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Interacting Bacteria Surfaces
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The structure and interactions between
biomolecular assemblies, including
biopolymers, filamentous protein
networks, lipid membranes, or lipid-
biopolymer complexes, have been
extensively studied using solution
X-ray or neutron scattering and the os-
motic stress method (1-6). Osmotic
stress is often applied by an external
polymer solution, which is in contact
with the investigated solution (or
dispersion) through a semipermeable
membrane (made of cellulose, for
example). The membrane allows pas-
sage of water molecules but blocks
macromolecules. The chemical poten-
tial of water in the polymer solution
decreases as the polymer concentration
increases. As a result, water molecules
from the investigated solution cross
the semipermeable membrane and
dilute the polymer solution until the
chemical potential of water in the
investigated solution (or dispersion) is
equal to the water chemical potential
in the polymer solution.
Solution-scattering data provide
structural information and intermolec-
ular distances under varying osmotic
pressures and controlled experimental
conditions. By measuring the osmotic
stress applied by the polymer solution
(using an osmometer) and the inter-
molecular distances (using scattering
data), the pressure-distance equation
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of state is determined. Measured equa-
tions of states can then be compared
with rigorous theories that reveal the
underlying interaction or mechanisms
that govern the behavior of macro-
molecular assemblies. By controlling
experimental conditions, the contribu-
tions of van der Waals, electrostatic,
hydration, or elastic interactions to
the intermolecular forces could be
isolated and determined (7). Osmotic
pressure may induce phase transitions
(1,3,4,8), regulate counterion conden-
sation, or ion desorption and therefore
surface charge (3,4). Humidity cham-
bers, which simultaneously control
temperature and relative humidity,
enable direct force measurements at
the limit of high osmotic stresses and
provide insight into short-ranged inter-
actions, like hydration forces between
DNA molecules (8).

Two-dimensional self-assembled soft
interfaces and thin films are widely
found in both natural and technological
contexts. Detailed insight into the struc-
ture and interactions between interfaces
is required for understanding the pro-
cesses mediated by them. Determining
the interactions in thin films, however,
is more challenging than in bulk solu-
tion (5,6,9-12).

The study by Rodriguez-Loureiro
et al. (13) in this issue is a very elegant,
detailed, and comprehensive study of
the structure and interactions between
two planar lipid monolayers, mimicking
the outer surfaces of Gram-negative
bacteria. The monolayers were made
of wild-type lipopolysaccharide mole-
cules from Escherichia coli O55:BS5,

which expose oligo- and polysaccha-
rides (Fig. 1 A). Lipopolysaccharide
chains mediate the interactions between
bacteria in colonies or biofilms, have
an important structural role, and protect
bacteria against harmful molecules (like
antimicrobial drugs).

The fundamental building block
of lipopolysaccharide molecules is
LipidA, to which the core oligosac-
charide is attached. LipidA contains
four to seven hydrocarbon chains and
two phosphorylated negatively charged
glucosamines. The core oligosaccharide
has 8-12 sugar units and additional
phosphate and carboxyl that are nega-
tively charged. A small fraction of
the lipopolysaccharide molecules con-
tained long O-side chains made of repet-
itive oligosaccharide units. Fig. 1 A
shows the structure of a monolayer
formed by lipopolysaccharide mole-
cules. As lipopolysaccharide chains are
negatively charged (because of the
phosphate and carboxyl groups in the
core oligosaccharide unit), calcium or
magnesium ions can rigidify the mono-
layers and suppress the penetration of
antimicrobial peptides through them (5).

A double lipopolysaccharide mono-
layer architecture was established on
a solid/water interface and a water/air
interface (Fig. 1) (11). The two were
independently decorated by the mono-
layers and were initially separated and
structurally characterized using neutron
reflectivity with and without calcium
ions. The monolayers were then brought
into contact and structurally character-
ized (using neutron reflectivity) under
interacting conditions (before calcium
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FIGURE 1
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Effect of calcium and osmotic pressure on the structure of isolated and interacting lipo-

polysaccharide layers. The layers were built on Si substrates that were coated by a thin (15-21 A) Si0,
layer (gray slab). The solid substrates were then hydrophobically functionalized with an octadecyltri-
chlorosilane monolayer (17 A thick). LipidA hydrocarbon chains (14-15 A thick), to which the core
oligosaccharide (represented by hexagons) were attached, were than added. 25% of the oligosaccharide
units displayed O-side chains (shown in green) consisting of polydispersed pentasaccharide repeats
(average of 18 repeats per chain). (A) The effect of added 20 mM calcium ions (shown as red dots)
on the structure of lipopolysaccharide monolayers at the solid/water interface is shown. (B) The effect
of osmotic pressure on the structure of interacting lipopolysaccharide monolayers formed at the solid/
water (bottom monolayer) and air/water interface (top monolayer) in water (no calcium was added) is
shown. The dimensions in the figure are in units of A and are based on Rodriguez-Loureiro et al. (13).

To see this figure in color, go online.

was added). The nanometric dis-
tance between the two interfaces was
measured by ellipsometry and then var-
ied by controlling the relative humidity,
which is equivalent to applying osmotic
pressure. The electron density profile in
the direction normal to the layers was
determined for the isolated and interact-
ing surfaces (Fig. 1).

Neutron reflectively showed that
the core saccharides formed compact
layers near the solid/water or the air/
water interfaces, whereas the O-side
chains were extended and formed a
more dilute region. In the presence of
calcium ions, both the LipidA and

the core oligosaccharide were closely
packed, and the O-side chains assumed
more compact conformations than in
the calcium-free buffer. Water was
excluded from the compact LipidA
layer after calcium was added because
of denser chain packing. The decrease
in the Debye screening length from
74 to 6.4 A after the addition of
calcium is insufficient to explain the
data. The structural changes were
therefore most likely due to formation
of calcium bridges between the nega-
tively charged groups (14).

The repulsive pressure-distance
curves between two interacting
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lipopolysaccharide monolayers was
measured at the limit of high pressure
(20 atm or higher) and followed the
Alexander-de Gennes model for inter-
acting polymer brushes. The fitting pa-
rameters of the model were consistent
with the structural data obtained from
the neutron reflectivity curves (Fig. 1).

The structure of hydrated interacting
lipopolysaccharide layers under ca.
20 bar was similar to that of the single
layers with weak chain interpene-
tration at the midplane (Fig. 1 B). At
higher pressure, chain interpenetration
increased, and water release was hetero-
geneous. Next to the core saccharides,
water remained bound to the charged
groups and readily released from the
neutral O-side chain regions (Fig. 1 B).
The surface roughness of lipopolysac-
charide layers decreased with pressure.

At the limit of high pressure that was
applied by Rodriguez-Loureiro et al.
(13), the pressure-distance curve is
insensitive to the exact chain conforma-
tion, but it is sensitive to their volume
fraction (Fig. 1 B). It would therefore
be of much interest to continue and study
the limit of low pressure, in which the
chain architecture of each layer should
play a role. In that limit, combining the
neutron reflectivity data, which provide
the exact volume faction along the
normal direction to the layer plane,
with rigorous theories that require the
volume fraction as an input (15) will
provide beautiful additional insight
into the physical interactions across
lipopolysaccharide-bearing surfaces un-
der conditions that have relevance to
biology. Adding additional extracellular
biofilm components, like lectins, will be
another relevant step toward a deeper
understanding of interacting bacteria
surfaces.
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