected from
the sample. In that case, the transmitted wave has
a wave vector which lies in the plane of the
surface. This, so called evanescent wave, does not
travel deeply into the substrate, but instead de-
cays exponentially as: i(z) = e'fwowme? gince
Kobstirate 1S NOW a purely imaginary number. Ad-
justing the value of k... Dy changing the
wavelength or angle, the penetration depth can
be set to probe only the upper most surface (e.g.
the top layer) (Als-Nielsen, 1986a). The wave
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Fig. 2. Scattering geometry for GID.

travelling along the surface can be diffracted by
the in-plane structure of the molecules at the
surface. This scattering geometry is illustrated in
Fig. 2.

By fixing k and adjusting the direction of k
one can probe various values of Q since Q k —
k The scattered intensity is proportional to the
structure factor,S(O):

S(Q) «lf(Q)1°

where f(Q) is the form factor of the molecule and
GSF(Q) is the geometrical structure factor. The
GSF is the Fourier transform of the arrangement
of the molecules. For two-dimensional systems,
the GSF will not yield points in reciprocal space,
but instead a series of Bragg rods (Kjaer, 1994).
The form factor is the Fourier transform of the
electron density of the molecule. For lipids in
liquid crystalline phases their hydrocarbon chains
are in an all frans configuration and freely rotat-
ing. In that case we can model them as cylinders
of charge.

In general, Langmuir monolayers are com-
posed of two-dimensional crystallites which are
azimuthally randomly oriented on the water sur-
face (i.e. two-dimensional powders). As stated
above, the GID patterns from the two-dimen-
sional ordered monolayers on the liquid surface
arise from an array of Bragg rods, which extend
parallel to the vertical scattering vector Q, (Smith
et al., 1988, 1990; Als-Nielsen and Kjaer, 1989;
Kjaer, 1994). The scattered intensity is measured
by scanning over a range of the horizontal scatter-
ing vector, O, = 4msin®, /N (Fig. 2), where 26,

X (GSF(Q))Z (10)

is the angle between the incident and diffracted
beam projected onto the horizontal plane, and A
is the wavelength of the X-ray beam. Such a scan,
integrated over the whole window of a linear
position sensitive detector (PSD), which is placed
parallel to the normal substrates, yields Bragg
peaks. Simultaneously, the scattered intensity
recorded in channels along the PSD, but inte-
grated over the scattering vector in the horizontal
plane across a Bragg peak, produces Q,-resolved
scans called Bragg rod profiles. Thus, GID pro-
vides data on the two-dimensional ordered por-
tion of the monolayer. Several different types of
information can be extracted from the measured
Bragg peaks and Bragg rod profiles. The O,
positions of the Bragg peaks yield the repeat
distances d =2m/Q,, for the two-dimensional
lattice structure. The resolution corrected full
width at half maximum of the Bragg peak in Q,,
units yields the two-dimensional crystalline coher-
ence length L, obtained by shape analysis of the
Bragg peak through the Scherrer formula (Gunier,
1968). For the linear lipid tails, the square of the
molecular form factor [f(Q)|% [Eq. (10)] is a
disc-shaped function which reaches its maximum
when the scattering vector Q =(Q,,,, O,), where
h,k are the Miller indices of a particular Bragg
rod, is orthogonal to the molecular axis. Thus,
when the molecules are vertical or tilted in a
plane perpendicular to Q,,, the maximum inten-
sity along the Bragg rod will occur approximately
at the horizon, for Q, =0 A~!. For molecules
tilted otherwise, the Bragg rod maximum appears
at a finite Q,, dependent upon both the magni-
tude and direction of the tilt relative to the in-
plane scattering vector Q,,. Therefore, analysis
of the intensity distribution along a Bragg rod
provides information on the direction and magni-
tude of the molecular tilt, the length of the part
of the molecule which scatters coherently, L,
and the extent of molecular motion or surface
roughness of the crystallites.

4. Polymer-modified lipid monolayers

Biological cells and extracellular matrices con-
tain a variety of macromolecular structures sepa-
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rated by an aqueous phase. One simple model for
biological membranes is a lipid monolayer at the
air—water interface. Several X-ray specular re-
flection and grazing incidence diffraction mea-
surements have been performed on these systems
(Helm et al., 1987a,b, 1991; Kjaer et al., 1987;
Vaknin et al., 1991).

One way to increase the applicability of a lipid
monolayer, to model a membrane with an extra-
cellular matrix, is to incorporate lipids which ex-
pose hydrophilic polymers to the aqueous phase.
These the so called polymer-lipids, have received
much recent attention due to their application in
drug delivery and biologically passivating coatings
(Lasic and Martin, 1995; Sheth and Leckband,
1997; Halperin, 1998; Harder et al., 1998; Pertsin
et al., 1998; Tirosh et al., 1998). The structure and
surface properties of lipid assemblies before and
after modification by the incorporation of po-
lymer-lipids with their bulky, hydrophilic head-
groups are of considerable importance for pre-
dicting monolayer, bilayer and liposome stability
in such applications (Kenworthy et al., 1995a,b;
Joannic et al., 1997; Szleifer et al., 1996).

4.1. X-ray grazing-incidence diffraction of
polymer=lipid monolayers at the air—water interface

Polymer—lipids consisting of distearoylphos-
phatidylethanolamine (DSPE) with polyethylene
glycol (PEG or EO, of varying n) chemically
grafted to the terminal amine of the headgroup
were studied. These polymer-modified lipids serve
as good models for terminally grafted polymers of
low MW, where the ‘grafting’ density of the po-
lymer chains can be varied and quantitatively
controlled by simply varying the ratio of unmodi-
fied to polymer—modified lipid within a mixed
monolayer or bilayer (Kuhl et al., 1994).

The X-ray reflection and GID experiments were
performed on two systems (Majewski et al., 1998a;
Kuhl et al., 1999):

e mixed, two-component, lipid monolayers com-
posed of DSPE matrixed with 0, 1.3 or 9.0% of
the same lipid with the PEG (2000 MW, 45

EO units) covalently linked to its headgroup,
thereby forming DSPE-PEG,,-

e mono-component DSPE-PEG monolayers,
where the PE headgroup was systematically
modified by chemically grafting smaller hy-
drophilic PEG chains of 90 MW (2 EO units),
350 MW (8 EO units), and 750 MW (17 EO
units) to the lipid headgroup.

The monolayers were studied in a Langmuir
trough (Fig. 3), at a surface pressure of 42 mN/m
and 21°C. At these lipid packing densities, the
PEG chains are submerged in the water sub-
phase. The surface pressure was controlled by
a barrier and measured with a tensiometer
(Langmuir, 1917).

For di-acyl phospholipid monolayers at the
air—water interface, diffraction is only observed
from the lateral order of the tails; the headgroups
are not ordered (Kjaer et al., 1987). Three hexag-
onal in-plane reflections: {1,0}, {1,1} and {2,0}
(Fig. 4) are observable from the GID data for
pure DSPE and mixed DSPE/DSPE-PEG
monolayers ({hk} denotes a set of Bragg rods (hk)
with equal in-plane components Q,,, hence not
resolved in GID from these two-dimensional
powders; e.g. for hexagonal lattice {10} means
{(10),(01),(10),(0DADAD})). All three composi-
tions studied, 0, 1.3, and 9.0% DSPE-PEG have
the same hexagonal unit cell dimension of a; =
4.70 A and thus the same repeat distance of
d,, =4.07 A and a constant area per lipid
molecule of 38.3 A% However, the width of the
Bragg peaks in Fig. 4 increase with DSPE-PEG
concentration indicating that the size of two-di-
mensional crystallites decrease as more and more
polymer-lipid molecules are introduced. It was
found that the in-plane crystallite size_is 360 A
for pure DSPE and decreases to 280 A (230 A)
for 1.3% (9%) DSPE-PEG concentration. Fig. 5
shows the Bragg rods of the {1,0} reflections. The
width of the Bragg rods increases systematically
with increasing DSPE-PEG concentration. This
means that the length, L., normal to the water
surface, of Bragg scattering moieties of the lipid
tails, gets shorter. One possibility could be that
the molecules tilt more and more, thereby obtain-
ing a shorter projection onto the surface normal.
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Fig. 3. (a) Schematic of a Langmuir trough; and (b) microscopic representation of a lipid film.

However, fitting a simple model of cylindrically registry. A plausible model for this effect is de-
symmetric and longitudinally uniform lipid tails picted in Fig. 6. With increasing DSPE-PEG con-

(Als-Nielsen, 1994), a constant tilt angle of ¢ centration the vertical position of the molecules

=4°+0.5° was found for all three concentra- becomes less and less ordered, and the tail end,

tions. The observed increase in the width of the as well as the tail part nearest to the head,

Bragg rods is therefore due to shorter and shorter therefore get space for lateral disorder and do

portions of the molecules being in positional not Bragg scatter. This model is in keeping with
2 10°
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Fig. 4. The GID Q,-integrated diffraction peaks of pure DSPE lipid and DSPE /DSPE-PEG,,,, mixed monolayers. For clarity {1,0}
reflections were displaced by 4000 and the high order {1,1} and {2,0} reflection (shown in the inset) by 500 counts, respectively.
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the chemical nature of the DSPE-PEG lipids.
Compared to pure unmodified DSPE, the DSPE-
PEG lipids have a bulky, hydrophilic headgroup
composed of PE terminated by a 2000 MW
methoxy-PEG chain. Because PEG is a water-
soluble polymer, the DSPE-PEG lipids have a
greater solubility than unmodified DSPE, as evi-
denced by a critical micellar concentration of
6 X 107° M compared to 1 X 10~ M (Majewski
et al., 1997). The increased solubility would result
in a higher density of protrusions from the
monolayer interface into the water subphase. The
increase in size of the DSPE-PEG lipids might be
expected to increase the lateral spacing of the
lipids in the monolayer, but as shown above this
does not take place: the dimension of the unit cell
is unaffected by the DSPE-PEG concentration. A
quantitative analysis of the width of the Bragg
rods reveal that the length of the coherently
diffracting lipid tails decreases from 23 A for pure
DSPE to 20 and 18 A for 1.3 and 9.0% DSPE-
PEG, respectively, consistent with the model dis-
cussed above.

The effect of disruption by PEG polymer is
even more visible for mono-component monolay-
ers built of DSPE with attached shorter hy-
drophilic polymer chains of 90 MW (2 EO, units),
350 MW (8 EO units), and 750 MW (17 EO

Hydrocarbon

tails —>
Head groups —»
PEG polymer —»

Water

6 10* —

T T T T T

{1,0} Bragg rods

-~ Pure lipid

1.3% PEG

Intensity
w
]

9% PEG

1

0 0.1 0.2 0.3 0.4 0.5
-1
Q, [A]

Fig. 5. The Bragg rod intensity profiles of the {1,0} reflection
of pure DSPE lipid and DSPE /DSPE-PEG,,;,, monolayers.
The sharp peak at Q, =0.01 A~! (Vineyard-Yoneda peak),
arises from interference between X-rays diffracted up into the
Bragg rod and rays diffracted down and then reflected back up
by the interface. Solid lines are fits.

units). The pressure—area isotherms for the four
different DSPE-PEG,;, lipids are shown in Fig.
7. As can be seen, the PEG portion of the lipid
headgroup is also surface active, and a non-zero
surface pressure is detected even at very large
areas per molecule. However, as the molecules
are compressed, the DSPE-PEG,, isotherms
become almost superimposed, approaching that

b Air

-+— PEG

PEG —»

Water

Fig. 6. Schematic structure of a mixed DSPE/DSPE-PEG,;,, monolayer showing the decrease in length of the coherently
scattering lipid tails due to the greater out of plane protrusions of the DSPE-PEG molecules from the two-dimensional plane of the
monolayer, where L, is the coherently scattering length. (a) For small percentages of PEG-lipid incorporated in to the monolayer,
the polymers are non-interacting. (b) At higher concentrations, the PEG polymer headgroups stretch into solution, roughen the film
surface, and reduce the out-of-plane thickness, L., of the ordered chains.



J. Majewski et al. / Reviews in Molecular Biotechnology 74 (2000) 207-231 215

of unmodified DSPE, indicating that the PEG
portion of the molecules is pushed down into the
water subphase.

As shown in Fig. 4, for pure DSPE and mixed
DSPE /DSPE-PEG,,,, monolayers the {1,0} re-
flection and higher order hexagonal reflections
{1,1} and {2,0} were observed. By contrast, only
the {1,0} reflection was observable for the DSPE-
PEGy monolayers. Fig. 8 shows the data pro-
jected on the Q,-axis, yielding Bragg peaks and
intensities integrated over the Bragg peaks, as
function of Q, (the Bragg rods) are shown in Fig.
9. Clearly, for unmodified DSPE the peak is not
split, indicating a hexagonal lattice of the chains.
The Bragg rod exhibits one broad maximum, lo-
cated at Q, ~ 0 (Fig. 9). This indicates that the
chains have little tilt in the pure DSPE monolayer.

DSPE-EO,

O
~

80

70

50—

40

30

Surface Pressure, IT (mN/m)

0 50 100 150

Attaching two EO monomers (PEG,,) to the
DSPE headgroup induces a tilt of the chains, two
maxima in the Q, direction being now evident
(Fig. 9). However, the PEGy, lattice is still pre-
dominantly hexagonal, as these two peaks are at
almost the same Q,, value (Fig. 8). The ratio of
the peak intensities is approximately 1:2 and the
positions of their intensity maxima (Q, ~ 0 and
Q,>0) indicate (Als-Nielsen and Kjaer, 1989;
Kjaer, 1994) that the molecules tilt approximately
towards their nearest neighbor. The packing
structure of the lipid monolayer changes further
as the number of EO units increases to 8 for
PEG3;;,. Again, two maxima in the intensity of the
Bragg-rods are evident (Fig. 9), but they occur at
two clearly separate Q, -positions indicating a
distortion of the hexagonal cell. The ratio of the

CH,~NH—G—[0—CH,—CH,] —0—CHy

8
17

DSPE - PEG gy

200 250 300
Area per Lipid Molecule, A (&2)

Fig. 7. (a) Model of the PEG-lipid molecule DSPE-EQ,,. (b) Monolayer compression (7—A) isotherms of pure DSPE, DSPE-PEGy,
DSPE-PEGs;5,, and DSPE-PEG 5, at 21°C. The area, A, is the mean area per molecule at the air—water interface. At high surface
pressures (7 > 30 mN/m) the lateral interactions of the polymer chains are not evident in the pressure isotherm, as the polymer
chains are completely submerged in the water subphase. Inset: schematic configuration of DSPE-EQO,, at the air—water interface at

high and low areas.
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intensities and their positions at 0, ~0 and Q, >
0 once again indicates that the molecules are
tilted towards their nearest neighbors. Upon fur-
ther increasing the number of EO units to 17,
PEG,;,, the packing within the monolayer
changes back to hexagonal (Fig. 8) and only one
broad peak at Q, ~0 is present, indicating that
the molecules are not tilted and stand perpendic-
ular to the interface, Fig. 9.

We find that the in-plane crystallite domain
size is 360 A for pure DSPE and decreases to 58
and 240 A for PEGy, 63 and 250 A for PEG,;,,
and a mere 41 A for PEG,. The out-of-plane
coherence length L, was obtained by fitting the
integrated Bragg rod intensities, as shown in Fig.
9. The coherently scattering portion of the lipid
tails for unmodified DSPE corresponds to a fully
stretched C,; chain, L, =23.5 A. Similar to the
case of the two-component DSPE /DSPE-PEG,,
previously discussed system, the coherence length
decreases from 23.5 A to 21.0 and 15.6 A as the
number of EO monomers in the headgroup in-
creases from 0 to 2 and 8. Similarly, the unit cell
becomes more distorted from hexagonal packing

25}

)
— 2.0
=
2
5 15
o
S, DSPE-PEGy,
210F 7
% c DSPE-PEG350
= 05 M
= DSPE-PEG7s,

1.30 1.40 1.50 1.60 1.70

0, [A1]

Fig. 8. Grazing-incidence X-ray diffraction data at a surface
pressure of 42 mN/m for: (a) pure DSPE; (b) DSPE-PEGy;
(c) DSPE-PEGs;; (d) DSPE-PEG;5,. The Bragg peaks pro-

files were obtajlned .byescanning along the horizontal scattering
vector Q. = T , where 26, is the horizontal angle
between the incident and diffracted beam and A is the wave-
length of the X-ray beam and integrating over the whole
Q.-window of the position sensitive detector. For the DSPE-
PEG,, and DSPE-PEG;5, monolayers, the Bragg peaks are
not symmetric, indicating a small distortion of the hexagonal
lattice. These peaks (solid lines) were deconvoluted into two
Bragg reflections using a least square fitting procedure.

with little tilt for DSPE to tilted in a slightly
distorted lattice for PEG,, and to tilted molecules
in a more distorted lattice for PEG;s,, respec-
tively. However, this trend of increasing distortion
of the unit cell does not continue. At 17 EO units
PEG5, no further reduction in the out-of-plane
coherence length occurs, L, = 16.0 A. Moreover,
the in-plane diffraction 1nd1cates that the struc-
ture returns to hexagonal packing and the
molecules once again stand almost perpendicular
to the air—water interface with a corresponding
decrease in the d-spacing. In other words, the
unit cell and the packing of the molecules almost
return to that of unmodified DSPE, but at the
expense of a reduced out-of-plane coherence
length, L. (16.0 vs. 23.5 A) and size of the scat-
tering 1slands L (360 vs. 41 A).

4.2. X-ray and neutron reflectivity study of
polymer=lipid monolayers at the air-water interface

In contrast to the GID measurements, X-ray
reflectivity provides information on both the two-
dimensional crystalline and amorphous parts of
the monolayer. The monolayer electron density
distribution was approximated by boxes of various
lengths and electron densities, which correspond
to the structural components of the layer, e.g.
hydrocarbon tails, lipid headgroups, and PEG
chains. First, a two box model was tried to de-
scribe DSPE; one box for the tail region and
another for the headgroup. A single Gaussian
roughness was used to smear the interfaces and
the resulting model reflectivity was compared
to the data. The DSPE-PEG,,, (DSPE,
DSPE-PEG,,, PEG;,, and PEG,,) monolayers
were initially modeled with two boxes also, one
for the DSPE tail section and another for the
DSPE headgroup—PEG polymer chains. Then the
complexity of the model was systematically in-
creased by adding additional boxes, until x> was
minimized and no longer significantly decreased
upon increasing the number of fitting parameters.
This procedure ensured that the problem was not
over-parameterized. It was found that in the most
complicated case, six boxes were needed to obtain
a reasonable fit to the entire reflectivity profile.
The fits to the reflectivity data did not signifi-
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Fig. 9. Bragg rods: scattered intensity distribution perpendicular to the water surface and integrated (after background subtraction)
over the Q, , range of each Bragg peak to yield Bragg rods: (a) pure DSPE; (b) DSPE-PEGy,; (c) DSPE-PEG;5; (d) DSPE-PEG 5.
The rods were fitted (solid line) by approximating the coherently scattering part of the phospholipid tail by a cylinder of a constant

electron density.

cantly improve when an exponential or parabolic
form were used to model the polymer layer
(Milner et al., 1988; Szleifer and Carignano, 1996)
This is most likely due to the short length of the
polymer chains used in this study. For this reason,
the polymer layer was modeled as a simple step
function (Alexander, 1977; de Gennes, 1980).

To obtain a good fit to the DSPE-PEG,, re-
flectivity profiles, a box to account for the
polymer layer was added, but it was also found
necessary to divide the tail region of the phospho-
lipid into two parts, one with higher electron
density located next to the headgroup region and
one with lower electron density in contact with
air. The total number of electrons within these
two boxes was still close to the theoretical elec-

tron density of two C,5 chains. We found it neces-
sary to further divide the headgroup into two
boxes as the number of EO monomers increased
from 2 to 17 EO units. The fits and electron
density profiles obtained from this procedure are
shown Fig. 10.

In all cases, the tail region of the lipid layer is
214+ 0.5 A thick; however, the electron density
distributed between the two boxes composing this
layer changes with increasing number of EO units.
By modeling the tail region with two boxes, we
see that the box representing the tail region adja-
cent to the lipid headgroups has an electron den-
sity slightly greater than that for close packed
hydrocarbon chains, while the box against air has
a lower than expected electron density. Likewise,



218 J. Majewski et al. / Reviews in Molecular Biotechnology 74 (2000) 207-231
1.5 . - : .
a,
1 E
0.5} ]
0 . . .
-10.0 0.0 100 200 300  40.0
T T 1.5 ; : ; ;
10° i b’
-1 b 1 1
10 {4 =
2]
5
.2
10 E '?
DSPE-PEG,, &
10 =
00 01 02 03 04 05 06 07 8
T T T T T T N
10° =
S~
3 >
10 =
&
- 2|
10 O
o)
.3 1
10 )
10.‘ 1 1 1 1
00 01 02 03 04 05 06 07 0.0 200 400 600  80.0
10°
10" ]
102 E
¢l DSPE-PEG,,
. . X . . 0 . . . .
00 01 02 03 04 05 06 0.7 0.0 200 40.0 60.0  80.0
-1
Q,[A1] Length [A]

Fig. 10. X-ray reflectivity data at a surface pressure of 42 mN/m for: (a) pure DSPE; (b) DSPE-PEGy,; (¢) DSPE-PEG;;; (d)
DSPE-PEG 5, the solid lines are fits to the data using box models discussed in the text. (a’, b’, ¢’, d’) show the corresponding
electron density profiles obtained from the fittings. The step-like profiles are the unsmeared electron density profile, while the
smooth curves result when the box models are convoluted with the r.m.s. interfacial roughness o. R /Ry is the measured reflectivity
normalized by the Fresnel reflectivity, Ry, for an ideal, infinitely sharp air-water interface.

the boxes used to model the headgroup region
have a systematically decreasing electron density
(closer to water) but increasing thickness as com-

pared to unmodified DSPE. Indeed, the thickness
of the headgroup region doubles from 9 to 20 A
for PEG,5,. These results imply a mixing and
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contribution of different parts of the molecule in
each of the boxes, i.e. a mixing of polymer with
the lipid headgroup region, headgroup with tail,
and participation of air in the tail region. These
changes are most likely due to staggering of
molecules and structural rearrangements. Finally,
the thickness of the polymer layer increases with
increasing number of EO units. The weak con-
trast between PEG and water makes it difficult to
quantify the extent and density of this layer. How-
ever, as shown in Fig. 10 a region of higher
scattering density as compared to water slowly
decays from the headgroup region into the water
subphase. Finally, there is only a moderate in-
crease in the r.m.s. roughness o of the monolayer
as the number of EO units increases.
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We see staggering of the lipid molecules by
reflectivity as well as in the GID. Both the tail
and headgroup regions must be divided into
higher and lower scattering density boxes. A plau-
sible model of this structure is depicted in Fig. 11.
By combining the structural data obtained from
the GID and reflectivity measurements, we esti-
mate the maximum staggering or lipid-lipid off-
set to be approximately 10 A e. g. the coherence
length decreases from 23.5 to 15.6 A. Likewise,
good fits were obtained to the reflectivity data
only when the head and tail regions were divided
into 10 A regions of differing electron density.
This 10 A of staggering also corresponds to the
size of an unmodified DSPE headgroup. These
results taken together with the distortions in the
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Fig. 11. Schematic of how the out-of-plane and in-plane structure of the lipid monolayers changes with increasing EO monomer
units. With increasing number of EO monomers the coherently scattering portion of the lipid tails, L., decreases from 23.5, 21.0,
15.6, to 16.0 A for DSPE, DSPE- -PEGy,, DSPE-PEG;s,, and DSPE-PEG5,, respectively. Evidently, the tail end (against air), as
well as the tail part nearest to the lipid head, become more out of registry and these portions of the hydrocarbon layer become
more and more disordered as depicted schematically. As a result, the molecules obtain more space for lateral disorder, but no
longer Bragg scatter so the out-of-plane coherence length decreases. Similarly, the unit cell becomes more distorted with increasing
PEG MW. However, this trend does not continue as the number of monomers increases from 8 to 17. For chains greater than 14
monomers, it may be possible for PEG to form helices. Interdigitation of neighboring helical chains would be another way of

reducing the lateral PEG-PEG repulsion.
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unit cell and different packing modes from tilted
hexagonal to tilted rectangular and back to non-
tilted hexagonal for PEGy,, PEG;s,, and PEG 5,
respectively, suggest that the lateral PEG modi-
fied headgroup—headgroup repulsion was reduced
through two different modes. One, by increasing
the area per molecule and molecular tilt which
thereby reduces the headgroup—headgroup inter-
action. Two, this repulsion was also reduced by
staggering the headgroups out of the monolayer
plane.

It was surprising that the trend of greater unit
cell distortion and reduced out-of-plane coher-
ence length L, did not continue as the number
of EO monomers increased from 2 (PEG,,) and 8
(PEGgs,) to 17 (PEGys,). One possible explana-
tion for this behavior is a structural change in-
duced or stabilized by increasing the number of
EO monomers (Harder et al., 1998; Pertsin et al.,
1998). PEG can form hydrogen bonds both with
itself and with water. PEG is known to form
helical coils in the solid phase and to retain some
of this helical structure in water (Miyazawa, 1961;
Miyazawa et al., 1963; Koenig and Angood, 1970;
Sandell and Goring, 1971). From X-ray diffrac-
tion measurements, the pitch of these helices in
the solid phase is 19 A and composed of 14 EO
monomers (Miyazawa, 1961; Koenig and Angood,
1970). Thus, if we have two such helices adjacent
to each other as in a PEG;, monolayer, another
way of reducing the lateral headgroup—headgroup
or rather PEG-PEG repulsion would be to offset
these helices by half the pitch and so enable some
interdigitation. Because half the helix pitch corre-
lates well with the size of a lipid headgroup, it
may be that interdigitation opens another path-
way by which the lateral tension between adjacent
molecules may be reduced and the energy of
packing is minimized as shown in Fig 11.

Lastly, in contrast to these studies, our work on
mixed monolayers of DSPE with longer chained
DSPE-PEG,,, at concentrations up to 9 mol%
indicated that the lateral stresses induced by
larger polymeric headgroups did not distort the
dimensions of the lipid unit cell. Instead, these
monolayers reduced the packing stresses pre-
dominately through out-of-plane protrusions,
similarly to DSPE-PEG,.
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Fig. 12. (a) Neutron reflectivity data for lipid/PEG-lipid
monolayers on a pure D,O subphase. The four reflectivity
curves correspond to a pure DSPE monolayer and to mixtures
of DSPE and DSPE-EQ,;. In this set of data, all of the DSPE
and DSPE-EQ,; lipid hydrocarbon chains were fully deuter-
ated. The reflectivity data are plotted as R X Q% vs. the
perpendicular scattering vector Q, (this accounts for the Q;*
decrease of the reflectivity due to Fresnel’s law). Full lines
represent free form fits to the individual measurements and
(b) shows scattering length densities B(z) obtained from the
fits.

In our studies, we could not detect any direct
evidence in the GID data of where the PEG
portion of the DSPE-PEG molecules is located:
no peaks were observed to indicate that the PEG
polymer had formed an ordered structure.

In the case of the mixed DSPE /DSPE-PEG,,
monolayers, where the electron density difference
between the water subphase and the PEG
polymer is again very low and therefore difficult
to obtain its precise density profile, we measured
a series of neutron refelectivities (Majewski et al.,
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Fig. 13. Diagram of the solid-liquid interface cell used for neutron reflectivity measurements. The neutron beam travels through
the solid substrate and is reflected at the solid—solution interface by the organic layers submerged in D,0O. The only contacting
surfaces in the cell are quartz or silicon and Teflon.

1997). To increase visiblity of the hydrogenated
PEG polymer we used D,O as the liquid sub-
phase. The polymer SLD was described by a
parabolic profile (Milner et al., 1988). The neu-
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tron reflectivity data (Fig. 12) showed that the
polymer layer thickness increased with PEG—lipid
concentration. The average polymer layer thick-
ness changed from 45 to 63 to 70 A for 1.3 to 4.5

Fig. 14. (a—c) Neutron reflectivity data of the OTS /DSPE /DSPE-PEG,,. The data is well fit by simple boxes for the OTS /DSPE
membrane and a parabola for the extended polymer layer. (d) Corresponding scattering length density profile of the model,
including the positions of the constituent molecules.
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to 9.0%, respectively. This is akin to a mushroom
to brush transition in polymers grafted to an
interface.

4.3. PEG-lipid monolayers at the solid—liquid
interface

Samples were prepared using a solid /liquid cell
(Fig. 13) (Baker et al., 1994; Kuhl et al., 1998).
Single crystal quartz or silicon blocks were made
hydrophobic with a coating of octodecyl-
trichlorosilane (OTS). A monolayer of PEG—lipids
was Langmuir-Blodgett deposited onto the
silane-coated surface. The quartz (silicon)-Teflon
cell was then assembled under water. The H,O in
the cell was replaced by D,O for the neutron
reflectivity experiments. Because of the penetrat-
ing power the neutron can pass though the single
crystal and reflect from the solid—liquid interface.
Measurements were made for bare substrates,
OTS only, 1.3, 45 and 9.0% DSPE/DSPE-
PEG,,,, mixtures on each substrate (Kuhl et al.,
1998). The bare quartz (silicon) blocks had a
roughness of ~5 A. The OTS was characterized
first. It was found that on quartz the OTS head
and tail lengths were 7.0+ 1 and 23.7+1 A,
consistent with fully stretched chains and almost
100% surface coverage. On silicon, since the
headgroup SLD is very close to silicon oxide, only
the tails were discernable. The tail length on
silicon was determined to be 19+ 2 A which
yields an average tilt angle of 34°. The parameters
for the OTS were then fixed in the analysis of the
lipid data. Fig. 14 shows the neutron reflectivity
data and the fitted SLD profiles of OTS/DSPE-
PEG bilayers at the quartz—D,O interface.

In contrast to the air—water interface data, the
roughness of the lipid layer did not increase with
PEG-lipid concentration. Furthermore, the
roughness of the lipid layer was significantly less
than that of the substrate. This implies that the
OTS has a smoothing effect on the substrate
roughness and that out-of-plane fluctuations are
suppressed in the lipid by the interaction with the
solid surface. Finally, the PEG—polymer thick-
nesses and densities showed the extension of the
polymer into solution as the polymer—polymer

interaction increased, consistent with the Lang-
muir monolayer measurements.

5. Polymer supported lipid assemblies at
solid-liquid interfaces

Supported model membranes have been used
extensively to study the structure and function of
biomembranes (Tamm and McConnell, 1986;
Sackmann, 1996). In order for supported mem-
branes to maintain the structural and dynamic
properties of free biomembranes, the interaction
between the membrane and the substrate should
be minimized. Methods to accomplish this include
separating the membrane from substrate by
either a few monolayers of water, or by soft
hydrated polymer or polyelectrolyte film (Sack-
mann, 1996). The polymer film acts as a support
for the biomembrane, not unlike the cytoskeletal
support found in actual mammalian cell mem-
branes (Jacobson et al., 1995).

Several strategies can be used for the assembly
of biomembranes onto various solid supports and
have been recently reviewed (Bangham et al.,
1974; Sackmann, 1996; Steinem et al., 1996; Lin-
gler et al., 1997; Puu and Gustafson, 1997). The
two major techniques are direct vesicle fusion
(Horn, 1984; Bayerl and Bloom, 1990) and the
Langmuir—Blodgett technique (Tamm and Mc-
Connell, 1986). Furthermore, these two tech-
niques can be combined, i.e. adsorption of vesi-
cles onto pre-formed monolayers as described by
various authors (Spinke et al., 1992; Kalb et al.,
1992a; Kalb and Tamm, 1992b). While solid-
supported membranes have been studied exten-
sively, it is not clear how the presence of a po-
lymer layer affect the assembly process of the
biomembrane.

Our work (Wong et al., 1999) focused on the
formation of a dimyristoylphophatidylcholine
(DMPQ) lipid bilayer physisorbed onto branched
polyethyleneimine (PEI), a water-soluble polymer
which is weakly positively charged in neutral or
acidic aqueous environments. In addition, PEI is
highly swollen in aqueous environments and thus
acts as a deformable and mobile substrate for the
biomembrane.
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The neutron reflectivity technique has already
been used to probe the structure of solid-sup-
ported bilayers (Bayerl et al., 1990; Johnson et al.,
1991; Koenig et al., 1996). We will report results
of our structural investigations resulting from four
different methods of preparing PEI-supported
DMPC bilayers (Fig. 15) using neutron reflectiv-

ity.
5.1. Method 1: Vesicle fusion on dried polymer

The quartz substrate was immersed in a 100
ppm PEI solution of 0.5 mM KNO, /H,0O (Milli-Q
water, pH ~ 7, 15 min) and allowed to dry for
approximately 4 h. The neutron reflectivity curve

Method 1: Vesicle adsorption
onto quasi-dried PEI

was then measured against air. In the second
step, the PEI-coated quartz was transferred into
the solid /liquid cell which was filled with D,0,
and DMPC vesicles were added from an aqueous
stock suspension (1 mg/ml) to a final concentra-
tion of 0.14 mg/ml DMPC.

5.2. Method 2: Polymer adsorption on bilayers
(reverse method)

The solid /liquid cell was filled with a solution
of 150 mM KNO,/D,O0, followed by addition of
DMPC vesicles (final concentration, 0.14 mg/ml).
After the reflectivity curve of the DMPC vesicles
on the bare quartz substrate was measured, PEI

Method 2: Vesicle adsorption,
followed by PEI adsorption

D0

1 Quartz Substrate

Method 3: LB vertical deposition followed by
horizontal deposition

o S,

Quartz Substrate

Method 4: LB vertical deposition followed by
vesicle fusion

Fig. 15. Schematic of the procedures used to prepare polymer-cushioned bilayers that were then investigated with neutron
reflectivity. The methods are labeled as described in the text. Our desired structure is in the center of the diagram.
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was added to the system as a 100 ppm solution in
150 mM KNO,/D,0.

5.3. Method 3: Langmuir—Blodgett vertical
deposition followed by a Langmuir Schaefer
horizontal deposition of DMPC monolayers
(LB-LS)

A monolayer of hydrogenated DMPC spread at
the air-liquid interface of a PEI-containing sub-
phase (100 ppm PEI in 0.5 mM KNO, /H,0) was
deposited onto the quartz block using the Lang-
muir—Blodgett method (7 = 30 + 2 mN/m). Sub-
sequently, we used the horizontal deposition
method to pass the quartz substrate (coated with
a PEI-DMPC monolayer) through a monolayer
spread onto a pure Millipore water subphase. The
solid /liquid interface cell was then assembled
under water. The Millipore water was later ex-
changed by carefully flushing with a 0.5 mM
KNO; /D, 0O solution.

5.4. Method 4: Vesicle fusion on polymer supported
monolayer (‘LB-vesicle fusion’)

Again, a monolayer of hydrogenated DMPC
spread at the air—liquid interface of a PEI-con-
taining subphase (100 ppm PEI in 0.5 mM
KNO, /H,0) was deposited onto the quartz subs-
trate using the Langmuir—Blodgett (LB) method
as described in the Langmuir—Blodgett/Lan-
gmuir—Schaefer method. The DMPC-PEI layer
was prepared approximately 15 min prior to mea-
surement of the neutron reflectivity in air. In a
second step (after 4 h), the substrate was assem-
bled into the solid /liquid cell and a vesicle solu-
tion (final concentration 0.14 mg/ml DMPC) in
0.5 mM KNO,/D,0 was added.

6. Neutron reflectivity measurements in the
liquid—solid interface cell (flow cell)

We used two different geometries to probe the
surface of the quartz substrate. When we probed
the surface against air, the experiments were per-
formed in an ‘upright’ geometry, i.e. the quartz
on the bottom against air above. When we probed

the solid-liquid interface, we used an ‘inverted’
geometry (Fig. 13), i.e. D,O on the bottom against
quartz above. In both cases the lower medium
had a higher scattering length density than the
upper one.

6.1. Method 1: Vesicle fusion on dried polymer

The scattering profile of the dried PEI layer on
quartz could not be fit with simple one- or two-box
models. Satisfactory fits were achieved only with a
profile described by a negative step-like scattering
length density profile which indicates the pres-
ence of H,O (decreasing in concentration in the
direction normal to the surface) within the PEI
layer. We found that the PEI layer is significantly
hydrated with an average volume ratio of
PEI/H,0 approximately 1:3. Thus, the PEI-layer
retains a large amount of water and is in a
quasi-dried state.

After the addition of a DMPC vesicle-D,0
solution to the quasi-dried PEI layer in the
solid—liquid interface cell, the resulting reflectiv-
ity curve (Fig. 16) can be fit with the SLD profile
shown in Fig. 16 (inset). The results clearly show
the presence of a lipid bilayer on top of a polymer
layer, which is in turn, supported by the quartz
substrate. From the fitting procedure we found
that the total thickness of the PEI layer increases
from ~ 110 A in the quasi-dried state to ~ 180 A
in the hydrated state and ~ 15-20 vol.% polymer
is present in the hydrated layer.

From the fit, the thiclmess of the tails of the
DMPC bilayer, is ~ 30 A. The calculated surface
coverage of the DMPC bilayer on the PEI-coated
quartz surface is 94%. Therefore, the resulting
structure is a fairly complete DMPC bilayer atop
a highly hydrated PEI layer.

6.2. Method 2: Polymer adsorption on bilayers
(reverse method)

Our neutron scattering studies showed a very
complicated neutron reflectivity profile (Fig. 17),
when the PEI polymer was injected (and rinsed)
into the solid /liquid cell before the DMPC vesi-
cles. From our analysis, we concluded that the
structure was comprised of bilayer aggregates
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Fig. 16. Neutron reflectivity data of the dried polymer layer
after exposure to the DMPC vesicle solution in the flow cell
(vesicle fusion on dry polymer method); measurement against
D,O0. Insets show the fitted scattering length density profiles.

and/or unfused vesicles with a characteristic
length scale of approximately 600 A Clearly, the
presence of the PEI layer strongly influences the
DMPC vesicles’ adsorption behavior and fusion
into other structures.

However, we found that if there was no po-
lymer present, i.e. addition of DMPC vesicles onto
a bare quartz substrate, this scenario led to an
almost perfect bilayer, as previously observed
(Johnson et al., 1991; Majewski et al., 1998b). Fig.
18a shows the scattering profile of the DMPC
bilayer formed directly on the quartz substrate.
The fit using the simple one box model (Fig. 18b)
is quite good and gives a value of 36 A for the
lipid tails. The use of a more complicated three-
box model to account for the lipid headgroups did
not significantly increase the quality of the fit or
the value of x*. From these fitted densities we
find that the lipid membrane in the high salt
concentration (150 mM KNO;) occupies almost
98% of the surface (an almost perfect bilayer)
compared to 85% in the low salt case (0.5 mM
KNO,).

After adding PEI to the system, we observed a
significant change in the neutron reflectivity curve
(Fig. 18a). Our fit shows that the observed change
can be attributed to a swollen polymer
(PEI/D,O0) layer between DMPC bilayer and the
quartz substrate. There is no change in the thick-

ness of the lipid tails and only a moderate in-
crease in their scattering length density. We find
that the volume fraction of D,O in the PEI layer
in high salt (83%) agrees with that measured for
the low salt conditions (79%). In the high salt
case, the overall roughness increased only slightly
as compared with the DMPC bilayer on bare
quartz, but we observed a change in the scattering
length density of the lipid tails. This indicates that
the high packing density of the hydrocarbon
chains of the bilayer (98%) was partly reduced
(91%) by the addition of the PEI resulting in a
significant amount of penetration of D,O or PEI-
D,O0 into the bilayer region. Such a perturbation
of the DMPC bilayer by the PEI layer was not
observed in the low salt case.
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Fig. 17. (a) Neutron reflectivity data at the D,O-solution
interface of PEI adsorbed to a quartz substrate followed by
the addition of vesicles. The solid curve through the data is
the fit using a multiple box model. (b) Corresponding scatter-
ing length density profile of the multiple box model.
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Fig. 18. Neutron reflectivity data of a DMPC bilayer on a bare quartz substrate, followed by PEI adsorption (high salt, 150 mM
KNOs;). The bottom part of the Figure shows the corresponding scattering length density profiles.

In order to test the structural stability of the .
polymer-supported bilayer under high salt condi- 10 ' ' ' *

tions, we rinsed the system with 150 mM salt R SOV pErepo
solution. We found that the rinsing had no effect -, E :
on the membrane. Q’ i
These results confirm that the reverse prepara- :::
tion procedure gives our desired structure under :‘E’ Lo SAfS "
both low salt (0.5 mM KNO;) and high salt (150 g R
mM KNO,) conditions and that the polymer must %
be able to crawl underneath the formed bilayer, ~
probably via defects in its structure. 10° ¢ ‘ ‘ . . a
6.3. Method 3: Langmuir—Blodgett vertical o0z 00 Zie 008 010
deposition followed by a Langmuir—Schaefer Q. [A7]
horizontal deposition of DMPC monolayers Fig. 19. Neutron reflectivity curves obtained after applying the
(LB-LS) horizontal dipping procedure (LB-LS method) to prepare

polymer-cushioned bilayers. Inset shows the fitted scattering

. . . length density profile . The obtained thickness, 11 A, sug-
We used the Langmuir-Blodgett vertical dip- gests the presence of a single monolayer of hydrogenated

ping method to deposit a PEI-supported mono- DMPC.
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layer of hydrogenated DMPC onto a quartz subs-
trate. After the formation of the first monolayer
which was later confirmed by neutron scattering
we attempted to add a second DMPC monolayer
using the Langmuir—Schaefer horizontal dipping
method. Fig. 19 shows the scattering profile and
the resulting structure. From the fit, the thickness
of the box representing the DMPC lipid tails
region was ~ 11 A indicating that the horizontal
dipping method did not give our desired
polymer-supported bilayer structure.

6.4. Method 4: Vesicle fusion on polymer supported
monolayer (‘LB-vesicle fusion’)

Again, we used the Langmuir—Blodgett vertical
dipping method to deposit a PEIl-supported
monolayer of hydrogenated DMPC onto a quartz
substrate. Before adding the vesicle solution, we
first characterized the PEI supported DMPC
monolayer by measuring the neutron reflectivity
spectrum in air. The structure could be fit with a
two-box model; one box ~ 24- A thick for the
DMPC monolayer and one 43-A thick box for the
PEI-H,0 layer. After exposure to a vesicle solu-
tion in the solid /liquid interface cell, the result-
ing reflectivity curve (Fig. 20) indicates that a
~34-A thick, hydrogenated layer was formed on
the polymer support. We found that the simplest
model which could satisfactorily fit the reflectivity
curve had four boxes: one box for the lipid tails
and three in series to approximate the scattering
length density profile of the aqueous PEI-layer.
The calculated surface coverage of the bilayer
was approximately 90%. Moreover, the PEI layer
appears to undergo swelling, increasing its thick-
ness three-fold from its quasi-dry state (50%
vol. PEI, ~45 A) to its final hydrated state
(~15-20% vol. PEI, ~ 145 A) upon exposure to
the vesicle solution. In short, vesicle adsorption
on polymer-supported lipid monolayers also al-
lows the formation of fairly complete DMPC bi-
layers atop a highly hydrated polymer layer.

We have demonstrated that the neutron re-
flectivity is a powerful tool to study the architec-
tures of adsorbed small unilamellar lipid vesicles
directly onto a polymer-covered quartz substrate
to prepare softly-supported biomembranes. As the
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Fig. 20. Neutron reflectivity data illustrating vesicle fusion on
monolayer method to prepare a polymer-cushioned bilayer;
measurement against D,O. Inset shows the corresponding
scattering length density profile.

results from the vesicle fusion on dry polymer
method indicate, the initial drying of the PEI
layer before the addition of DMPC vesicles ap-
pears to be a critical step needed to form a
polymer-cushioned bilayer. This important find-
ing, is in contrast to the situation when we did not
allow the polymer to dry which resulted in a
complex structure consisting mainly of bilayer
aggregates and/or unfused vesicles. Moreover,
the successful realization of polymer-cushioned
lipid bilayers by this simple procedure promises
the straightforward incorporation of transmem-
brane proteins into softly-supported lipid bilayers.

In addition, we confirmed that a reverse proce-
dure in which bilayers are formed on a quartz
substrate first and subsequently treated with PEI
solution can also be used to form polymer-sup-
ported lipid bilayers, under both low (0.5 mM)
and high (150 mM KNO,) salt conditions.

The success of this method shows the impor-
tance of balancing the interaction forces between
the various components of these assemblies. In
our case, there appears to be a strong interaction
between the positively-charged PEI layer and the
negatively-charged quartz substrate. This elec-
trostatically driven attraction serves to displace
the lipids with polymer. Presumably this displace-
ment is aided through defects and flaws in the
bilayer.
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The situation where the bilayer—substrate at-
traction dominates the polymer-substrate interac-
tion has been reported. The research group of
Sackmann observed that for lipid membranes on
dextran, the polymer had to be covalently at-
tached to the underlying substrate in order to
prevent the collapse of the lipid—polymer com-
posite film (Elender and Sackmann, 1994; Kiihner
et al., 1994; Kiithner and Sackmann, 1996).

The DMPC-PEI system we have studied is only
the first step in an approach of creating model
systems for studying with the SFA (Seitz et al.,
1998, 1999), AFM and electrophysiological tech-
niques. However, these conditions more closely
mimic actual cell membrane environments com-
pared to biomembranes directly supported on bare
substrates.

7. Conclusions

The scattering techniques used to study
monolayers and bilayers yield an array of infor-
mation crucial to understanding these low dimen-
sional systems. The GID experiments reveal the
precise magnitude and direction of chain tilt and
the in-plane coherence lengths of the ordered
hydrocarbons. The out-of-plane correlations show
how molecules stagger, where, in ordered phases,
the area/molecule can be determined precisely
without the need for modeling. The locations of
individual parts of molecules may be located by
selective deuteration and a combination of re-
flection techniques. All of these data, combine to
provide insight into the nature of the low dimen-
sional phase transitions observed in thermody-
namic measurements such as m-A diagrams. This
information sheds light on the complex interac-
tions between amphiphilic molecules. While in
this paper we have discussed only the simplest
monolayer and bilayer systems, this work has
provided a foundation for the study of more com-
plex systems involving proteins and lipids which
more closely resemble actual biological systems
(see for example Vaknin et al., 1993a,b; Naumann
et al., 1994; Thoma et al., 1995, 1996; Brezesinski
et al., 1996; Franz et al., 1998).
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