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Abstract: Using X-ray scattering, the structure of compressed phospholipid monolayers at the air-water interface
matrixed with varying amounts of polymer lipid has been determined. The out-of-plane structure of the
monolayer was greatly perturbed by the incorporation of the bulky polymer lipid resulting in a systematic
roughening of the interface and a decrease in the coherently Bragg-scattering lipid tail region. Our results
indicate that the increased lateral packing stresses due to the hydrophilic polymer chains are predominately
relaxed through an increase in lipid protrusions rather than an increased area per lipid molecule.

Biological cells and extracellular matrixes contain a variety
of macromolecular structures separated by an aqueous phase.
Both specific and nonspecific interactions between these
hydrated macromolecules play critical roles in a variety of
biological processes. One of the most simplified models for
biological membranes is lipid monolayers at the air-water
interface and much structural data has been obtained from such
systems using a variety of methods, recently including X-ray
specular reflection and diffraction.1 A more difficult area to
probe has proven to be the dynamic motions of such hydrophilic/
hydrophobic assemblies and their constituent molecules and
submolecular groups.
One way to increase the applicability of a lipid monolayer

to model a membrane with an extracellular matrix is to
incorporate lipids which expose hydrophilic polymers to the
aqueous phasesthe so-called polymer lipids, which have
received much recent attention due to their application in drug
delivery.2 The polymer lipid is generally a phosphatidyl
ethanolamine of varying tail length with poly(ethylene glycol)
(PEG or EOn of varyingn) chemically grafted to the terminal
amine of the headgroup. Since PEG is a water-soluble polymer,
it also acts as an enlarged hydrophilic headgroup when it is
chemically bound to the lipid headgroup. These polymer-
modified lipids also serve as good models for terminally grafted

polymers of low MW, where the “grafting” density of the
polymer chains can be varied and quantitatively controlled by
simply varying the ratio of unmodified to polymer-modified lipid
within a mixed monolayer or bilayer.3,4

Such a system is particularly interesting for probing the effects
of hydrophilic headgroup interactions on the dynamics and
structure of lipid assemblies. Repulsive “hydration” forces are
believed to be important for determining the molecular packing
in monolayers and bilayers, and at short range can dominate
the van der Waals and electrostatic interactions between
opposing bilayers. Through a large body of experimental work,
hydration forces, which typically have a range of 10-30 Å,
have been found to decay roughly exponentially with a
characteristic decay length of 1-3 Å.5 Although this functional
form of the repulsive interaction is well accepted, the source of
this repulsion has remained controversial with some arguing
that it is due to solvent (water) structure extending from the
surface,5 while others have proposed that it is an entropic or
osmotic force resulting from the fluctuations of protruding
surface groups, e.g., lipids that protrude from the liquid-like
membrane surface and interact directly with each other.6

Although the “hydration” force is generally associated with
normal interactions between two opposing lipid surfaces, the
same interactions also occur laterally within the plane of a single
lipid surface layer.7 Thus, more highly hydrated lipids would
be expected to have larger lateral repulsive interactions with
neighboring lipids compared to less hydrated lipids. Similarly,
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an increase of entropic fluctuations would lead to larger
repulsive interactions between adjacent headgroups and greater
out-of-plane protrusions.8

To gain insight into the types of physical properties discussed
above, a series of X-ray reflection and grazing incidence
diffraction (GID) experiments were performed on lipid mono-
layers composed of distearoyl phosphatidyl ethanolamine
(DSPE) matrixed with 0, 1.3, or 9.0% of the same lipid
with poly(ethylene glycol) chains (PEG, 2000 MW) covalently
linked to its headgroup, thereby forming DSPE-PEG. The use
of the novel molecule DSPE-PEG is especially suitable for
probing the relative contributions of lipid hydration versus
entropic protrusions, since this molecule has an extremely large
hydrophilic headgroup but still forms stable monolayers at
the air-water interface.9 Additionally, this system is also a
suitable model for studying short chain, end-grafted polymer
layers.10

The GID and reflectivity experiments were performed at the
BW1 (wiggler) beam line at the HASYLAB synchrotron source
(Hamburg, Germany) using the liquid surface diffractometer.11

The synchrotron X-ray beam was monochromated to a wave-
length ofλ ) 1.336 Å. The dimensions of the incoming X-ray
beam on the liquid surface were approximately 5× 50 mm2.
For the GID experiments, the X-ray beam was adjusted to strike
the surface at an incident angle ofR ≈ 0.85Rc, whereRc is the
critical angle for total external reflection.12 Such a geometrical
configuration maximizes surface sensitivity.13

The monolayers were spread from 5× 10-6 M 1:9 methanol-
chloroform solutions at 21°C onto a thermostated Teflon trough
equipped with a Wilhelmy balance and a barrier for surface
pressure control. The pressure-area isotherms for each of the
compositions studied (0, 1.3, and 9.0 mol % DSPE-PEG) are
shown in Figure 1. At high surface pressures,Π > 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. As a result, at high surface
pressures the measurements are dominated by the headgroup-
headgroup interactions and are not sensitive to the lateral
polymer-polymer interaction in the subphase. To probe these
interactions and to determine if the physical structure of the
monolayer was changing with DSPE-PEG content, GID and
reflectivity measurements were conducted on mixed monolayers
compressed to 42 mN/m which corresponds to a averaged
packing area of about 40 Å2 per lipid molecule.9,14 Previous
studies have demonstrated that under these conditions homo-
geneous monolayers are formed which do not phase separate.9

Parameters for the monolayers at 42 mN/m are given in the
inset of Figure 1.

Three in-plane reflections:{1,0}, {1,1}, and{2,0} (Figure
2) are observable from the GID data for pure DSPE and mixed
DSPE/DSPE-PEGmonolayers. All three compositions studied,
0, 1.3, and 9.0% DSPE-PEG, have at an applied pressure of
42 mN/m the same hexagonal unit cell dimension ofaH ) 4.70
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Figure 1. Monolayer compression (Π-A) isotherms of mixed DSPE/
DSPE-PEG at 21°C. The area, A, is the mean area per molecule at
the air-water interface. At high surface pressures (Π > 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: parameters for the PEG polymer grafting
density.

Figure 2. The GIDQz-integrated diffraction peaks of pure DSPE lipid
and DSPE/DSPE-PEG mixed monolayers. For clarity{1,0} reflections
(shown in a) were displaced by 4000 and the high order{1,1} and
{2,0} reflection (shown in b) by 500 counts, respectively.
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Å, and thus the same repeat distance ofd10 ) 4.07 Å and a
constant area per lipid molecule of 38.3 Å2. However, the
widths of the{1,0} Bragg peaks in Figure 2 increase with
DSPE-PEG concentration indicating that the size of two-
dimensional crystallites decrease as more and more polymer-
lipid molecules are introduced. Quantitatively, using the
Scherrer formula,15 we find that the crystallite size is 360 Å
for pure DSPE and it decreases to 280 Å (230 Å) for 1.3%
(9%) DSPE-PEG concentration.
Figure 3 shows the Bragg rods of the{1,0} reflections.16

Evidently the width of the Bragg rods increases systematically
with increasing DSPE-PEG concentration. This means that
the length, normal to the water surface, of Bragg scattering
moieties of the lipid molecules, gets shorter. One possibility
could be that the molecules tilt more and more, thereby obtaining
a shorter projection onto the surface normal. However, the
detailed shape of the Bragg rods depends on the tilt, and by
fitting to a simple model of cylindrically symmetric and
longitudinally uniform lipid tails,1,17we find a constant tilt angle
of t ) 4 ( 0.5° for all three concentrations. The observed
increase in the width of the Bragg rods is therefore due to shorter
and shorter portions of the molecules Bragg scattering. A very
plausible model for this effect is depicted in Figure 4. With
increasing DSPE-PEG concentration, the vertical position of

the molecules becomes less and less ordered, and the tail end,
as well as the tail part nearest to the head, therefore get space
for lateral disorder and therefore do not Bragg scatter. This
model is in keeping with the chemical nature of the DSPE-
PEG lipids. Compared to pure unmodified DSPE, the DSPE-
PEG lipids have a very bulky, hydrophilic headgroup composed
of phosphatidyl ethanolamine 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 evidenced by a critical micellar concentration of 6×
10-6 M compared to 1× 10-12 M.18 This increased solubility
should naturally result in a higher density of protrusions from
the monolayer interface into the water subphase.9 Similarly,
the increase in size of the DSPE-PEG headgroup 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 reveals that the length of the coherently diffracting lipid
tails decrease from 23 Å for pure DSPE to 20 Å and 18 Å for
1.3% and 9.0% DSPE-PEG, respectively.19

The Bragg scattering gives only information about the
laterally ordered parts of the molecules, e.g., the middle part of
the lipid tails. We could not detect any direct evidence in the
GID data of where the PEG portion of the DSPE-PEGmolecules
is located. However, this information can be obtained from
specular X-ray reflectivity. Figure 5a shows the reflectivity data
for 1.3 and 9.0 mol % DSPE-PEG in the DSPE layer. The
observed reflectivities have been normalized to the Fresnel
reflectivityRF for an ideal, infinitely sharp air-liquid interface
with the electron density of water in the liquid phase.1 We
initially fit the reflectivity data using a free-form fitting routine,20

and the corresponding electron density profiles are shown in
Figure 5b. From these free-form profiles several observations
can be made. First, the polymer layer extension into the water
subphase and its integrated electron density increase with higher
DSPE-PEG concentration. At the same time, it is also evident
that the electron density of the headgroup and tail regions with
9.0% DSPE-PEG is less than that determined for 1.3% DSPE-
PEG.
Next, we analyzed the reflectivity data using model-dependent

fits. The lipid monolayer was modeled by boxes.21 In the case
of 9.0% DSPE-PEG, we found that it was necessary to divide
the headgroup region into two boxes to improve the quality of
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Bragg peaks. Simultaneously, the scattered intensity recorded in channels
along the PSD, but integrated over the scattering vector in the horizontal
plane across a Bragg peak, producesQz-resolved scans called Bragg rod
profiles.
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system, several small slabs (each∼0.5 Å thick) were used. The values of
the reflectivity were calculated using these slabs andø2 was minimized in
a Marquardt-Levenburg nonlinear least-squares fitting routine to obtain
the best fitting parameters.

Table 1. Box Model Parameters Used To Fit the X-ray Reflectivity Data in Figure 5c

composition
σ
(Å)

T parabola
(Å)

e density
start parabolaa

e density
head A layera

T head A
layer (Å)

e density
head B layera

T head B
layer (Å)

e density
taila

T tail
(Å) ø2

1.3% PEG 3.70 34.8 1.01 1.46 4.70 1.34 4.31 0.95 20.40 15.4
9.0% PEG 4.42 48.0 1.06 1.39 5.47 1.17 5.00 0.85 18.03 19.8

a Electron density divided by electron density of water subphase.

Figure 3. The Bragg rod intensity profiles of the{1,0} reflection of
the pure DSPE lipid and DSPE/DSPE-PEGmonolayers. The sharp peak
at Qz ) 0.01 Å-1 (Vineyard-Yoneda peak24), arises from the
interference between X-rays diffracted up into the Bragg rod and rays
diffracted down and then reflected back up by the interface.
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the fit.7 An additional box was used to describe the lipid tail
region. Although the electron densities of PEG and water are
not very different22 and the concentration of PEG is quite small,
it was necessary to include a polymer layer in order to obtain
a reasonable fit to the reflectivity data, even at the low

concentration of 1.3% DSPE-PEG. In other words, by specular
reflectivity data one could “see” the PEG part of the film.
Moreover, at the higher 9.0% DSPE-PEG concentration, the
polymer layer was best modeled by a parabolic function.23 The
resulting electron density profiles and fitting parameters are
shown in Figure 5c and Table 1. The length of the parabola at
1.3% DSPE-PEG, 35 Å, matches very well with the expected,
RF ) 35 Å, and previously measured thickness of 35 Å.9 The
higher concentration of 9.0% DSPE-PEG required a longer
parabola of 48 Å with a higher electron density. Finally, the
electron density ratio of 8.2 integrated over the length of the
parabolas is in good agreement with the actual molar ratio of
7.0 PEG.
However, the fitting of the 9.0% DSPE-PEG reflectivity data

proved to be problematic. The model-independent fitting clearly
indicated that the electron density of the lipid monolayer, head
and tail region, decreased with increasing DSPE-PEG con-
centration. Our model-dependent fits also had this trend.
Although we believe that this is due to the increased protrusions
of the lipid monolayer at the higher DSPE-PEG concentration,
we were unable to properly account for this staggered structure
using simple models i.e., with boxes while maintaining the
calculated total number of electrons per square angstrom in the
lipid monolayer to that known from the chemical formula (Table
1). At present we have no explanation for this.
In summary, we have determined that lipids with bulky

hydrophilic polymer headgroups have large fluctuations normal
to the monolayer plane, resulting in a systematic roughening
of the interface and a decrease in the coherently Bragg-scattering
tail thickness with increasing polymer-lipid content. These
results suggest that bulky hydrophilic moieties cause significant
out-of-plane protrusions of phospholipid monolayers and pre-
sumably bilayers, vesicles, and biological membranes. The
results further indicate that in-plane or lateral packing stresses
(due to bulky hydrophilic polymer-lipid headgroups) can be
relaxed predominately through an increase in out of plane
protrusions and not by increasing the area occupied per
molecule.

(22) The electron density of bulk PEG is only 6% higher than the water
subphase.

(23) Due to the weak contrast between the polymer and subphase, the
1.3% DSPE-PEG reflectivity data could be reasonably well fit with a simple
box of constant e density to describe the polymer layer and thus was not
sensitive to the functional form of the polymer profile. However, at 9.0%
DSPE-PEG a simple box for the polymer did not fit the data, while a
parabolic form did. Specifically, the polymer layer was modeled with a
concave parabola with decreasing density from the monolayer interface.

(24) Vineyard, G.Phys. ReV. B. 1982, 26, 4146.

Figure 4. 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 2D plane of the monolayer, whereLc is the coherently scattering
length.

Figure 5. (a) X-ray reflectivity data, the solid lines are fits to the data
using a free-form fitting routine.20 (b) The corresponding normalized
electron density profiles obtained from the free-form fittings. (c) The
normalized electron density profiles obtained by fitting the model
discussed in the text (parameters shown in Table 1). For easy reference
a schematic of a single DSPE-PEG lipid is shown to scale with the
fitted electron density profiles.
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