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Structural characterization of single and interacting soft interfaces displaying
brushes of synthetic or biomolecular polymers

The interaction between surfaces displaying end-grafted hydrophilic polymer brushes plays
important roles in biology and in many wet-technological applications. The outer surfaces of Gram-
negative bacteria, for example, are composed of lipopolysaccharide (LPS) molecules exposing oligo-
and polysaccharides to the aqueous environment. This unique, structurally complex biological
interface is of great scientific interest as it mediates the interaction of bacteria with neighboring
bacteria in colonies and biofilms. The interaction between polymer-decorated surfaces is generally
coupled to the distance-dependent conformation of the polymer chains. Therefore, structural insight
into the interacting surfaces is a prerequisite to understand the interaction characteristics as well as
the underlying physical mechanisms. This problem has been addressed by theory, but accurate
experimental data on polymer conformations under confinement are rare, because obtaining
perturbation-free structural insight into buried soft interfaces is inherently difficult.

In this thesis, lipid membrane surfaces decorated with hydrophilic polymers of technological and
biological relevance are investigated under controlled interaction conditions, i.e., at defined surface
separations. For this purpose, dedicated sample architectures and experimental tools are developed.
Via ellipsometry and neutron reflectometry pressure-distance curves and distance-dependent
polymer conformations in terms of brush compression and reciprocative interpenetration are
determined. Additional element-specific structural insight into the end-point distribution of
interacting brushes is obtained by standing-wave x-ray fluorescence (SWXF).

The methodology is first established for poly[ethylene glycol] (PEG) brushes of defined length and
grafting density. For this system, neutron reflectometry revealed pronounced brush
interpenetration, which is not captured in common brush theories and therefore motivates rigorous
simulation-based treatments. In the second step the same approach is applied to realistic mimics of
the outer surfaces of Gram-negative bacteria: monolayers of wild type LPSs extracted from E. Coli
055:B5 displaying strain-specific O-side chains. The neutron reflectometry experiments vyield
unprecedented structural insight into bacterial interactions, which are of great relevance for the

properties of biofilms.






Strukturelle Charakterisierung von einzelnen und interagierenden weichen
Grenzflachen mit Biirsten aus synthetischen oder biomolekularen Polymeren

Die Wechselwirkung zwischen Oberflachen mit end-gebundenen hydrophilen Polymerbiirsten, spielt
eine wichtige Rolle in der Biologie und in vielen nass-technologischen Anwendungen. Die dufleren
Oberflaichen Gram-negativer Bakterien bestehen beispielsweise aus Lipopolysaccharid (LPS) -
Molekiilen, welche ihrer wassrigen Umgebung Oligo- und Polysaccharide prasentieren. Diese
einzigartige, strukturell komplexe biologische Grenzflache ist von grofem wissenschaftlichen
Interesse, da sie die Wechselwirkung zwischen benachbarten Bakterien in Kolonien und Biofilmen
vermittelt. Die Wechselwirkung zwischen Polymer-dekorierten Oberflachen ist im Allgemeinen mit
der abstandsabhdngigen Konformation der Polymerketten gekoppelt. Strukturelle Einblicke in die
interagierenden  Oberflichen  sind daher eine  Voraussetzung, um  sowohl die
Wechselwirkungseigenschaften als auch die zugrundeliegenden physikalischen Mechanismen zu
verstehen. Dieses Problem wurde bereits theoretisch angegangen, aber genaue experimentelle
Daten (iber Polymerkonformationen unter rdumlicher Einschrankung liegen kaum vor, da es
schwierig ist, stérungsfrei strukturelle Einblicke in weiche Grenzflaichen innerhalb kondensierter
Materie zu erhalten.

In dieser Arbeit wurden Lipidmonoschichten, die mit hydrophilen Polymeren von technologischer
und biologischer Relevanz versehen sind, unter kontrollierten Wechselwirkungsbedingungen, d. h.
bei definierten Oberflichenabstanden, untersucht. Zu diesem Zweck wurden spezielle
Probenarchitekturen und experimentelle Methoden entwickelt. Mittels Ellipsometrie und
Neutronenreflektometrie wurden Druck-Abstand-Kurven und abstandsabhangige
Polymerkonformationen im Hinblick auf Bilirstenkompression und gegenseitige Durchdringung
bestimmt. Zusatzliche, elementspezifische strukturelle Einblicke in die Endpunktverteilung
interagierender Polymerbirsten wurden durch Rontgenfluoreszenz unter stehenden Wellen (SWXF)
gewonnen.

Die entwickelte Methodik wurde zunéchst fiir Poly(ethylenglycol) (PEG) -Birsten definierter Lange
und Bindungsdichte etabliert. Flr dieses System zeigte die Neutronenreflektometrie eine
ausgepragte Durchdringung der Birsten, die in gdngigen Birstentheorien nicht erfasst wird und
daher rigorose simulationsbasierte Studien motiviert. Im zweiten Schritt wurde der gleiche Ansatz
auf realistische Modelle der &duReren Oberflichen Gram-negativer Bakterien angewandt:
Monoschichten von aus E. coli O55 B5 extrahierten Wildtyp-Lipopolysacchariden, welche
stammspezifische O-Seitenketten tragen. Die Neutronenreflektometrie-Experimente lieferten nie
dagewesene strukturelle Einblicke in die Wechselwirkung von Bakterienoberflachen, Welche fiir die

Eigenschaften von Biofilme von groRer Bedeutung sind.
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1. Introduction

1.1 Interacting soft interfaces

Biological matter is largely composed of soft interfaces formed by two-dimensional
molecular assemblies [1-4]. Membranes and protein- or carbohydrate complexes represent a
large percentage of the mass of cells and tissues, and the physical interactions between their
surfaces are responsible for both their function and structural organization. Membrane
adhesion or vesicle release, for example, are intra-cellular processes characterized by a high
degree of spatiotemporal reorganization [5]. This reorganization requires continuous
adjustments of the membrane interactions by the organism. The diffusion of biomolecules
between membrane surfaces is possible due to the hydrodynamic pathways generated when
repulsive interaction profiles prevent contact between adjacent membranes. On the other
hand, membrane adhesion or membrane fusion arise from well-defined membrane
separations, created by attractive interaction profiles. The characteristics of membrane-
membrane and membrane-surface interactions also govern processes such as cell adhesion
[6], bacteria interactions in biofilms [7], biomineralization [8] and the adsorption of
organisms to natural and artificial materials [9]. Also in technology the interaction between
such soft interfaces plays an important role, in applications such as liquid purification and

separative chemistry [10], lubrication [11], or cell-sheet harvesting [12].

When two soft interfaces interact in a liquid medium, the whole spectrum of interfacial
forces comes into play, including electrostatic and van der Waals (vdW) forces, hydrogen
bonding, and solvation and steric forces [13]. The contribution of each type of force will
depend on the surface chemistry and on the composition of the liquid solution. This means
that the molecular composition of such interacting surfaces will dictate the strength and
range of the interaction, as well as whether they attract or repel each other. The interaction
between biological membranes, for example, will be different if they are composed of
neutral or charged lipids, or if they have or lack membrane-bound saccharides, polypeptides,
and macromolecules [5, 14]. In technology, liquid/liquid interfaces are commonly stabilized
with self-assembled amphiphilic surfactant or polymer layers, with the aim of rendering their

mutual interaction more repulsive.



An important class of soft interfaces are those decorated with polymer brushes. They are the
main subject of this thesis. In technology, they are used for colloidal stabilization or for
shear lubrication. In biology, polymer-decorated surfaces can be found in the glycocalyx of
certain cells. In particular, and as will be explained further below, the outer surface of Gram-
negative bacteria is composed of sugar polymers (lipopolysaccharides). The interaction
between such polymer decorated interfaces will be different if the polymer chains are able
to mutually interpenetrate [15, 16]. This means that the physics behind the interaction
between these type of interfaces is closely linked to the molecular conformation of the
polymer chains, which vary on length scales of few A to many nm [13]. Therefore, structural
insight into the interaction is extremely valuable, but at the same time difficult to obtain for
different reasons. First, scanning techniques like atomic force microscopy (AFM) or scanning
tunneling microscopy (STM) cannot access the polymer chains because they are “buried”
between the two surfaces to which they are grafted. In addition, and as stated above, the
length scale of these structures is typically between a few A and many nm, which are far
below the resolution limit of optical microscopy and too small to be use fluorescent labels.
Finally, structural changes upon interaction, such as the conformation of polymer chains, are
strongly dependent on thermodynamic conditions like pressure and temperature. This
means that cryotechniques are also not good candidates for studying these structures.
Because of all these limitations, the only available techniques are mainly X-ray and neutron
scattering. These are powerful tools to study the structure of interfaces at molecular length
scales [17, 18], as they have access to buried interfaces, are usually non-destructive, and can
be used under a wide range of conditions including ambient and physiological conditions.
Moreover, they provide truly sample-averaged structural information rather than the

isolated point-by-point structures often obtained by scanning techniques.

Specular reflectometry, which is one of the main techniques used in this work, reveals
scattering length density (SLD) profiles perpendicular to an interface [17, 18]. For X-rays, the
SLD of a medium is proportional to its electron density, while for neutrons it depends on its
nuclear composition. In a neutron or X-ray specular reflectometry experiment, the relative

intensity R of a beam reflected from a planar interface is recorded as a function of the

perpendicular scattering vector component g, = 4THSL'nGI, where 0 is the incident angle and A

is the X-ray or neutron wavelength. By analyzing the reflectivity curve, R(qg.), the interfacial



SLD can be reconstructed. The obtained SLD profiles can then be interpreted in terms of
interfacial distributions of chemical components, based on their known characteristic
electron or nuclear densities [19-21]. In neutron reflectometry, selective deuteration is
commonly used to enhance the SLD contrast between different chemical components and
thus to better discriminate between their interfacial distributions. With X-rays, direct
sensitivity to the distribution of chemical elements can be achieved by exploiting the q; -
dependent characteristic X-ray fluorescence emitted by the elements of interest, in a

technique known as Standing Wave X-ray Fluorescence (SWXF).

1.2 State of the art

Measurements of forces between soft interfaces across water are nowadays common
practice. Pressure-distance curves, I1(D), which provide the relation between the surface
separation D and the dehydrating pressure I1, can be obtained with several methods. In so-
called surface force apparatus (SFA) experiments [13, 22], the normal force F between two
solid surfaces is recorded and translated into the corresponding interaction pressure II.
Importantly, the water chemical potential is D-independent and set by the reservoir. The
same holds for a related technique named colloidal probe force spectroscopy, in which
particles are brought into contact with functionalized surfaces [23]. The most common way
of measuring II(D) involves multilamellar samples but is limited to systems that
spontaneously assemble into periodic multilayers, like lipid or surfactant multibilayers. I1(D)
is then determined by subjecting the multilayers to controlled dehydrating osmotic
pressures. The latter can be generated by the addition of hydrophilic polymers into the
aqueous phase, which compete for the water molecules, i.e., depress the chemical potential,
and thereby reduce the water layer between the layers [24]. The dehydrating pressure then
corresponds to the osmotic pressure of the polymers in the solution. Higher dehydrating
pressures can be generated via vapor exchange with a water reservoir of depressed chemical
potential. The surface separation D can then be worked out from the lamellar periodicity of
the multilayers, which is accessible by x-ray or neutron diffraction.

However, experimental setups suited for the measurement of interfacial forces are typically
inadequate for a structural investigation with reflectometry techniques. The main reason is
that reflectivity requires perfectly planar samples of lateral extensions of square millimeters

(x-rays) to several square centimeters (neutrons). Bringing two such surfaces into a perfectly



parallel alignment at interaction distances of the order of 10 — 100 nm is very difficult. There
have been various approaches to this challenge over the last decade, as summarized in a
review article by Wei & Prescott [19]. Hamilton et al. performed NR measurements while
keeping two functionalized planar solids in a parallel alignment at separations of less than
100 nm [25]. With this strategy they reconstructed the density profiles of polystyrene (PS)
brushes interacting across toluene at two surface separations. Selective deuteration was
employed in order to maximize the SLD contrast between the polymers and the solvent.
Along the same line, in order to highlight the level of brush interpenetration, one deuterated
and one hydrogenous brush was used. In their studies, interpenetration was found to
increase with decreasing surface separation, but not as much as would be expected if the
opposing brushes overlapped without mutual compression. In a recent study by Abbott et al.
a flexible polymer sheet was used to compress hydrated single polymer brushes [26]. The
idea was that this would facilitate the alignment and the exertion of compression forces.
However, both strategies suffer from limitations: the use of two solid surfaces is intolerant
to impurities and it is difficult to reach nanometric surface separations. On the other hand,
the use of a plastic membrane is associated with high roughness on one side and hampers

sophisticated surface functionalizations.

1.3 Aim of this thesis

In the present thesis, a toolset to investigate the distance-dependent structure of
interacting soft interfaces of biological and technological relevance is established. This
includes the development of sample preparation methods, sample environments and the
use and adaption of neutron and x-ray scattering techniques. The toolset is applied to an
important class of soft interfaces, namely those featuring end-grafted brushes formed by

synthetic or biomolecular polymers.

First, a well-defined system composed of lipid anchored polyethyleneglycol (PEG) brushes is
investigated. It serves as a proof of principle and, at the same time, has great technological
relevance, since synthetic brushes are widely used in wet- and biotechnology. As mentioned
above, applications include the biocompatible functionalization of nanoparticles and

material surfaces[27], the stabilization of colloidal suspensions[28] and foams[29], as well as



shear lubrication[11]. An architecture is developed in which two planar amphiphilic
monolayers act as grafting surfaces for the polymer brushes and are brought into contact at
distances as small as few tens of nm and less. These are the typical length scales relevant for
the interaction of polymer brushes on biological surfaces [7, 30] and of polymer-decorated
nanoparticles in biotechnology [31]. Via controlled dehydration, our double-monolayer
configuration enables the tunable approach of the two surfaces and the separation-
dependent structural investigation. The monolayers are composed of phospholipids and
lipopolymers (PEG-lipids), supported by a hydrophobized planar solid on one side, but free-
standing on the other side. With that, a homogeneous surface separation on the planar
substrate is readily realized, in contrast to approaches involving two planar solids, where
creation of a defined interaction distance is generally difficult [19]. Ellipsometry is used to
obtain the pressure-distance curves of interacting brushes of various polymerization degrees
and grafting densities. Neutron reflectometry (NR) is used to determine the brush
conformation as a function of the grafting surface separation. To this end the reflectivity
curves are described in a wide separation range with a common model based on the volume
fraction distributions of all chemical components and their distance dependence. Our results

reveal strong interpenetration which is not predicted by standard theoretical models.

In a second part, element-specific density profiles in interacting soft interfaces are obtained
by SWXF. With neutron reflectometry, the polymer and lipid distributions are obtained.
However, the brush endpoint distribution and the grafting surface position, very meaningful
features, are only accessible with SWXF. Therefore, the same type of samples as in the
previous part are used, but with end-point-sulfur-labeled PEG-lipids. This enables us to
simultaneously localize the brush grafting surface (via the phosphorus atoms present in the
phospholipid headgroup) and the polymer endpoint distributions (via their sulfur atoms)
under various interaction conditions. Our results show that SWXF is suited for the structural
characterization of interacting soft interfaces, but as explained in the corresponding article
(see section 4, reprints), working with bimodal distributions like the ones used is a

challenging task.

Finally, the methodology established with the synthetic polymer brushes in the first two

parts is applied to truly biologically relevant interfaces displaying linear macromolecules,



lipopolysaccharides (LPSs), which are the main constituents of the outer monolayer of the
Gram-negative bacterial outer membrane (Figure 1) [32, 33]. Apart from their structural role,
LPS surfaces mediate the interaction of bacteria with their surroundings and act as
protection against harmful molecules. LPS molecules consist of a vastly invariant part,
constituted by the fundamental building block Lipid A and the ‘core’ oligosaccharide. Lipid A
possesses four to seven hydrocarbon chains and two phosphorylated, negatively charged
glucosamines. The core oligosaccharide is composed of eight to twelve sugar units and
carries additional negative charges in the form of phosphate and carboxyl groups. A variable
fraction of LPS molecules (called ‘smooth’ LPS) possess strain-specific O-antigens (O-side
chains) in the form of repetitive oligosaccharide motifs [34, 35]. However, the largest LPS
fraction (called ‘rough’ LPS) lacks these O-side chains. Several in vivo studies [36-38] showed
that Gram-negative bacteria are resistant against the intrusion of cationic antimicrobial
peptides in the presence of divalent cations like Ca* or Mg?*. Conversely, the outer
membrane can be permeabilized with chelating agents like EDTA, which deplete the solution
of divalent cations [38, 39]. This phenomenon has been drawing attention due to its
fundamental importance for the mode of action of a class of antibacterial drugs [40].
Lipopolysaccharides also largely govern the mutual interaction between neighboring
bacteria. This is of particular importance for bacteria in colonies and biofilms, where the
bacteria are situated side by side [41]. In fact, structure and mechanics of biofilms were
shown to be affected by the LPS chemistry [7]. With the help of neutron reflectometry,
planar monolayers of wild-type LPS from Escherichia Coli 055:B5 featuring strain-specific O-
side chains have been characterized in the presence and absence of divalent cations and
under controlled interaction conditions. Our results show that the structure of single solid-
supported LPS monolayers is significantly affected by a depletion of calcium: the lateral
packing is reduced and water appears to overlap with the hydrocarbon chain region. For
interacting LPS monolayers liquid-like aqueous layer exists between neighboring bacteria
when they are situated side-by-side, indicating that hydrodynamic pathways for the inter-

cellular transport of small-enough molecules will be sustained in colonies and biofilms.
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Figure 1: Schematic representation of the Gram-negative bacterial envelope. Image from

Clifton et al. [42]

The thesis is structured in four main blocks.

First, in section 2, “Materials and sample preparation”, the experimental procedures are
explained, so that our experiments can be reproduced in the future.

Then, in section 3, “Theoretical background”, the theory behind the experimental techniques
and our system is explained, so that the thesis can be understood without additional
literature.

In section 4, “Reprints”, results are presented in form of reprints the three published articles
corresponding to parts 1, 2 and 3 of the work (see above).

Finally, the main outcome of the thesis is summarized in section 5, “Conclusions”, together

with an outlook in section 6, “Outlook”.



2. Materials and sample preparation

2.1 Materials and chemicals

Figure 2 shows the molecules used for preparing the polymer brushes together with the
Lipopolysaccharide molecules forming the outer surface of Gram-negative bacteria. For a
more detailed description of all materials and chemicals, check the “Materials and

methods” section of each publication in chapter 4, “Reprints”.
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Figure 2: A) Chemical structures of the amphiphilic molecule DSPC (1,2-distearoyl-sn-glycero-
3-phosphocholine). B) Chemical structure of PEG-lipid (1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethyleneglycol)]). C) Chemical structure of LPS
molecules from Escherichia Coli 055:B5, featuring two main units: the LipidA hydrocarbon
chains (LC) and a headgroup formed by the internal oligosaccharide (I0S). A certain fraction
of the molecules additionally display O-side chains (OSC) consisting of pentasaccharide
repeat  units.  Abbreviations:  GlcN = glucosamine,  KdO = keto-deoxyoctulosonate,
PEtN = phosphorylethanolamine, Hep = L-glycero-D-manno-heptose, Glc = glucose,
GIlcNAc = N-acetyl-glucosamine, Gal = galactose, GalNAc = N-acetylgalactosamine,

Col = colitose.



2.2 Sample preparation

In this section, the sample preparation methodology for reproducing and further

developing our experiments is presented.
2.2.1 Cleaning of glassware

All glassware used —either for preparing solutions or for cleaning the substrates- needs to
be extremely clean. Here is described, step by step, how to proceed. First, glassware is
washed thoroughly with tap water and sodium dodecyl sulfate (SDS) to get rid of “bulk”
dirt. Then, it is rinsed thoroughly with tap water to get rid of SDS. Afterwards, it is rinsed
thoroughly with purified, double-deionized water to get rid of tap water contaminants
and dried thoroughly with N, stream to avoid the creation of chloroform/water
emulsions in the next step. To provide good solvents for all possible remaining
contaminants, glassware is rinsed thoroughly with chloroform, acetone, ethanol and
double-deionized water, in this order. To speed up the drying, it is rinsed with ethanol
(more volatile than water). Glassware can now be inserted in the oven (preheated to 50
°C) until it’s completely dry. Finally, it is removed from the oven and kept sealed to avoid

any contamination.

2.2.2 Cleaning of Teflon holders

The Teflon holders employed for holding the substrates while cleaning and for sample
deposition need to be extremely clean. First, they are washed thoroughly with tap water
and sodium dodecyl sulfate (SDS) to get rid of “bulk” dirt. Then, they are rinsed
thoroughly with tap water to get rid of SDS. In a next step, Teflon holders are rinsed
thoroughly with purified, double-deionized water to get rid of tap water contaminants
and dried thoroughly with N, stream to avoid the creation of chloroform/water
emulsions in the next step. To provide good solvents for all possible remaining
contaminants, holders are rinsed thoroughly with chloroform, ethanol and double-
deionized water, in this order. To speed up the drying, a last rinsing with ethanol (more
volatile than water) is needed. The holder can now be inserted in the oven (preheated to
50 °C) until it’'s completely dry. Finally, it is removed from the oven and kept sealed to

avoid any contamination.



2.2.3 Cleaning of substrates

All the substrates on which our interacting monolayers are deposited —silicon blocks for
neutron reflectometry, silicon chips for ellipsometry and multilayered chips for standing
wave X-ray fluorescence- need to be extremely clean. In the case of small chips (SWXF
and ellipsomerty), a clean Teflon holder is needed for this step. In the case of silicon
blocks for NR, the block will be placed in a previously cleaned glass container with the
surface to be functionalized exposed to the solution. The cleaning procedure is now
described. First, the chip/block is washed thoroughly with tap water and sodium dodecyl
sulfate (SDS) to get rid of “bulk” dirt. Then, it is rinsed thoroughly with tap water to get
rid of SDS. After this step, it is rinsed thoroughly with purified, double-deionized water to
get rid of tap water contaminants and dried thoroughly with N; stream to avoid the
creation of chloroform/water emulsions in the next step. In a next step, to provide good
solvents for all possible remaining contaminants, the block/chip is immersed in
chloroform, acetone, ethanol and double-deionized water, in this order, for one hour. To
speed up the drying, a last rinsing is done with ethanol (more volatile than water). The
chip/block is then dried thoroughly with N; stream and inserted in the UV-Ozone
chamber for one hour. It is then removed from the UV-Ozone chamber and rinsed
thoroughly with purified, double-deionized water. The block/chip can now be inserted in

the oven (preheated to 50 °C) until it is completely dry.

2.2.4 OTS functionalization

Chips or blocks for OTS deposition are first cleaned as described in the previous section.
Once the chip is completely dry, it is removed from the oven and inserted in 50 mililiter
of anhydrous hexadecane. This needs to be done fast, while the chip is still warm. The
surface to be functionalized needs to be exposed to the solution. Now, 20 microliter of
OTS are added and wait for one hour. Remove the OTS-hexadecane solution and add
hexadecane (does not need to be anhydrous). After 15 minutes, the hexadecane is
removed and replaced by ethanol. After 15 more minutes, ethanol is removed and new

ethanol is added. This step will be repeated as many times as needed until no

10



hexadecane drops are left in the ethanol. The chip/block is now dried under N stream.
The success of the OTS coating can be checked by pouring water droplets on the surface.
If the surface is hydrophobic, drops should “slip” over the surface and the contact angle

should be high by visual inspection.
2.2.5 Organic solution preparation

For preparing organic solutions, the dry material is weighed in a clean glass bottle and
the selected solvent is addedwith a Hamylton syringe until the desired final

concentration is achieved.

For the DSPC and PEG-lipids, chloroform was used as solvent. Solutions were prepared

with a final concentration of 2 mg/ml.

For the LPS, the solvent used was a mixture of liquid phenol (9:1 phenol:water v:v) with
chloroform and petroleum ether in a volume ratio of 2:5:8. The final concentration of our
solutions is 1 mg/ml. Sonication is needed for dissolving the molecules, and the solution

is hazy after sonication.
2.2.6 Sample deposition

The single/interacting monolayers are prepared using a Langmuir-Blodgett trough. The
trough surface is cleaned with a powder-free tissue and a small amount of chloroform.
This step is repeated with ethanol. Once the trough is clean, it is filled with purified,
double-deionized water. Water is removed and this step is repeated until the surface is
perfectly clean. This is achieved when the surface pressure experiences no change upon
closing/ opening the barriers. Subsequently, the trough can be filled with the desired
subphase (water or salt solution). The chip/block is placed in the holder with the
hydrophobic surface facing the subphase. Then, the monolayer of interest can be spread
at the air/water interface. This is done with a Hamylton syringe. Drops of solution are
added at different points of the surface. To avoid that the drop sinks into the bulk, a drop
is formed at the tip of the syringe and it is made come into contact with the water. Drops
are added as an onset on the pressure, on the order of several mN/m, is observed. Wait
for 10 minutes to allow for solvent evaporation. Once the solvent has completely
evaporated, the monolayer is compressed to a target pressure of 35 mN/m by closing

the barriers. The trough is set so that this pressure is kept constant. The chip/block can

11



then be moved down. The dipper must move at a speed slow enough for the barriers to
keep the surface pressure constant. Once the surface has come into contact with the
water, the first monolayer is transferred. The whole chip/block is now immersed under
water and rotated by 90 degrees so that the surface with the monolayer is now
perpendicular to the air/water interface. The lateral pressure needs to be checked and
kept at 35 mN/m. Finally, the chip/block can be moved up until it is completely out of the
water. If the transfer has been successful, the chip/block looks dry when leaving water
because the lipid hydrocarbon tails (hydrophobic) are now exposed to air. A sketch of the

sample deposition procedure is presented in figure 3.

air

air

water

water

Figure 3: A) Monolayer deposited at the air water interface. B) Transfer of the monolayer via
Langmuir-Schaefer deposition to a hydrophobized block. C) Once the block is under water,
rotation of 90°. D) Transfer of the second monolayer via Langmuir-Blodgett deposition. E)

Final architecture of two interacting lipid monolayers displaying polymer brushes.
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3.

Theoretical background

In this section, the main theoretical and technical aspects are described. It serves as a
basis for the reprints in section 4. The section is divided in four subsections, namely
neutron reflectometry, standing wave X-ray fluorescence, ellipsometry, and polymer

brush theory.

Neutron reflectometry, X-ray standingwave fluorescence and ellipsometry are the main
experimental techniques used in this thesis. While neutron reflectometry and SWXF
gives structural information into single and interacting soft interfaces, ellipsometry
enables to record pressure-distance curves, which give us information about the

thermodynamics of the interaction.

On the other hand, knowledge of polymer brush theory is a prerequisite for
understanding the interaction between surfaces displaying polymer brushes, which are

the main focus of this thesis.

3.1 Neutron Reflectometry

Neutron reflectometry is the main technique used in this thesis. It enables to structurally
characterize the interaction between two surfaces in terms of the volume fraction
distributions of all chemical components. Its main theory and its relevant aspects in the

context of this work are briefly described in this section.
3.1.1 Principles of neutron scattering

Neutron scattering is ideal for the structural characterization of a sample at molecular
length scales because it provides structural information with high spatial resolution
without destroying the sample and it provides information about buried structures [43,

44].

Because samples are probed at large length scales compared to their atomic structures
(= 1 A), they can be described in terms of continuous media. Their atomic structure is
therefore neglected and they are parametrized with a refractive index n(r), a complex

function of the spatial coordinates r:
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8=22P

2
B=-u

where A denotes the wavelength of the neutrons, p the scattering length density (SLD) of
the medium and u the absorption coefficient of the medium for the beam. In case of cold
or thermal neutrons, u accounts for neutron capture processes, while the SLD depends

on the nuclear composition of the medium:

J

v; denotes the volume density of the nuclide species j, and b; its coherent scattering

length, which is tabulated for most nuclides[45].

There are two characteristics of neutrons which make them ideal candidates for studying
our samples. First, their absorption coefficients are very low, so they can be used for the
investigation of deeply buried structures. Second, their scattering length strongly varies
between two isotopes of the same chemical element. This offers the possibility of
manipulating the scattering contrast. This method is known as ”“contrast variation” and is
particularly powerful for soft-matter and biological samples. Molecules or parts of
molecules can be hindered or highlighted by isotopic labeling without changing their

behavior. This is done by replacing hydrogen with deuterium (deuteration).
3.1.2 Specular neutron scattering

The specular scattering of oriented planar samples (e.g. thin films on a flat substrate)
contains structural information along the out-of-plane (z) direction [46, 47]. Oriented
samples are commonly modeled with “slab models” [48-51] (figure 4), where each slab
represents a layer of constant refractive index n. Since absorption can be neglected, the
sample structure is described in terms of SLD profiles rather than in terms of refractive

index profiles.
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Figure 4: Slab model of an oriented sample. From [52]

The transition of p at the interface between two adjacent slabs is accounted for with an

error function, characterized by a transition width o.
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Figure 5: Specular scattering geometry.

Let a monochromatic beam with wave vector ki hit an oriented sample with incident

angle 8, as shown in Figure 5. The beam is scattered at an angle & (specular reflection)

and has a wave vector ks. The length of the wave vector is conserved (elastic scattering),

so that:

[l 1] -2
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The momentum transfer vector corresponding to the scattering process is characterized

by the scattering vector g, = k¢ - ki = 27” (sinB +sin Q) = 4%sin 0.

3.1.3 Reflectivity from a single ideal interface

Consider an ideal planar interface between two homogenous media, 0 and 1, and a
beam hitting the interface coming from medium 0. The out-of-plane component k7 of the

wave vector in each medium depends on g; and on the refractive indices, ng and ni:

2w |/qzA 2
z — __ [[ZZ=) —n2—
kj A <4n> nj—1

If absorption is neglected, we can simplify the previous expression:

The complex amplitudes of the reflected and transmitted waves are given as the Fresnel

amplitude reflection and transmission coefficient:

PP = k§—ki
01 =
kEZ+k%

andtf, =141,

The specular reflectivity R, defined as the ratio between the reflected intensity I and the
incident intensity I;, is the absolute square of the complex Fresnel amplitude reflection

coefficient:

I
R(Clz)zl_rlz |1"g,1|2
l

If the refractive index of medium 1 is lower than that of medium 0, the beam is totally
reflected (R=1) below a critical g, value, denoted with g¢. This value can be

approximated in terms of the SLDs of the media:

qz = +/161(p; — po)
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3.1.4 Interfacial roughness

Non-ideal interfaces between two media do not possess a sharp jump in the SLD but a
gradual transition. To describe this transition, error functions characterized by the
transition width o are used. For this case, Nevot and Croce[53] have derived how the

amplitude reflection coefficient for an interface should be modified:

1 1 .
1§y > ey - exp(— quza(il), where exp (— Eq%aﬁjl) is the so called Nevot-Croce factor.

In figure 6, the reflectivity of an ideal interface (for two media with pp = 0 and pi= 20 x

106 A2) and that of an interface with roughness o =5 A is shown.

10 E —Ildeal interface |
i ---Rough interface
|
o :
10°F | |

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Figure 6: (red) Fresnel reflectivity from a single ideal interface. (blue) Influence of

interfacial roughness.

At this point it should be noted that, in the approach taken in this thesis —described in
detail in the “Material and methods section” of each paper in section 4, “Reprints”-, the
slabs used to describe the volume fraction distributions of the different components are
not the same slabs used for the reflectivity calculation. The continuous SLD profile of our
system is discretized into hundreds of thin slabs of 1 or 2 A of constant SLD (see Figure
7). This allows to get rid of the Nevot-Croce factor and simplify the calculations. This can
be done because slabs are so highly resolved that the roughness between them can be
neglected. In fact, for the maximal g; (0.25 A?) and for roughnesses below 1 A, the

Nevot-Croce factor approaches unity.
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Figure 7: (A) Continuous SLD profile. (B) SLD profile after discretization into thin slabs of

constant SLD.

3.1.5 Stratified interfaces

The reflectivity from N stratified interfaces can be calculated using Parrat’s formalism

[54]. Based on the Fresnel amplitude reflection coefficients,

zZ _ |z
F _kJ' j+1

1
2 2
Tij+1 = P . eXp(—EqZGj,jﬂ)

the effective amplitude reflection coefficient of the stratified system ron is calculated

recursively starting from the last interface (between medium N-1 and medium N):

_ F
TN—1N = TN-1,N

F 20kl diyq
Tijr1tTj+1,N € 1417 . .
Ltz _J , j counting downwards from N-2 to 0.

7 1 .

N F 2ik? _d;
R . +17j+1

1471 TjsN € ) J

d; = zj,, — z; denotes the thickness of medium j.

The reflectivity is then given as R(q,) = | ToN | 2

A calculated reflectivity curve from 3 stratified interfaces (po = 0, p1= 15 x 10 A2, p,= 30
x 108 A2and p3= 10 x 106 A2, d1 =15 A, d2 = 25 A, 001 = 012 = 023 = 4 A) is presented in

figure 8.
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Figure 8: Reflectivity from 3 stratified rough interfaces

In contrast to the single interface case, the reflectivity from stratified interfaces shows
many features like oscillations and deep minima (Kiessig fringes) caused by the
interference of the waves reflected at different interfaces. The Parratt formalism
constitutes a fully dynamical description of the scattering process where the intensity of
the incident beam is conserved, and the reflections from each interface (including back
and forth reflections) as well as the interference of all reflected and transmitted waves

are considered.
3.1.6 Practical aspects of our Neutron Reflectivity measurements

In the following, some practical aspects of our reflectivity measurements will be

discussed.

The most important aspect is the fact that we measure the reflectivity using a
polychromatic neutron beam. The use of a polychromatic beam is often called Time of
flight because different wavelengths correspond to different time for neutrons to travel
from the neutron guide to the detector, crossing the sample. This means that neutrons
detected at different times correspond to different wavelengths and with the knowledge
of this time we can reconstruct the distribution in A of neutrons. This feature enables us

to record the reflectivity over a given g, range without having to change the angle.

In the following, the calculation of neutron reflectivity from raw time-of-flight data is

explained based on the article by Gutfreund et al. [55] .
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If a polychromatic beam with A € [Amin , Amax] is considered, the maximum and minimum

g: values for a fixed angle 8 are given by:

4T
dzmax = 1 sin6
min
4T
9z min = 1 sin6
max

This feature enables to record the reflectivity curve over the whole g, range with just two

angles of incidence.

The wavelength of the detected neutrons is calculated measuring the corresponding
time-of-flight [55]:

htror

A=—
Drormy,

Where h is Planck’s constant, tror is the time of flight, Dror is the distance between the
chopper (starting point of the neutron’s flight) and the detector and m, is the neutron’s

mass.

The pick-up pulse from the first chopper is used to trigger the acquisition schedule, as
sketched in figure 9. Subsequently the detector acquisition is idle during a certain delay
time, tdelay, Which can be set electronically in order to set-up a minimum time-of-flight,
which corresponds to the shortest wavelength (fastest neutron) to be recorded. The
minimum delay time which comes from signal conversion processes is about 2 pus. If
using a constant time channel width 1, the detector acquisition is sequentially
histogramming the detected neutrons into Nror time channels. The time-of-flight of a
neutron registered in the time channel nror is calculated according to the following

equation:

(Posr — (@ — Dosr)) T
41

tror = Ta(Mror + 0.5) + tgerqy —
If the first time channel is zero, @, is twice the angle between the trailing edge of the
leading chopper blade and the physical pick-up position that sends the electronic start
signal to the detector acquisition. ¢ is the opening between the choppers so that a value

of zero means that there is no direct line of sight between the choppers and T is the

chopper period.
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Finally, in order to obtain the R(q:) curve, the recorded intensity is normalized by the

direct beam.
data acquisition
g bac bt ad O
pick-up pulse : ' e £
bl e e e e et ﬁ.
= = time
tﬂlEIay T3

Figure 9: Sketch of the detector acquisition schedule as assumed by COSMOS. From [55]

3.2 Ellipsometry

As stated above, scattering techniques —which give us structural information- are
combined with ellipsometry, which allows to determine the water layer thickness for
various interacting pressures and therefore to construct pressure-distance curves,

containing thermodynamic information of the interaction.

Ellipsometry enables the characterization of interfacial layers in terms of refractive
indices and thicknesses. The method is based on the change in the polarization state of
light (from linear/circular to elliptical) upon reflection from a surface. For a given
refractive index n, the change depends on the layer thickness and is quantified in terms
of the phase difference A and the amplitude ratio ¥ encoded in the ratio (p) between
the complex reflection coefficients Rs and R, for perpendicular and parallel polarizations,

respectively [56].

Where Y is the ratio of amplitudes before and after reflection and A is the change in

phase difference (6) caused by reflection.
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A= (85— 85— (6 — 6
The superscripts i and r denote incident and reflected, respectively.

Ellipsometry has many advantages for measuring thin films. It measures very fast (in
seconds) and it is a non-destructive technique. It measures changes in both the
amplitude (intensity) and the phase of polarized light after reflection, hence it is very
sensitive: it can detect changes in thickness of 0.1 nm and in refraction index of 0.001.
Furthermore, it is suited for any interface: solid/air, solid/liquid, liquid/liquid, liquid/air,

etc.

The main requirement is that there must be specular reflection from the interface (or
interfaces) of interest to measure with ellipsometry. Therefore, the sample needs to be
smooth. The system should also be thinner than the penetration depth of light (z), which

is given by

Where A is the wavelength of the incident light and k is the extinction coefficient of the

film.

The pressure-distance relations are obtained with ellipsometry in two main steps: first,
the dry thickness of the system is measured. Then, based on the measured value and on
the well known refractive index of water (nwat = 1.33), the water layer thickness is
obtained as a function of the osmotic pressure. A more detailed explanation of the
measurement procedure can be found on the “Maerials and methods” section of each

article in section 4, “Reprints”.
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3.3 Standing Wave X-Ray Fluorescence

This technique is used to gain structural insight into the interaction, but in terms of element-
specific density profiles instead of in terms of the volume fraction distributions that we
obtain with neutron reflectometry. While NR gives information about the polymer and lipid
distributions, some specific and meaningful features like the polymer endpoint distribution
or the grafting surface position are only accessible by SWXF. That’s why SXF is used in this

thesis.

The Standing-wave X-ray fluorescence (SWXF) technique allows determining element-
specific density profiles across an interface [57]. It is based on the element- characteristic
fluorescence induced by a standing X-ray wave. The &-dependent fluorescence intensity of
an element j, lj(6), scales with a spatial integral containing the elemental concentration

profile perpendicular to the interface, cj(z), and the &-dependent SW intensity, ®(6, z):
(0) =A["_0©(6,2) cj(2)dz,

where A is a pre-factor that accounts for beam footprint, fluorescence yield and detector
field-of-view. Therefore, it has a weak 6- dependence [57]. The calculation of the SW

intensity, ®(6, z), is described in the next section.

This technique has been used for studying many interfacial phenomena in solid, liquid, and
gas phases [58-66]. Planar, nanometric multilayers are used to create strongly modulated
standing waves above the terminal surface, close to the Bragg reflection condition [59, 60],
and this leads to high resolution perpendicular to the interface. In the past, these studies
dealt only with the localization of heavy elements. Biological surfaces needed to be labeled
with such heavy elements (not naturally present in biological matter) [67]. It was only
recently that a development of SWXF was implemented by Schneck et al [57] enabled the
localization of lighter and biologically relevant chemical elements like P and S with atom
scale precision and without any labels. This work serves as a starting point for our SWXF

studies.

3.3.1 Calculation of the illumination intensity profile, ®(6, z)
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The calculation of the illumination intensity profile, ®(6, z) or Iﬁ};”(z), is explained in the

following, based on the book of Born and Wolf [68] and the thesis of Schneck [52].

Consider Eo to be the amplitude at z = 0 of an electromagnetic wave arrivinging from
medium 0 and hitting a set of N-1 stratified slabs. Media 0 and N are semi-infinite bulk

media, as depicted in figure 10.

Figure 20: Sketch of the electromagnetic waves propagating in positive (green arrows) and
negative (red arrows) z-directions in a stratified system of homogeneous slabs that is

illuminated with the incident wave Eo. From [52].

The component of the wave vectors perpendicular to the interface, k%, in each medium
depend on q; and on the refractive indices n; of the media, and thus on the electron

densities, pelj, as explained in section 3.1.
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In each medium j, the vertical intensity profile is the absolute square of the sum of the
electromagnetic waves E: and E., propagating in positive and negative z directions,
respectively.
1(2) = | Ev(q2) + E-(4,,2) | ?
In the first medium (j=0):
E(q,2) = Ege' 670
E%(q,, ) = Egro et 82
Ift(z < z) = | Eg (et 8G-20) + ronetke=2)) |2

E%(q,, z) coincides with the amplitude of the incident wave, while E®(q,, z) represents the
amplitude of the wave reflected by the layered system and 7, denotes the Parratt
amplitude reflection coefficient (see section 3.1) for a beam traveling from medium 0 to

medium N.

In the last medium (j=N):

EY(q,,2) = Egto e @20
EN(q,,2z) =0

I§%(z = zy) = | Egto el h@=2n) | 2

EN(q,, z) represents the amplitude of the wave transmitted through the entire layered
system and t, y denotes the Parratt amplitude transmission coefficient for a beam traveling
from medium 0 to medium N. EY(q,, z) vanishes, as there is no more reflected wave in the

last medium.

For the intermediate media, multiple reflections have to be considered, as illustrated in

figure 11. This requires an infinite summation to obtain Ei(qz, z) and E(q,, 2):

S Z g

. Z . Z
: 4ik?d; )elkj(z—zj)

E{(qz,2) = Eg (to,j + o T nTj0€

2ikid; 2ik%d; ik%(z—7;
= Eoto, (14 70¢” 0% + (1m0 T2 4 - ) 56720

(o]
) , to i 2z
_ ik%(z—z;) 2ik%diNT _ 0,j ik%(z—-z;)
= EOtO,je J J (rj,Nrj,Oe J J) = 2ikz-dj Eoe J J
= 1 =rjntj0e™"

And similarly:
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[ tO' i1z 1.7 . Z
illu — '] iki(z-z;) ik5d; ik5(Zj11—2) 2
qu (Zj =z SZj+1) - | Zlkzd (e J J +rj‘Ne J%ie " i\ei+1 Eo|
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dj = zj+1 - zj denotes the thickness of the jth medium and ryy and tyxy the Parratt amplitude
reflection and transmission coefficients for a beam traveling from medium x to medium vy.
This means that an N x N matrix of Parratt coefficients needs to be calculated before
calculating an illumination intensity profile. For a beam traveling in positive z-direction the
commonly used recursion formula for the reflection coefficients can be used, together with

the corresponding formulae for the transmission coefficients [54].

F 2ik¥ 1 diyq
i1 trjr e It F
N = Tk 4. TN-1LN = TN-1N
F djyq
14754 Tjpn e I+ J

F ik?, ,d;
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For a beam traveling in negative z-direction the inverse problem has to be solved:

F Zlk d;
I Sl e I R
5,0 = - 207 d; 10 = Mo
147 aTj-10 €707
F ik? ,d;_
R e T e
tin = 20 t10 =ti0

F
T+77;1"Tj-10 "€

3.4 Polymer Brushes

This thesis deals with the structural characterization of interacting polymer brushes, both
biological (LPSs from bacterial surfaces) and synthetic (PEG). To model data, suitable
theoretical models for the conformation of polymer brushes and for the interaction between

two opposing brushes are needed. Several theoretical models are provided in the framework
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of various brush theories. Here, a brief introduction into important brush theries is given,

based on the review article by Milner [69] .

Polymer brushes are long-chain polymer molecules attached by one end to a surface or
interface by some means, with a density of attachment points high enough so that the
chains stretch away from the interface (Figure 11). This situation is very different from the

behavior of polymers in a solution, where chains adopt random-walk configurations.

Figure 31: Cartoons of three physical situations in which polymer brushes are present.
Extracted from [69]. A) Diblock copolymers forming a lamellar microphase. B) Colloidal
particles stabilized in suspension by polymer brushes of end-grafted soluble polymer chains.
C) Polymeric surfactant molecules adsorbed on a liquid-liquid, liquid-vapor or liquid-solid

interface.
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3.4.1 Alexander-de Gennes model for polymer brushes

The conformation of polymer brushes can be understood by free-energy-balance arguments.
Consider the case of polymer chains of length N (measured in units of the persistence or
Kuhn length a) attached at a grafting density of o chains per unit area to a flat interface and
exposed to a solvent. The polymer chains have two opposite tendencies. First, they adopt
random-walk configurations to maximize their configurational entropy (this leads to short
and dense brushes). Second, they prefer to be in contact with solvent molecules (which
favors tall sparse brushes). If the distance (given by 07/?) between grafting sites is much
smaller than its radius of gyration, Ry =N%2q, both tendencies cannot be met. The height h of
the polymer brush will be dictated by a balance between these two free energy costs. Chains
overlap with their neighboring chains, thus reducing the energetically favorable contact with

solvent molecules, and they stretch, reducing the configurational entropy.

The simplest estimate of this free energy balance achieved by polymer brushes is the so-
called Flory [70] argument, first presented by Alexander [71] and de Gennes [72, 73]. This
argument estimates the reduction in configurational entropy from results for an ideal
random walk constrained to travel a distance h from the grafting surface to the outer edge
of the brush. More physically, the polymer chains of length N can be thought of as entropic
"springs" with spring constant ksT/Rg? (that is, it costs keT to double the typical end-end
separation) stretched from the grafting surface to the outer edge of the brush. The cost of
unfavorable contacts between chains is estimated by assuming that the chain units are
randomly distributed with a uniform density equal to the average density in the brush,

d~Na/h. This leads to a free-energy cost per chain
2

3h No
Af ~kgT l_ZNaz + wN (T)l (D

in which w is the excluded volume parameter, which measures the strength of the repulsion

between chain units. If minimized with respect to the brush height, h
h~N(waa?)'/?, f~kgTN(woa=1)?/3 (2)

This result implies that in a sequence of brushes with the same coverage o and increasingly
large N, the height h grows linearly with N, while the unstretched chain dimension Rg only

grows as N2, For long polymer chains, h is much larger than Ry (meaning that the chains are

28



strongly stretched). According to this, the properties of a polymer chain grafted to a surface

will be quite different from that of polymer chains in solution.
3.4.2 Self Consistent Field Theory

The previously presented free-energy-balance argument [71-73] only estimates the
energetic balance between stretching and chain-chain contact, but it gives no information
about the conformation of the polymer chains or about the brush volume fraction

distribution, ¢(z), at a distance z from the grafting surface.

The Flory argument leads to a brush in which its end points are all at the same distance from
the grafting surface, which means that the volume fraction distribution is a step-function.
This implies that all the chains behave exactly the same, with no possibility for a chain to
deviate from its most likely path. This requirement of all of the chain ends residing at the
outer edge of the brush does not result in the optimum state. It could be the case that a
polymer chain could bend backwards towards the grafting surface lowering its stretching
free energy without suffering more contacts with chain units. For the chains to be stretched
away from the interface in a stable and self-consistent way, the osmotic pressure M(z) of a
chain, this is, the cost to place a chain unit at a distance z from the interface, must decrease
as z increases. For brushes with solvent, like the ones presented in this thesis, the cost of

adding a chain unit is the likelihood of contact with another chain, so M(z) a ¢(z).

If it is assumed that the end points of the polymer chains can be located at any distance
from the grafting surface, we can obtain the shape of MN(z). [This approach was developed for
brushes with solvent by Milner, Witten, and Cates [74] and independently by Skvortsov,
Zhulina, Priamitsyn, and collaborators [75, 76]. The equation that gives the most favorable
configuration of a chain in a potential MN(z), is found by minimizing the sum of local stretching
and repulsion free-energy terms (analogous to the global Flory estimate) with respect to the
configuration Z(s) of a chain (only the distance Z(s) of chain unit s from the interface is

relevant):

_OF[Z(s)] _ 6 3 (8Z\° _34%z 4N
() _62(s)fds[ﬁ(§) Tz == a5z t57 @

This equation looks like the trajectory of motion of a particle with trajectory Z(s) falling in a

potential -M(z). The chain length N is analogous to the time of flight of the particle. For
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chains to be in equilibrium with free ends at any distance from the interface, then the
potential u must be such that any starting point (free end position) gives the same time of
flight (length of chain to the interface). That potential is a parabola, the potential of the
harmonic oscillator

77.'2

— _ 2
[1(z) = constant anzZ (5)

Figure 12 shows volume fraction distributions, ¢(z), for the AdG brush and the self-

consistent field brush.
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Figure 12: Chain-unit density profiles ®(z) for a "parabolic" brush (that is, ®<<1 so pu a @),
and the step-function ansatz at equal coverage o and chain length N. Also shown are end-

density profiles for brushes with (dotted) and without (dot-dashed) solvent. From [69].

3.4.3 Pressure-Distance relations

The repulsive forces from compressed brushes have been described with both the scaling
(Alexander-deGennes) and self-consistent-field theories. In the scaling scheme, it is
supposed that the monomer concentration is constant throughout a polymer layer with

thickness L. Alexander [77] and de Gennes [78] considered the physical response of the
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polymer when two apposed brush-covered surfaces are brought into contact. The pressure

depends on the distance between surfaces (h) as:

9 3

Maae () = (55) ()" = (32)"

2/3
a
Here, L = Na (B) , N is the number of monomers, a is the length of a monomer and D

the distance between grafting points. The first term is repulsive and represents the osmotic

pressure, while the second term is attractive and arises from the elastic restoring force.

The self-consistent field theory by Milner et al. [74] takes into account the possibility that
the individual polymer chains may not be uniformly distributed, so that the monomer
concentration varies throughout the polymer layer. The concentration profile of this brush is
parabolic, as shown in the previous section, and, as a result, the mean-field brush is “softer”
upon compression than predicted by scaling arguments. However, these mean-field
arguments give pressure relationships with exponents close to the ones obtained by

Alexander and deGennes, therefore predicting a force law rather similar to theirs.

The self-consistent field theory represents the repulsive pressure as

A
Mgcr(h) = Py é;z _L_h% (250?

1
2\ 5 4 10 - 5 2
where Ily = (K,TN/2) () (a3/D3) and Lo = (=)’ N(a3/D3)

Pressure-distance relations for brushes of different height and grafting density are presented

in Figure 13.
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Figure 13: (A) Measured pressure-distance data for interacting PEG brushes -composed by
mixtures of DSPC and PEG-lipids at a PEG-lipid mol fraction of 10 mol%- (black dots)
compared with theoretical predictions for de Gennes brushes (dotted line) and Milner
brushes (dashed line). The solid line is the theoretical prediction for polydisperse brushes.
(B) Measured pressure- distance data for interacting PEG brushes -composed by mixtures of
DSPC and PEG-lipids at a PEG-lipid mol fraction of 5 mol%- (black dots) compared with
theoretical predictions for de Gennes brushes (dotted line) and Milner brushes (dashed line).

The solid line is the theoretical prediction for polydisperse brushes. Image from Parsegian et

al. [16].
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Abstract

The interaction between surfaces displaying end-grafted hydrophilic polymer brushes plays
important roles in biology and in many wet-technological applications. In this context, the
conformation of the brushes upon their mutual approach is crucial, because it affects
interaction forces and the brushes' shear-tribological properties. While this aspect has been
addressed by theory, experimental data on polymer conformations under confinement are
difficult to obtain. Here, we study interacting planar brushes of hydrophilic polymers with
defined length and grafting density. Via ellipsometry and neutron reflectometry we obtain
pressure-distance curves and determine distance-dependent polymer conformations in
terms of brush compression and reciprocative interpenetration. While the pressure-distance

curves are satisfactorily described by the Alexander-de-Gennes model, the pronounced

34


mailto:schneck@mpikg.mpg.de

brush interpenetration as seen by neutron reflectometry motivates detailed simulation-

based studies capable of treating brush interpenetration on a quantitative level.

1. Introduction

Nanometric brushes of end-grafted polymers are widely used in wet- and biotechnology.
Applications include the biocompatible functionalization of nanoparticles and material
surfaces[27], the stabilization of colloidal suspensions[28] and foams[29], as well as shear
lubrication[11]. In most cases the forces between two interacting brushes are responsible
for their function, where the forces both perpendicular[28, 29] or parallel[11] to the brush-
grafting surfaces can play the principal role. Both are relevant also for the saccharide-based
polymer brushes found on the surfaces of biological membranes[7, 30], as they affect, for
instance, the interaction between adjacent Gram-negative bacteria in biofilms, and in turn
biofilm mechanical properties. A pivotal aspect of the interaction of two brushes is the
polymer conformation in terms of compression and mutual interpenetration. The latter has
immediate consequences for the brushes' shear tribological properties, because shear stress
between sliding polymer brushes is known to depend on the level of brush
interpenetration[79]. The interaction of polymer brushes has been extensively studied
theoretically[15, 77, 78, 80] and computationally[79, 81-83], both in terms of pressure-
distance curves (i.e., distance-dependent interaction pressures) and in terms of brush
conformations. Pressure-distance curves have been determined also experimentally, using
amphiphilic multilayers[16], surface force apparatus (SFA)[84] and atomic force microscopy
(AFM)[85]. In contrast, experimental data on the conformation of interacting brushes has

remained sparse[25, 86], despite its great technological and biological importance.

Insight into structures "buried" between two surfaces or interfaces, such as the
conformation of polymer brushes under confinement, is generally difficult to obtain
experimentally. At first, neither of the two surfaces is accessible by scanning near-field
techniques like AFM, because this is prevented by the presence of the respective
counterpart. Secondly, the relevant structures are of the order of 0.1 - 100 nm; these small
length scales cannot be resolved by optical microscopy and at the same time impede the use
of fluorescent labels, therefore excluding complementary techniques like fluorescence

resonance energy transfer (FRET). Finally, the structural features of interest are easily
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perturbed and sensitive to thermodynamic conditions, rendering all cryo-based techniques
inadequate. X-ray and neutron scattering are among the very few techniques that can probe
such structures with the required sub-nanometer spatial resolution. They can be used in a
wide pressure and temperature range and provide sample-averaged structural information.
Neutron scattering, apart from being truly non-destructive, has the unique advantage of
contrast variation: Chemical components of interest can be highlighted by selective
deuteration (i.e., replacing hydrogen with deuterium) without changing their chemistry[87].
Specular neutron reflectometry (NR) with contrast variation unambiguously reveals matter
density profiles perpendicular to an interface[17, 18], but requires macroscopically-large
planar samples with near-perfect flatness and very low surface roughness. While the
fabrication of single surfaces meeting these requirements is well established to date,
bringing two such surfaces into a defined interaction distance over large areas has remained
a challenging task. In their pioneering studies, Kuhl and co-workers carried out NR
measurements while keeping two brush-decorated solid substrates parallel at separations
down to below 100 nm[25]. Using this approach, they determined the density profiles of
comparatively thick polystyrene (PS) brushes interacting across toluene for two grafting
surface separations. Later, in order to unambiguously determine the degree of brush
interpenetration, one of the PS brushes was deuterated (dPS) while the other one was

hydrogenated (hPS)[86].

Here, we study the interaction of hydrophilic polymer brushes across aqueous media. For
this purpose, we make use of an architecture in which two planar amphiphilic monolayers
act as grafting surfaces for the polymer brushes and are brought into contact at distances as
small as few tens of nm and less. These are the typical length scales relevant for the
interaction of polymer brushes on biological surfaces[7, 30] and of polymer-decorated
nanoparticles in biotechnology[31]. Via controlled dehydration our double-monolayer
configuration enables the tunable approach of the two surfaces and the separation-
dependent structural investigation[88]. The monolayers are composed of lipids and
lipopolymers (Fig. 1A), supported by a hydrophobized planar solid on one side, but free-
standing on the other side (Fig. 1 B and C). With that, a homogeneous surface separation on
the planar substrate is readily realized, in contrast to approaches involving two planar solids,
where creation of a defined interaction distance is generally difficult[19]. We use

ellipsometry to obtain the pressure-distance curves of interacting brushes of various
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polymerization degrees and grafting densities. For selected brushes, we use NR to determine
the brush conformation as a function of the grafting surface separation. To this end we
describe the reflectivity curves in a wide separation range with a common model based on
the volume fraction distributions of all chemical components and their distance dependence.
We find that the pressure-distance curves are surprisingly well described by the Alexander-
de-Gennes (AdG) model[77, 78]. In contrast, NR reveals pronounced brush interpenetration
captured only by the most rigorous simulation-based theoretical descriptions of interacting

polymer brushes.
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Figure 1: (A) Chemical structures of the amphiphilic molecules DSPC (1,2-distearoyl-sn-
glycero-3-phosphocholine) and PEG-lipid (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[methoxy(polyethylene glycol)]). Hydrogenous and chain-deuterated versions of DSPC are
denoted as hDSPC and dDSPC, respectively. PEG-lipid versions with hydrogenous and
deuterated PEG chains are denoted as hPEG-lipid and dPEG-lipid. (B) Schematic illustration
of a single uncompressed lipid-anchored brush in water. (C) Schematic illustration of a
double-monolayer architecture with two interacting lipid-anchored PEG brushes. Distal lipid
chains and the proximal PEG brush are deuterated while the proximal lipid chains and the

distal PEG brush are hydrogenous. The solid surface is hydrophobically functionalized with
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octadecyltrichlorosilane (OTS). (D and E) Simplified representations of the spatial
distributions of all components (Si, SiO;, OTS, lipid chains, lipid headgroups, and PEG) in

panels B and C, respectively.

2. Materials and Methods
2.1. Materials and Sample Preparation

Unless stated otherwise, all chemicals were purchased from Sigma (St. Louis, MO, USA) and
used without further purification. D20 (99%) was purchased from Euriso-Top, Saint-Aubin,
France. PEG brushes -either in hydrogenous form (hPEG) or fully deuterated (dPEG)- were
prepared from mixtures of two lipids, whose chemical structures are shown in Fig. 1A: (i)
distearoyl-sn-glycero-3-phosphoethanolamine lipids with a PEG chain comprising 22 < N <
114 monomers attached to the hydrophilic headgroup (hPEG-lipid or dPEG-lipid); (ii) 1,2-
distearoyl-sn-glycero-3-phosphocholine (DSPC), either in hydrogenous form (hDSPC) or with
fully deuterated alkyl chains (dDSPC). DSPC and PEG-lipid were purchased from Avanti Polar
Lipids (Alabaster, AL, USA). Silicon single (111) crystal blocks of 50 mm x 50 mm x 10 mm or
50 mm x 40mm x 10 mm size, polished on one large face, were purchased from
Synchrotronix (Annemasse, France). The polished surface was covered with a thin layer of
native amorphous silicon oxide (SiO2). Silicon wafers (150 mm diameter, 625 um thickness)
of which the polished surface was covered with a 105 nm layer of thermal silicon oxide were
purchased from SIEGERT Wafer GmbH (Aachen, Germany) and cut into rectangular pieces of
20 mm x 10 mm. Silicon blocks and pieces were cleaned by washing with organic solvents
(chloroform, acetone, and ethanol) and UV-ozone treatment. They were then rendered
hydrophobic via covalent functionalization with octadecyltrichlorosilane (OTS) by immersion
in freshly prepared solutions of OTS in hexadecane at a concentration of 1 mM for 1 h and
subsequent rinsing in hexadecane and ethanol. Lipid monolayers anchoring the PEG brushes
were deposited onto the functionalized substrates utilizing a combination of the Langmuir-
Schaefer (LS) and Langmuir-Blodgett (LB) techniques[89]. For this purpose, mixtures of DSPC
(either hDSPC or dDSPC) and PEG-lipid (either hPEG-lipid or dPEG-lipid), with PEG-lipid mole
fractions f ranging from 0% to 10%, in chloroform at 2 mg/ml overall concentration were
prepared and spread at the air-water interface in a Teflon Langmuir trough (Nima

Technology, Coventry, UK) containing H20. After compression to a lateral pressure of
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ITiat = 35 mN/m, a first monolayer was transferred onto the hydrophobic OTS by LS, i.e., with
the solid surface facing the water surface. This procedure results in single uncompressed
brushes exposed to bulk water (see Fig.1B). No significant change in ITa upon
substrate/monolayer contact was observed, evidencing a transfer ratio close to 100 %,
which is typical for the LS technique. Selected samples were characterized by NR already at
this stage, in order determine their structure (see Results section). In all other cases, the Si
block was then rotated under water by 90°, so that its surface ended up perpendicular to the
water surface. The remaining lipid monolayer at the air/water interface were then removed
and replaced with a fresh monolayer compressed to ITjat = 35 mN/m. This second monolayer
was then transferred by LB, i.e., by pulling the block upwards. As a result, the PEG brushes
anchored to the monolayers face each other as schematically illustrated in Fig. 1C. With this
combination of LS and LB highly structured sample architectures were achieved (see Results
section). Alternative sample preparations by the commonly used double LB deposition were

less successful (see Supplementary Information).

2.2. Determination of Pressure-Distance curves by Ellipsometry

Ellipsometry enables the characterization of interfacial layers in terms of refractive indices
and thicknesses. The method is based on the change in the polarization state of light upon
reflection from the surface. For a given refractive index n, the change depends on the layer
thickness and is quantified in terms of the phase difference A and the amplitude ratio W
encoded in the ratio between the complex reflection coefficients Rs and Ry for s and p

polarizations, respectively[90]:
R,/Rs = tanWe™4 (1)

For ellipsometry measurements, silicon chips with thermal oxide were used as substrates for
the double monolayers. Silicon has the complex refractive index nsi=3.885 - 0.018i[91].
Measurements were performed by scanning the incident angle o from 63° to 75°, with an
Optrel Multiskop ellipsometer working with a wavelength Aeii = 632.8 nm. The best fit to the
results on bare substrates yielded a SiO» refractive index of nsio2 = 1.468, close to the
literature value[92] and an oxide layer thickness of 105.5 nm. In the next step, the
measurement values obtained for fully dehydrated samples (hrel < 5%, achieved by

streaming with N2) were modeled while accounting for the above-defined oxide layer
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properties, to obtain the thickness Dorg Of the dry organic layer jointly formed by OTS and the
two brush-decorated lipid monolayers. In this procedure, the best fit was obtained with a
refractive index norg = 1.5, consistent with earlier reports on organic materials[93-95]. Fig. 2
shows the two ellipsometric angles, A and W, as functions of «; for various dry samples. The
solid lines indicate simultaneous fits to both ellipsometric angles and correspond to organic
layer thicknesses of Dorg=2.1 nm, Dorg = 7.4 nm, Dorg = 8.6 nm, and Dorg = 10.7 nm for bare
OTS, for OTS with interacting DSPC monolayers (f = 0%), and for OTS with interacting DSPC
monolayers displaying brushes with f=10% and N =45 or N=114, respectively. This
systematic increase is remarkably proportional to the material amount that is added

according to the double-monolayer architecture (see supporting material).
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Figure 2: Ellipsometric angles A (A) and W (B) as functions of the incident angle «; for various
samples under fully dehydrated conditions: (i) bare SiO», (ii) SiO2 with OTS, (iii) SiO2 with OTS
and interacting DSPC monolayers, and (iv) SiO, with OTS and interacting DSPC monolayers
displaying brushes with f = 10% and N = 45 or N = 114. Statistical errors are smaller than the

symbol size. Solid lines indicate the bets-matching combined fits to A and W for each sample.

In the last step, the ellipsometric angles obtained at controlled humidity hr.i were modeled
while accounting for the known optical parameters of oxide and dry organic layers. The
humidity-dependent equivalent thickness (see Eq. 5 below) of the water layer, Dw(hrel), Was
then determined assuming ny =1.33 for the refractive index of water. As shown in the
supporting material, the position of the water layer with respect to the organic layer in the
model has negligible influence on the results. This is because in the thin-film limit

ellipsometry is merely sensitive to the overall optical path. In order to instantly follow the
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evolution of hrel, these measurements were performed at a fixed incident angle of o = 70°.
Note that measurements at a single incident angle are sufficient to determine the
incremental change of a layer thickness when this is the only unknown parameter. Humidity
was controlled by placing the samples inside a closed chamber through which humidified N»
was streamed. The gas was humidified by letting it pass through a temperature-controlled
water bath in the form of mm-sized bubbles. High humidities were realized by elevating the
water temperature to close to or even slightly above the sample temperature. Low
humidities were realized either by lowering the bath temperature or by mixing the
humidified N stream with dry N2. The humidity at the sample position was measured with a
calibrated humidity sensor (Sensirion SHT75, measurement uncertainty Ahre = £ 2%), placed

close to the sample surface.

2.3. Structural Investigation by Neutron Reflectometry

2.3.1: Setup and Experiments

Neutron reflectometry (NR) measurements were performed on the D17 time-of-flight (TOF)
reflectometer at the Institut Laue-Langevin (ILL, Grenoble, France). The intensity of the
reflected neutron beam relative to the intensity of the incident beam was recorded as a
function of the component of the scattering vector normal to the interface, g; = (4n/A)siné,
where A is the neutron wavelength and & the incident angle. Measurements were carried
out at two fixed angles of incidence, & = 0.8 deg and & = 3.2 deg using a wavelength range of
2A<A<22A. The relative resolution in g, Ag./q. defined via the full width at half
maximum (FWHM) was g,-dependent and varied in the range 2% < Ag./q. < 14%. While
modeling experimental reflectivity curves the finite experimental resolution was taken into
account by convoluting the initial reflectivity curves, calculated for the case of infinite
resolution, with Gaussian functions representing the resolution function of the experiments.
The reflectivity curves displaying the reflected intensity as a function of g; (see Figs. 3A and
5A) depend on the depth profile of the neutron scattering length density (SLD) p across the
interface between the two bulk media, Si on one side and water or humidified air,
respectively, on the other side. The SLD of a homogeneous medium depends on the

density ni/v of the constituting nuclides and on their coherent scattering lengths b;:

p= Zi%bi, where njis the number of nuclides i in a volume v. (2)
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Single uncompressed brushes exposed to bulk water (see Fig. 1B) were characterized in
several contrast fluids obtained by mixing H.O and D,0 at defined mixing ratios leading to
distinct SLDs. H,O and DO have SLDs of pw=-0.56x10°A2 and pw=6.36x10°A?,
respectively. In addition, we used H,O/D,0 mixtures having pw=4.0 x 10° A2 (4MW) and
with pw=2.07 x 10¢ A2, the latter known as silicon-matched water or SMW since its SLD
matches that of the silicon substrate. For interacting brushes (see Fig. 1C) the relative
humidity was H,0-based and was varied using the newest generation humidity cells of D17
using Peltier elements to warm up the sample and a water reservoir thermally isolated from
the sample, and a temperature-controlled water bath to cool down. High humidities were
realized by elevating the water temperature to close to or even slightly above the sample
temperature. Reflectivity curves were measured in loops of 5 min acquisitions, to capture
also conditions of extremely high humidity which are difficult to maintain over longer

periods[96, 97].

2.3.2: Reflectivity Data Analysis

The reflectivity data were analyzed in the spirit of our recent work on polymer brushes in
contact with protein solutions[98, 99]: The samples are described by common models
accounting for all measurement conditions. For a single uncompressed brush in water (see
Fig. 1B) the corresponding model comprises measurements in all contrast fluids. For
interacting brushes subject to controlled dehydration (see Fig. 1C), the corresponding model
accounts for all hydration levels characterized by their respective grafting surface
separations d. Each model describes the volume fractions ®; of all compounds, i.e., silicon
(i =“Si”), silicon oxide (i = “Si02"), OTS (i = “OTS”), lipid chains (i = “CH”), lipid headgroups
(i="“HG"”), PEG (i=“PEG”), and water (i=“W") as functions of the depth coordinate z. It
incorporates several adjustable parameters that are fitted simultaneously to the results
obtained under different conditions. Simplified schematic illustrations of single and

interacting brushes are presented in Fig. 1 D and E.

The SLD profile for a single uncompressed brush is given by:

p(z) = @s5i(2)psi + Dsi02(2)Psioz + Cors(2)pors + Ocu(2)pey + Oug(2)pue +
Opec(2)ppec + O (2)pw, (3)

where z denotes the distance measured along the normal to the planar sample surface. The

brush grafting surface on the solid substrate is at z=0 and coincides with the interface
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between lipid headgroups and the aqueous region (Fig.1D). When a second brush is
deposited on top of the first one then the second grafting surface is located at z = d (Fig. 1D).
Selective deuteration of lipid chains and PEG portions (Fig. 1A) further allows distinguishing
between proximal and distal chain and PEG distributions (i = “CH,P”, i = “CH,D”, i = “PEG,P”,
and i = “PEG,D”, respectively), leading to the following description of the SLD profile for two

interacting brushes:

p(z) = O5;(2)psi + Psi02(2) psioz + Pors(2)pors + (CDHG,P (2) + Oue p (Z))pHG +

@y, (2) pw
+®@cyp(@)pcup + Pcup(@)pcup + Orec,p(2)PpEcr + Prec,p(Z2)PrEG D (4)

where we also distinguish between proximal and distal headgroups (i=“HG,P” and
i="“HG,D”, respectively), although they have the same SLD. To quantify the amount per area
of each component (except the bulk media) it is convenient to introduce the equivalent

thickness
D; = [~ 0;(2)dz, (5)

which can be viewed as the thickness of an equivalent layer entirely composed of
component i. The profiles of Si, SiO, OTS, and lipid regions (HC chains and headgroups), are
treated with a slab model, in which the crystalline silicon substrate is represented by a semi-
infinite continuum with fixed scattering length density psi = 2.07 x 10 A2. The SiO,, OTS,
lipid chain and lipid headgroup layers are represented as homogeneous slabs with adjustable
thicknesses dsioz, dots, dcr, and dug, respectively (Fig. 1 D and E). To account for interfacial
roughness, the profiles of all slabs are modulated by error functions with adjustable
roughness parameters ¢i. The SLD of silicon oxide is fixed at the literature value, psio2 = 3.4 x
106 A-2. The water fraction (in the form of hydration layers or silanols) in the SiO, layer,
CDfViOZ, is an adjustable parameter. The SLD of OTS is allowed to vary between -0.5 x 106 A2
and 0, and the water content in the OTS and lipid chain layers is set to 0, due to their
hydrophobic character. To model the lipid layers we use the SLD and volume values reported
in Ref [100]: Chains of the proximal lipids are all hydrogenous, so that pcu (Eg. 3) and ocH,p
(Eq. 4) are set to the value for hydrogenous chains, pnch = -0.4 x 10¢ A2 (ref.[100]). In the
distal monolayer the fraction of hydrogenous chains (those of dPEG-lipid) is f, while the
fraction of deuterated chains (those of dDSPC, with pgc = 7.07 x 10 A2, ref.[100]) is (1 - f).

For the distal monolayer, we therefore have pch,p = fonch + (1 - f)pact and for f=10% we
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numerically obtain pcup = 6.326 x 10° A2, The headgroup SLD was set to pug = 1.75 x 10° A2
[100]. These SLD values are calculated from chain and headgroup volumes of DSPC (and of
the DSPE portion of PEG-lipid to good approximation) are vy =980 A3 and vig = 344 A3,
respectively[100]. The headgroup amount per area in terms of the equivalent thickness is
therefore coupled to the corresponding chain equivalent thickness via
Dhg = Dchvre/ven = 0.35DcH. For a given Dug, the water fraction in the headgroup slab then
follows as ®w"® = 1 - due/Duc (compare Eq.7 below). In the distal lipid monolayer, all
roughnesses (between water/headgroup, headgroup/chain and chain/air) are assumed to be
identical and described by a single parameter ¢p. This approximation is justified when the
roughness is dominated by the interfacial fluctuations, which are conformal. The SLDs of the
proximal and distal PEG brushes are set to the literature values of hydrogenous PEG
(oneec = 0.6 x 10° A2, ref. [101]) or deuterated PEG (pgrec = 7.0 x 100 A2), respectively:
orec = preec (in EQ. 3), porec,p = oneec (in EQ. 4), and precp = porec (EQ. 4). These SLD values
imply an ethylene glycol monomer volume of veg = 69 A3. The PEG amount per area in terms
of the equivalent thickness is therefore also coupled to the corresponding chain equivalent
thickness via Dpec = DcnfNves/ven. For the single uncompressed brush, the nominal values of
pw for D20, 4AMW, SMW, and H,O are used, however allowing for small variations around
these nominal values to account for imperfect exchange during the rinsing process. For

interacting brushes exposed to H,0-based humidity pw is fixed to the nominal value of H20.

The profile of the PEG brushes is based on a truncated power law description:

zZ

Oppe(2) = 1(2)D, (1 - ( )n) z < Hpgg (6)

Hpgg

I(z) represents the smearing of the profile at the rough grafting surface which has the shape
of an error function with roughness £ (see above). Hpeg and @g denote the brush extension
and the maximal PEG volume fraction at the grafting surface, respectively. For the single
uncompressed PEG brush, the exponent is set as n =2 to generate the parabolic profiles
(Fig. 1 D) predicted by analytical SCF theory[102] and confirmed experimentally[99]. For the
interacting brushes under compression, ®@eecp is described by Eq. 6 while ®pegp is described
by a mirrored version of Eq. 6 shifted along the z-axis by the grafting surface separation d
(Fig. 1 E). Moreover, n is allowed to vary when the brushes get compressed, as previously
suggested [86]. Both profiles are truncated at the opposing brush grafting surface in cases

when Hpeg = d. Finally, the water profile followed from the requirement
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2j®i(z) =1,
(7)

which in our model for the interacting brushes only holds for all z-values up to the water-
free chain layer of the distal lipid monolayer, because we do not account for the air volume
fraction explicitly (see Eq. 4). Most of the model parameters are plausibly assumed to be
independent of the surface separation d: The SLDs of all components, the proximal and
distal lipid and PEG amounts, as well as the roughness, thicknesses, and water fractions of
Si0,, OTS, and proximal lipid chain and headgroup slabs. However, the most interesting
guantities, namely those concerning the brush conformation and the configuration of the
distal lipid monolayer, are allowed to vary with d. The d-dependence of the brush extension

Hrec is modeled with an exponential saturation function

Hppe(d) = Hpgg - [1 — exp(—d/Ty)],
(8)

where Hpg is the brush extension in the limit of infinite d and is set equal to the value of
Hpec obtained for the uncompressed brush. This is justified, because the grafting density of
the proximal PEG brush is highly reproducible and because the brush extension exhibits only
weak dependence on the grafting density[103]. The adjustable parameter z denotes the
characteristic length scale of the saturation. Similarly, the d-dependence of power law
exponent n is modeled such that its value converges to that of the unperturbed brush (n = 2)

for large separations:

n(d) =ny + (2 —np) - [1 — exp(—=d/7,)],
(9)
where 7, denotes the saturation length and ho by construction is the extrapolated value of n

for d = 0. The d-dependence of the roughness (or fluctuation amplitude) p of the distal lipid

layer, is modeled in a more generic manner using a second-order polynomial:
{p(d) = by + byd + b,d? (10)

with adjustable parameters bo, b1, and bz. To simultaneously fit the adjustable parameters of
the common model to a set of experimental reflectivity curves (see Figs. 3A and 5A), we
followed our previous approach[99] and utilized a procedure specified in the Supporting

Information. Estimates of the statistical parameter errors, corresponding to the 95% (two-
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sigma) confidence interval are presented in Tables 1-3 in square brackets. Note, however,
that these estimates are valid only within the framework of a “perfect model”, characterized
by a reduced chi-square close to unity (xZ4 = 1). In view of significant additional
contributions due to systematic errors, alternative error estimates are provided in the tables
next to the parameter values. They approximately reflect the variation of the obtained
parameters throughout the evolution and refinement of the above-described model
description, i.e., they reflect the robustness of the parameters with respect to the model,

and we therefore consider them more meaningful.
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Figure 3: (A) Neutron reflectivity curves (symbols) of a single, uncompressed brush with f =
10% and N = 114 obtained with the four water contrasts D,O, 4AMW, SMW, and H,O (see
Methods section). Solid lines indicate the theoretical reflectivity curves according to the
best-matching parameters in the common model. The reduced chi-square deviation is
)(Eed =5.1. (B) Corresponding volume fraction profiles ® of Si, SiO,, hydrocarbon chains of

OTS and lipids (HC), lipid headgroups (HG), PEG, and water (W).

3. Results and Discussion
3.1. Structure of a Single Uncompressed Brush

Fig. 3 A shows reflectivity curves (symbols) from a single, uncompressed brush (see Fig. 1B)
with N =114 and f=10%, in D,O, 4MW, SMW, and H;O. Solid lines represent simulated
intensities for the best matching model parameters. The corresponding volume fraction
profiles d(z) of Si, SiO2, hydrocarbon chains (®nc = Pors + D), headgroups, PEG, and water

are shown in Fig. 3 B. Apart from the roughness parameters ¢, which are no larger than 12 A
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and given in the Supporting Information, all important model parameters are summarized in
Table 1. The thickness of the oxide layer (dsio2 = 18 A), the significant fraction of hydration
species in the oxide (cIJfViO2 = 0.16), and the thickness of the combined hydrocarbon layer
(duc = dots + den = 35 A) are consistent with earlier studies using similar preparation
protocols[98, 99]. The thickness of the hydrated headgroup layer, which was neglected in
our previous studies, is dus = 10 A. The extension of the uncompressed brush (Hpy; = 110 A),
is similar to the 103 A reported previously for the same sample formulation[99]. Altogether,
the agreement between obtained results and earlier reports demonstrates the
reproducibility of the sample preparation procedure described in the methods section. The
grafting density o follows from Dpes as o= Dpec/(NVes) = 13 x 10* A2, where Dpes is the PEG

amount per area obtained using Eq. 5.

paramete | dsio2 ®30% | dots Dcy=dcn | duc Due Drec Hpgg

r

value 18+2 |0.16+00 |22+2 [13+1A |10 +5|5+1 |11+1 |110+5A
A > A 014 |A A A [1 4]
[0.2A] |[0.01] [0.3 A] [1A] [0.1A [[0.1A]

]

Table 1: Best-matching model parameters obtained for a single, uncompressed brush with
N =114 and f = 10 %. Values in square brackets indicate the purely statistical parameter

errors corresponding to a two-sigma confidence interval.

3.2. Pressure-Distance Curves of Interacting brushes

The interaction between extended surfaces across water is typically described in terms of

pressure-distance curves, which relate the interaction pressure Il to the water layer
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thickness Dy. For fixed temperature T and ambient pressure p, I1 represents the derivative

of the Gibbs free energy G per unit area A with respect to Dy,

n(D,,) = —%(fTGW)T,p (11)

Pressure-distance relations can be determined by subjecting interacting surfaces to
dehydrating pressures of known magnitude[4, 24]. So-called equivalent pressures can be

exerted for instance by controlling the ambient relative humidity hre, in which case

M(hyer) = — kel m(hrer), (12)

Vw

where vy, denotes the volume of a water molecule. Fig. 4 shows pressure-distance curves of
various interacting PEG brushes in this double-monolayer architecture obtained by
ellipsometry, where the interaction pressure Il was calculated from the measured relative
humidity according to Eq. 12. Results are compared for various polymer lengths (22 < N <
114) and PEG-lipid mole fraction (0 <f<10%). The grafting densities can be estimated as
o = f/Aiip, Where Aji, = 47 A2 is the area per DSPC molecule at 35 mN/m (ref.[104]). As shown
previously, this approximation is relatively good for f < 10% (ref.[99]). However, for N =114
and f=10%, the densest brush system studied here, the grafting density measured by NR
(0=13x10* A2, see previous subsection) is somewhat lower than f/Ai, = 21 x 10*A?,
consistent with ref.[99] and presumably due to the significant lateral repulsion of the
overlapping polymer chains. Having this in mind, the relative overlaps for the studied
brushes approximately span the range 0< of/ocor <13, where ocor=Re? is the overlap
threshold and Rr = aN3/> the Flory radius. With that, both mushroom (o/ oot << 1) and dilute
brush (o/cor = 1) regimes are covered. As pointed out by Szleifer[105], the AdG model[77,
78] describes brush interactions only for dense enough cases (o/oor >>1). Fig. 4 A shows
pressure-distance curves for various N and a constant PEG-lipid mole fraction of f=10%. In

panel B, fis varied for a constant polymer length N = 114.
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Figure 4: (A and B) Pressure-distance curves obtained by ellipsometry for interacting polymer
brushes (A) with constant PEG-lipid mole fraction f=10% and various polymerization
degrees N and (B) with constant N =114 and various values of f. Solid lines are empirical
power-law fits that serve to guide the eye. Dashed lines indicate an exponential fit to the
data points for pure DSPC, see main text. (C) Interaction pressure for brushes with o/ oot = 5
plotted versus the reduced water layer thickness Dw/(2No). (D) Pressure-distance curve for
brushes with f=10% and N =114 plotted together with the one obtained previously by
Kenworthy et al. [16] for the same formulation in the limit of low interaction pressures. The
solid line is a simultaneous fit to both data sets based on the AdG model. Vertical dashed
lines indicate the water layer thicknesses Dwi, Dw2, and Dws for which NR was measured.
According to the fit they correspond to interaction pressures I1i =25 bar, I1; = 10 bar,

I15 = 5 bar, respectively, indicated with horizontal lines.

For all brush parameters Il is positive and increases with decreasing Dy, meaning that the
interaction is repulsive and work must be performed in order to bring the surfaces closer.
Pure DSPC surfaces exhibit the characteristic exponential decay of the PC lipid hydration
repulsion with a decay length of about Anyd =0.3 nm (refs.[106, 107]). The dashed straight
line in Fig. 4 A and B indicates an exponential fit with Anya =0.28 nm. In the presence of PEG

brushes a systematic increase of the repulsion with increasing N and f is observed. For
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dense-enough brushes (o/cor = 5), for which the repulsion is dominated by the polymers
and the hydration repulsion between the grafting surfaces becomes negligible, all pressure
distance curves nearly overlap when they are plotted versus a reduced water layer thickness,
Dw/(2No), which is normalized by the overall grafted PEG amount (Fig. 4 C). This result
indicates that in the pressure range covered by the ellipsometry measurements the PEG
layer jointly formed by the two interacting brushes approximately behaves like an ideal
osmotic medium in which only the monomer density matters irrespective of the polymer
connectivity. Deviations from this behavior become significant at larger hydration levels
(Dw/(2No) = 100 A3/monomer). It should be noted that hrel can only be measured and
controlled reliably with a certain precision (see Methods section), which in the present study
poses a lower detection limit for interaction pressures of I1 = 50 bar. A very similar system,
composed of self-assembled DSPC/PEG-lipid mixed multilayers in water, has been previously
investigated by Kenworthy et al.[16]. They obtained pressure distance curves in the limit of
low interaction pressures by the addition of hydrophilic polymers that compete for the
hydration water. In Fig. 4 D we plot our data points for f=10% and N =114 together with
the data points of Kenworthy for the same formulation as a function of Dy. For this purpose,
the equivalent thickness of the dry double monolayers, which was measured in the present
work by NR as Dyw =58A (see further below), was subtracted from the lamellar
periodicities reported in their work. It is seen that the data points of Kenworthy et al.
virtually constitute a continuous extension of our data points to larger separations, i.e.,
lower pressures. This indicates that the self-assembled multilayers studied by Kenworthy et
al. locally exhibit architectures similar to the well-defined monolayer structures
characterized here. Lyngs Hansen et al.[108] have scrutinized the applicability of the AdG
model to PEG brushes of various parameters and concluded that the brush densities
corresponding to the data by Kenworthy et al. in Fig. 4 D are marginally high enough for the
AdG model:

nD) = a [(DL—/"Z)Q/4 - (DL—/OZ)3/4], D < 2Lo (13)

where « is a temperature-dependent pre-factor, Lo is the uncompressed brush thickness in
the AdG approximation, and D is the interaction distance. The solid curve in Fig. 4D
represents a simultaneous fit of Eq. 13 to our data points and to those by Kenworthy et al.

To empirically account for the dry volume of PEG, which becomes important at low
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hydration, the interaction distance is not set equal to the surface separation, but as D = Dy, +
Ad, with an adjustable parameter Ad. The fit yields Ad =13 A and Lo=111A, where the
latter is remarkably close to the unperturbed brush extension determined above,
Hpyc= 110 A. While this result is reassuring, the obtained simultaneous fit to all data points
also yields an empirical description of the interaction pressure in the entire hydration range.
This is useful especially because our NR results include very highly hydrated states (indicated
in Fig. 4 D with dashed vertical lines, see next section), which are not covered by the present

ellipsometry measurements.

3.3. Distance-Dependent Structures of Interacting Brushes

Fig. 5 A shows neutron reflectivity curves of interacting lipid-anchored PEG brushes (see
Fig. 1C) with f=10% and N =114 for various humidity levels. The dehydrating pressure I1
depends on hrel according to Eg. 12. As pointed out above, hrel can be measured only to
certain precision, so that there is a lower detection limit for II. Nonetheless, much lower
(albeit immeasurable) dehydration pressures can be realized in a humidity chamber using
suitable bath temperatures, at least transiently. The corresponding extremely high values of
hrel, which come close to the condensation limit, lead to very strong water uptake of the
interacting brushes, i.e. to large grafting surface separations d. The latter, in turn, are
precisely encoded in the g,--positions of the minima in the reflectivity curves (see Fig. 5 A).
With that, NR puts us in the position to investigate the structure of the interacting brushes in
a wide separation range. The sold lines in Fig. 5 A indicate the simulated reflectivity curves
corresponding to the best-matching simultaneous model in terms of the d-independent and
d-dependent parameters specified in the methods section. Fig.5C and D show the
corresponding sample structures at humidity 3 (the highest) and 1 (the lowest), respectively,
in terms of the volume fraction profiles @j(z). It is seen immediately that the sample exhibits
a highly ordered, layered, and symmetrical structure with the double-monolayer
architecture "as intended". Fig. 5 B shows the obtained SLD profiles at humidities 3 and 1.
We recall that the proximal brush is deuterated, so that NR can distinguish between the PEG
distributions belonging proximal and distal brushes. In particular, the measurements are

very sensitive to the brush interpenetration. Namely, the SLD gradient around the midplane
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is much sharper for weakly interpenetrating brushes than for strongly penetrating ones. In

the following, the best-matching model parameters will be discussed.
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Figure 5: (A) Neutron reflectivity curves (symbols) of interacting two brushes with f=10%
and N =114 obtained for various relative humidities corresponding to grafting surface
separations of di=99A, d2=135A, and dz=170A. Solid lines indicate the theoretical
reflectivity curves according to the best-matching parameters in the common model. The
reduced chi-square deviation is y2,4 = 4.9. (B) Corresponding scattering length density (SLD)
profiles for di and ds, respectively. (C and D) Corresponding volume fraction profiles for d3
and di, respectively. Inset in panel D: Brush interpenetration as a function of the reduced
surface separation x. The solid line represents a scaling law proposed by Murat and

Grest[81].

The grafting surface separation d plays a distinct role as it acts as "reaction coordinate" of
the interaction. For humidities 1, 2, and 3, respectively, d1 = 101 A, d, =136 A, and d3 = 171 A
are obtained. According to Eq.5, the corresponding water layer thicknesses via the
respective water distribution profiles follow as Dwi=82A, Dw2=117 A and Dws =152 A,

indicated in Fig.4 D as dashed vertical lines. The corresponding interaction pressures
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according to Eqg. 13 with the best-matching parameters of ¢, Lo and Ad (solid line in Fig. 4 D)

are I'ly = 25 bar, I, = 10 bar, I3 = 5 bar, respectively.

parameter | dsio2 CD“?}OZ dots dcn,p = Dcnp = Den,p = den,p | DHgp = Dhg,p | Dpec,p = Dpeg,p
value 8+ |< 14+1A [ 13+1A 5+1A 11+1A
4A 1010 1954 |[03A] (0.1 4] (0.3 A]
2A] | [<
0.05]

Table 2: Best-matching separation-independent model parameters obtained for two
interacting brushes with N =114 and f = 10 %. Values in square brackets indicate the purely

statistical parameter errors corresponding to a two-sigma confidence interval.

The d-independent parameters characterizing SiO,, OTS, as well as proximal and distal
monolayers (Table 2) are in satisfactory agreement with those obtained for the single,
uncompressed brush (Table 1) and those reported previously for the same preparation
protocol [99]. Differences can be attributed to the history of the silicon blocks and to
ensuing differences in the efficacy of the OTS deposition. As perceptible already from the
overall symmetrical shape of the profiles shown in Fig. 5 C and D and as encoded in Dchp =
Dchp = 13 A, the obtained lipid and brush amounts in the proximal and distal monolayers are
almost identical. This implies that the transfer ratio for the distal monolayer during
preparation was similar to the one for the proximal monolayer, which is known to be close
to 100 % (see Methods section). The same by construction also holds for Dyg,r and Dhg,p, as
well as for Dpec,p, and Deeg,p. This result confirms the quality of the employed LS/LB transfer
involving a 90° rotation (See Methods section) and justifies the application of theoretical
models assuming symmetrical interaction scenarios. The overall equivalent thickness of the
two brush-decorated monolayers is Domt = Ducp + Ducp + Due,p + Drep + Dpegp + Drecp =

2(Dwc,p + D, + Dpecyp) = 58 A.
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The best-matching d-dependent model parameters are summarized in Table 3. We first have
a look at the roughness of the distal lipid surface, ¢p(d). The obtained parameters bo, b1, and
b, (Eq. 10) correspond to a virtually d-independent roughness of ¢p = 10 A throughout the
entire separation range d1 < d < ds. The obtained roughness is somewhat larger than that of
a typical lipid monolayer at an air/water interface; however this result is in line with the
observation that lipopolymers systematically increase the roughness of lipid monolayers[21].
As seen in Fig. 5 B, the roughness has its manifestation in a significant broadening of the of
the lipid headgroup and chain volume fraction profiles ®ngp(z) and Dch,p(z), whose full-
widths at half maximum (FWHM) would be as low as dhg =5 A and den = 13 A, respectively,
without roughness. The power law exponent of the PEG brushes, n(d), according to the
obtained parameters & and no (Eq. 9) exhibits a weak separation-dependence resulting in
n(di) = 1.1, n(d2) = 1.3, and n(ds) = 1.4. Such a change from a parabolic shape (n=2) to a
more linear shape (n=1) upon compression is in qualitative agreement with simulations
results by Grest[82] and the experiments by Mulder & Kuhl[86]. The interpenetration of the
opposing PEG brushes strongly increases with decreasing surface separation (see Fig. 5 D).

The amount of interpenetration, /(d), is determined as[81]:

1 d/2

—o0

I(d) = —— J1), @rre.p(z, d)dz =

PEG,P DpEG,p

®@pg,p(z, d)dz.
(15)

The resulting values, /(d1) = 0.27, I/(d2) = 0.15, and /(ds) = 0.06 are plotted in the inset of
Fig. 5D as a function of the reduced surface separation x = d/(2Hpz;). Based on an
estimation for the brush overlap range by Witten et al.[109], Murat & Grest[81] proposed a

scaling law for I(x),

1(x) oc x~4/3(1 — x3).
(16)

The solid line in the inset of Fig. 5 D indicates this scaling law for a suitable pre-factor, and it
is seen that it roughly describes our experimental results. Because of the pronounced
interpenetration, the compression of the brushes with decreasing separation is weak. This
behavior is encoded in the weak d-dependence of the brush extension Hpes(d). The best-
matching saturation length is as low as =60 A and according to Eq. 8 coincides with
Hpea(d1) = 102 A, Hpes(d2) = 107 A, and Hpees(ds) = 109 A. Brush compression is commonly

quantified in terms of the compression parameter[80], £ (d) = hyps(d) /Ry (o), Where
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1 1

hgms(d) = f:o ZZG)PEG,P (z,d)dz = f:o(d - Z)ZCDPEG,D (z,d)dz

DpEgp DpEG,p

(14)
is the separation-dependent second moment of the single-sided PEG distributions. For d1, da,
and ds we obtain &di1) =0.85, &d2) =0.91, and &ds) = 0.95, respectively. This level of
compression is much weaker than that predicted by analytical SCF theory, which does not
account for interpenetration (&scr(di) =0.57, &scr(d2) =0.74, and  &scr(dz) = 0.89). While
numerical SCF calculations predict significant interpenetration close to the overlap threshold
(o/ oot = 1) (ref.[80]), strong interpenetration comparable to our experimental results as

well as the corresponding weak compression are reported only in simulation-based

theoretical studies[81-83].

d Dw X ép Hpec n & /

99+2A | 80+2A |0.45+005|10+1A|102+10A |1.1+0.2 [0.85+0.5 |0.27+0.05

[0.4 A] [0.3 A] [0.1A] |[2A] [0.1]

135+2A | 116+2 |061+0.05|10+1A |107+5A 1.3+0.2 [0.91+0.5 |0.15+0.02

[0.4 A] [0.1A] |[1A] [0.1]

170+2A | 150+2 |0.77+0.05|10+1A | 109+5A 1.4+0.2 |0.95+0.5 |0.06+0.02

[0.2 A] [0.1A] |[1A] [0.1]

[0.1 A]

Table 3: Best-matching separation-dependent model parameters obtained for two
interacting brushes with N =114 and f = 10 %. Values in square brackets indicate the purely
statistical parameter errors corresponding to a two-sigma confidence interval. They are not

available for the secondary quantities x, & and /.

3.4. Discussion

The AdG model, despite making strong approximations describes the experimentally

determined pressure-distance curve in Fig. 4 D surprisingly well over several orders of
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magnitude both in pressure and distance, when introducing an empirical, effective
interaction distance. In contrast, analytical descriptions like AdG and SCF are less powerful in
predicting conformations of interacting brushes. Interpenetration comparable to our
experimental results is only observed with rigorous, simulation-based theoretical
approaches. Accurate theoretical prediction of brush interpenetration is important because
it has strong impact on adhesion forces in chemically dissimilar brushes and on shear
friction[79]. Our work therefore motivates further simulation work, especially on dilute
brushes and on strongly dehydrated brushes where conformations are no longer governed
by a maximization of configurational entropy alone, but also by their molecular-level
interaction with water. The latter will require refined treatments of monomer-monomer
interactions but may more accurately reproduce pressure-distance curves in the limit of low
hydration. In the future, valuable experimental data on brush conformations can be
expected from element-specific structural investigations[57], which are sensitive, for

instance, to the endpoint-distributions in interacting brushes[88].

4, Conclusions

We have prepared pairs of planar hydrophilic polymer brushes with well-defined parameters
in terms of polymerization degree and grafting density. They interact across thin water
layers while the grafting surface separation can be adjusted via the application of defined
dehydrating pressures. We have demonstrated that this architecture enables the
determination of interaction forces and of the separation-dependent internal structures of
the interacting brushes at high resolution by neutron reflectometry. The combination of
pressure-distance curves and brush conformations in terms of interpenetration and
compression yields the most comprehensive experimental description of interacting polymer
brushes so far. The results may therefore serve as comparison for refined theoretical models
and computer simulations. The presented approach is not limited to polymer brushes but

generally applicable to interacting soft interfaces.
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Neutron Reflectometry Yields Distance-Dependent Structures

of Nanometric Polymer Brushes Interacting across Wate

Supporting information

1.) Dry thicknesses of organic layers as obtained by ellipsometry

Tables S1 and S2 summarize the dry thicknesses Dorg Of various organic layers deposited on
solid SiO, surfaces as determined by ellipsometry. Monolayers (MLs, Table S1) were
deposited by LB at 35 mN/m onto non-functionalized hydrophilic surfaces. The organic layer
thickness Dorg therefore directly corresponds to the monolayer thickness dw.. For a pure
DSPC ML, the value obtained, dpspcmi =25 A, is indicative of a dense ML. For DSPC
incorporating 10 mol% PEG-lipid with polymerization degree (or monomer number) N = 114
the layer is significantly thicker, by 17 A, owing to the additional PEG material. Double
monolayers (DLs, Table S2) were transferred onto OTS-functionalized surfaces using the
LS/LB transfer combination described in the main text. The DL thickness Dp. therefore
follows from Dorg @s DpL = Dorg - Dots, where Dors was found to be highly reproducible
(Dots =23 +1 A). The obtained double layer thicknesses exhibit clearly systematic behavior

and are consistent with the monolayer results in Table S1:

1.) Double monolayers are approximately twice as thick as single monolayers (DoL = 2Dwmi)

when the same formulations are compared.

2.) Dospcot is in good agreement with the period d = 60 A of dehydrated DSPC multilayers at

similar conditions [106].

3.) The layer thickness increases systematically with the incorporated PEG amount. In fact,
the PEG thickness Dpecpi, Which is obtained by subtracting Dpspcor from Dpi, scales
approximately linearly with N. Finally, PEG thicknesses in ML and DL are found to be

consistent, DpegpL = 2Dpeemi for the same formulation.

In summary, all these observations demonstrate both effectiveness and reproducibility of

the LS/LB sample preparation procedures used in the present work.
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DregmL = D - 2DpecmL
System Dorg = DL

DospcmL
pure DSPC Monolayer (ML) Dospemt = 25 A - -
DSPC with PEG-lipid (f= 10%, N = 114) 42 A 17 A 34 A

Table S1: Monolayer and sub-layer thicknesses as obtained by ellipsometry.

DepecpL = Dp -
System Dorg DpL = Dorg - Dors
DospcoL
Dots = 23
0TS ] - -
+1A
OTS + DSPC Double monolayer (DL) 79A| DpsecoL =56 A -
OTS + DSPC DL with PEG-lipid (f = 10%, ] ]
87 A 64 A 8A
N=22)
OTS + DSPC DL with PEG-lipid (f = 10%, ] ]
92 A 69 A 13 A
N = 45)
OTS + DSPC DL with PEG-lipid (f = 10%, ] ] ]
114 A 91 A 35A
N = 114)

Table S1: Double monolayer and sub-layer thicknesses as obtained by ellipsometry.

2) Initial parameter values of the simultaneous fits

Initial values for all parameters concerning the layered structure of the functionalized solid

surface and the proximal lipid layer, as well as for the uncompressed brush were taken from

the best-matching results obtained in reference [99]. For the interacting brushes under

compression the packing density of the distal brush-decorated lipid monolayer was initially

set identical to that of the proximal one. The surface separation d was initially adjusted

manually to approximately match the overall sample thickness encoded in the hydration-

dependent g,-positions of the reflectivity minima (see Fig. 5 A). In Eq. 7, 74 was initially set as

Hpgi /2, {no, w}in Eq. 8 as {2, Hpgg/2}, and {bo, b1, by} in Eq. 9 as {5.0 A, 0, 0.
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3) Details of the parameter fitting procedure

To simultaneously fit the adjustable parameters of the common model to a set of
experimental reflectivity curves, we utilized the following procedure. Starting from initial
parameter values specified in the supporting material, we first calculated the interfacial SLD
profiles p(z) corresponding to each condition, i.e. for each contrast fluid in case of single
uncompressed brush and for each humidity level for the brushes under compression. In the
next step, we calculated the reflectivity curves corresponding to the p(z) profiles using
dynamical reflection theory. To this end the profiles were discretized into hundreds of thin
slabs of 1 A thickness and of constant SLD. The g.-dependent intensities were then
calculated via application of Fresnel’s reflection laws at each slab/slab interface using the
iterative procedure of Parratt [110]. The procedure was implemented in a self-written fitting

program based on the IDL software package (www.harrisgeospatial.com). To optimally

constrain all parameters, we simultaneously fit all curves in a set by minimizing the chi-

square deviation »?

between the entire sets of calculated and experimental reflectivity
curves. The best parameter set, with minimal y? was found iteratively using Powell’s
method[111]. The results were confirmed to be independent of the initial parameter values
when they were taken from a physically plausible range. Estimates of the statistical
parameter errors, corresponding to the 95% (two-sigma) confidence interval, were derived

from the diagonal elements of the corresponding parameter covariance matrix[112].

4) Reflectivity curves from interacting brushes prepared via double LB transfer

Fig. S1 compares reflectivity curves obtained at two hydration levels with (A) the sample
prepared by a combination of LS and LB transfers (as in the main text) and with (B) a sample
prepared via double LB transfer. It is seen that in (B) the characteristic Kiessig fringes are (i)
shifted to higher g, values, indicating thinner layers and (ii) less pronounced, indicating a
weaker SLD contrast. These two observations indicate a poorer transfer ratio and a higher

degree of structural disorder.
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Figure S1: Neutron reflectivity curves at two hydration levels from interacting brushes

prepared by a combination of LS and LB transfers (A) and via double LB transfer (B).

5) Best-matching roughness parameters § between the slabs describing the substrate and

the proximal monolayer

a) Single brush

Si/SiO3 Si0y/ hydrocarbon lipid
hydrocarbon chain/ headgroup/
chain lipid headgroup | water

2A 5A 7A 12 A

b) Interacting brushes
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Si/SiO; SiOy/ hydrocarbon lipid
hydrocarbon chain/ headgroup/
chain lipid headgroup | water

2A 7A 12 A 10 A
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Abstract

Surface interactions involving biomembranes, such as cell-cell interactions or membrane
contacts inside cells play important roles in numerous biological processes. Structural insight
into the interacting surfaces is a prerequisite to understand the interaction characteristics as
well as the underlying physical mechanisms. Here, we work with simplified planar
experimental models of membrane surfaces, composed of lipids and lipopolymers. Their
interaction is quantified in terms of pressure-distance curves using ellipsometry at controlled
dehydrating (interaction) pressures. For selected pressures, their internal structure is
investigated by standing-wave x-ray fluorescence (SWXF). This technique yields specific
density profiles of the chemical elements P and S belonging to lipid headgroups and polymer

chains, as well as counter-ion profiles for charged surfaces.
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1. Introduction

Nanometric layers formed by molecular assemblies in two-dimensional architectures are
major components of soft and biological matter [1, 3]. Their structural organization and
biological or technological functions are highly sensitive to the mutual interactions of their
surfaces in the aqueous environment [3, 113]. Important examples in biology are the
membranes of cells and organelles, which are typically found under rather crowded
conditions [5], so that membrane-membrane interactions play a key role for their functions.
The character of the interaction in terms of magnitude and range, as well as whether it is
mainly attractive or repulsive, affects cell adhesion [114, 115], vesicle release, the
spontaneous formation of membrane stacks [116] and the properties of bacterial biofilms
[7]. It in general involves spatially extended (generic) and specific ligand-receptor
contributions and is determined by the chemical composition of the membrane surfaces
comprising neutral and charged lipid head groups and membrane-bound saccharides,
polypeptides, and macromolecules. Similarly, the interaction between technological
interfaces also plays an important role in a multitude of applications such as liquid
purification and separation chemistry [10], or lubrication [11]. Liquid/liquid interfaces, for
example, are commonly stabilized by self-assembled amphiphilic molecules including
surfactants, proteins, and polymers, with the aim of rendering their mutual interaction

predominantly repulsive thus providing stability of ("soft") colloids [117].

The interaction between two surfaces across water is typically described in terms of
pressure-distance curves, which relate the interaction (or: disjoining) pressure IT to the
surface separation or (equivalent) water layer thickness Dw. For fixed temperature T and
ambient pressure p, I represents the derivative of the Gibbs free energy G per unit area A

with respect to Dy [118],
1
n(Dw) = -

(o)
A \dD,,

Pressure-distance relations are commonly determined by subjecting multilamellar stacks of

(1)

T,p

interacting surfaces to dehydrating pressures of known magnitude [24]. So-called equivalent
pressures can be exerted either by bringing the multilayers into contact with osmotically

active polymer solutions, or by controlling the ambient relative humidity hrel, in which case
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n(hrel) =& ln(hrel)r (2)

Vw

where vy, denotes the volume of a water molecule and kg is the Boltzmann constant. For
biologically or technologically relevant "soft" interfaces, the interaction characteristics are
often closely related to molecular conformations and charge distributions [113]. For
instance, forces between surfaces displaying charged chemical moieties depend on the exact
location of the charges and on their ability to spatially rearrange upon the surfaces' mutual
approach. Similarly, electrostatic interactions between charged surfaces are sensitive to the
distribution of counterions on the axis perpendicular to the surface plane [13]. Polymer-
decorated surfaces, on the other hand, interact differently if the opposing polymer layers
are able to overlap [15]. In other words, structural aspects like molecular conformations or
element distributions are indicative of the interaction mechanisms and thus of great
relevance. However, insight into structures "buried" between two surfaces is difficult to
obtain experimentally. X-ray and neutron scattering are among the very few techniques that
can probe such structures with the required sub-nanometer spatial resolution. Specular
reflectometry reveals matter density profiles perpendicular to an interface [17, 18]. The
latter can then be interpreted in terms of interfacial distributions of chemical components
[99, 119]. This approach has been taken also to investigate the structure of lipid layers
incorporating lipopolymers [120, 121] and of interacting soft interfaces [25, 86, 122].
However, it is not always possible to deduce the relevant structural features from such
“global” density profiles. In contrast, x-ray fluorescence allows determining element-specific
density profiles across an interface [67]. The technique is based on the characteristic
fluorescence induced by the illuminating x-rays via photoelectric ionization and has
commonly been used to study element distributions at gas/liquid interfaces [64, 123, 124].
Angstrom resolution perpendicular to the interface can be achieved with x-ray fluorescence
under Bragg diffraction or mirror reflection conditions. In particular, planar nanometer-thick
multilayers allow to create strongly modulated standing x-ray waves above the multilayer
surface, whose period can be adjusted to match the typical length scales of the objects
investigated [59, 60]. Such standing-wave x-ray fluorescence (SWXF) studies have so far
dealt with the fluorescence of comparatively heavy elements, often used as labels [67]. Only
recently we have established a label-free implementation of SWXF, which is suited to
directly localize lighter and biologically relevant chemical elements like P and S with atom

scale precision [57].
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In the present work, we utilize this technique for the label-free element-specific structural
investigation of interacting layers approximately mimicking the surfaces of distinct types of
biological membranes. Measurements were carried out at varying humidity corresponding
to different equivalent interaction pressures and surface separations. The results are
discussed with respect to the pressure-distance curves of the same systems, which were

determined in the present work by ellipsometry.
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Figure 1: (a) Chemical structures of the amphiphilic molecules SGS (3-O-sulfo-D-galactosyl-
R1-1'-N-heptadecanoyl-D-erythro-sphingosine), DSPC (1,2-distearoyl-sn-glycero-3-
phosphocholine), PEG-lipid (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000]), and PDP-PEG-lipid (1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[PDP(polyethylene glycol)-2000]). (b and c¢) Schematic illustration
of the double-monolayer samples investigated in the present study. (b) Interacting SGS
surfaces bearing S atoms (dark blue dots) in the lipid headgroups. Green dots indicate K*
counter ions. (c) Interacting lipid-anchored PEG brushes bearing P atoms (red dots) in the
lipid headgroups and S atoms at the end of the PEG chains. The solid surfaces are

hydrophobically functionalized with octadecyltrichlorosilane (OTS).

2. Results
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Fig. 1 b and ¢ schematically illustrate the studied double monolayer samples composed of
the amphiphilic molecules shown in Fig.1a. They act as defined models of interacting
membrane surfaces with known composition. Interacting surfaces composed of the
glycolipid (SGS) (Fig. 1 b) represent interacting membranes that contain significant densities
of negatively charged sulfoglycolipids, like photosynthetic membranes [125]. Each SGS
molecule (Fig.1a) comprises one S atom that can be targeted by SWXF. These highly
charged models of membrane surfaces are also suited to study the behavior of counterions.
Here, the samples were prepared such that the counterions are K* ions (see Methods
section) that can also be localized with the SWXF settings employed. Interacting lipid-
anchored PEG brushes (formed by 10 mol% lipopolymers anchored into a DSPC matrix, see
Fig. 1 c) in a generic way represent interacting membrane surfaces displaying hydrophilic
macromolecules, such as cell glycocalyx [30], or the outer LPS surfaces of Gram-negative
bacteria [7]. SWXF allows localizing the P atoms in DSPC and the lipopolymers (PEG-lipid or
PDP-PEG-lipid) and the S atoms in the labeled polymer endpoints of PDP-PEG-lipid (Fig. 1 a).
With that, this system is uniquely suited for the simultaneous localization of the grafting
surface (via its P content) and the endpoints of the brush (via its S content). Such
architectures are therefore interesting also in context with a validation of theoretical models

describing the conformation of interacting polymer brushes [81].

Double-monolayer architectures like the ones illustrated in Fig. 1 b and c¢ have similarities
with commonly studied supported membranes (the solid support [126]) and lipid
monolayers at the air/water interface (the vapor phase [120]). Importantly, they enable the
controlled interaction of well-defined surfaces and the simultaneous hydration-dependent
structural investigation. Since the amphiphilic monolayers are flexible, a homogeneous
surface separation on the planar substrate is always realized, even if impurities, for example
dust particles, locally perturb the interaction. This is in contrast to approaches involving two
planar solids, where creation of a defined interaction distance is generally challenging [19].
Moreover, double monolayers can be used also for the study of non-symmetrical interaction
scenarios and for molecular compositions that do not lead to the spontaneous formation of
lamellar phases. This is in contrast to the classical multilayer swelling approach [106]. The
interaction strength can be quantified in terms of the equivalent interaction pressure, which
is dictated by the humidity (see Eq. 2). The absence of bulk water serves for the controlled

dehydration and is therefore desired. For high humidities close to saturation (h,.; = 100%),
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the samples are highly swollen and comprise a large amount of water corresponding to a
large equivalent water layer thickness D,, = v, N,,/A, where N, is the number of water
molecules per unit area A. Under this condition the surfaces are further apart than for low

humidities, where the samples are less swollen and Dy, is smaller.

2.1. Pressure-distance curves

Fig. 2 shows the pressure-distance curves of interacting SGS surfaces and lipid-anchored PEG
brushes as determined by ellipsometry (see Methods section). For both systems the
interaction pressures are repulsive, meaning that work has to be performed in order to
reduce Dw. Close to completely dehydrated conditions (D,, — 0) the pressures reach
magnitudes of several kbars. Upon reducing the equivalent pressure (i.e., increasing the
humidity) to the lowest levels achieved in the present work, both systems take up a
substantial amount of water, Dy > 2nm. But despite these similarities, the repulsion
mechanisms leading to water uptake upon releasing the equivalent pressure have to be
considered totally different: The repulsion between the negatively charged SGS surfaces is
mainly of electrostatic nature. As was shown recently, the range of the repulsive force
between glycolipid surfaces increases substantially when negatively charged sulfoglycolipids
are incorporated [125]. In contrast, charges play only a minor role for the repulsion between
the lipid-anchored PEG brushes. Instead, the hydration of the polymer chains, as well as
steric forces related to their configurational entropy are more important. While pure DSPC
surfaces like other phosphatidylcholine (PC) lipid surfaces merely experience short range
hydration repulsion [106, 127], the incorporation of PEG-lipid was shown to induce
additional steric repulsion that systematically increases with polymer length and grafting

density [16].
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Figure 2: Pressure-distance curves of interacting SGS surfaces (circles) and lipid-anchored
PEG brushes (squares). Error bars represent the uncertainty of the humidity sensor. For the
data point in brackets the error in I1 is comparable to its value. Dashed lines serve to guide

the eye.

2.2. Element concentration profiles

Fig. 3 a illustrates the geometry of the SWXF experiments. The technique is based on the
element-characteristic fluorescence induced via photoelectric ionization by a standing x-ray
wave. The angle of incidence is denoted with 6. Close to the Bragg angle 0g of the multilayer
substrate (here: 0g=1.13°), strong reflection occurs, giving rise to a highly modulated
standing wave (SW) intensity pattern. Fig. 3 b (symbols) shows the intensity of the reflected
beam in a narrow interval of + 0.08° around . The solid line represents the theoretically
modeled reflectivity based on a suitable layer representation of the electron density profile
of the periodic Al/Ni layers (see Methods section). The &-dependent fluorescence intensity
of a target element j, /{#), scales with a spatial integral containing the elemental
concentration profile perpendicular to the interface, cj(z), and the &-dependent SW intensity

D(b, 2):
[(8) =A["_®(6,2)ci(z)dz,

(3)

where A is a pre-factor that involves, among others, fluorescence yield, beam footprint, and
detector field-of-view, and therefore weakly depends on & in general [57]. According to

Eq. 3, ¢j(z) can thus be deduced from [/{(6), if ®(6, z) is known. The latter was computed via
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the phase-correct summation of all reflected and transmitted partial waves [64] from the
layer representation mentioned above. For illustration, calculated SW intensity patterns (6,
z) above the solid surface are shown in Fig. 3 ¢ for 8= 6 and for 8= 6 + 0.02° (see vertical
lines in Fig. 3 b). As @ is increased through the Bragg condition, the nodes and antinodes of

the SW intensity shift towards the solid surface by approximately half a multilayer period.
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Figure 3: (a) Sketch of the SWXF measurement setup. Incident and reflected x-ray beams are
indicated with bright blue lines. The isotropically emitted x-ray fluorescence radiation is
indicated in red. The incident angle is denoted with 6. (b) Measured reflectivity curve
(symbols) in the vicinity of the first Bragg angle & of the solid multilayers and theoretical
model (solid black line). (c) Standing wave intensity patterns ®(6, z) above the solid surface
computed for 8= 6 (solid dark blue line) and for €= 6 + 0.02° (dotted green and dashed
red lines, respectively), corresponding to the vertical lines in panel b. The axis perpendicular
to the planar solid surface is denoted with z. The region shaded in orange schematically

represents the supported monolayer architectures.

Fluorescence spectra were measured for various incident angles in 6-scans around the Bragg
angle. Fig. 4 shows a representative spectrum of interacting lipid-anchored PEG brushes (see
Fig. 1 c), recorded exemplarily for 6 = 6. The spectrum exhibits the characteristic

fluorescence peaks of P and S (see inset) together with peaks of Al and other chemical
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elements found in the multilayer substrates and in the sample environment (Ar, Ti, and Cr).
Ni does not emit fluorescence because the incident beam energy is below the K-shell edge of
Ni. The fluorescence intensities of the target elements were extracted from the spectra for
each incident angle. For this purpose, from the sample spectra the corresponding reference
spectra of the substrates in the absence of the interacting monolayers were subtracted. The
peaks of the target elements in the resulting difference spectra were then modeled with
Gaussian functions, and the obtained amplitudes were used to build for each element its &
dependent fluorescence intensity curves /j(6). In the last step, based on the known shape of
®d(g, z), the intensities curves were modeled according to Eq.3 using a suitable
parameterization of the element profiles cj(z). The weak angle-dependence of the pre-factor
A in the equation was approximated linearly with an adjustable parameter for the slope, as

was done in ref [57].
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Figure 4: X-ray fluorescence spectrum of interacting lipid-anchored PEG brushes (see Fig. 1 c)
recorded exemplarily for 8= 6s. The spectrum comprises characteristic peaks of Al and other
chemical elements found in the multilayer substrates and in the sample environment (Ar, Ti,
and Cr). Inset: Characteristic fluorescence peaks of P and S. Unlike the main panel the inset
also shows the comparison with the reference spectrum obtained in the absence of the P

and S loaded double monolayer.

2.2.1. Interacting SGS surfaces

Fig. 5a (bottom curve, symbols) shows the angle-dependent S fluorescence, Is(6), of

interacting SGS surfaces (Fig.1b) at a low humidity of hrel=50 %, corresponding to
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IT=1kbar (Eq.2). As suggested by the pressure distance curve (Fig. 2, circles), under
strongly dehydrating conditions the water layer between the two sulfur-bearing surfaces is
only few A thick, comparable to the surface roughness. The S distributions belonging to the
two surfaces are therefore expected to strongly overlap, resulting in an overall S distribution
with only one maximum. The S concentration profile cs(z) was accordingly modeled as a

unimodal distribution,

6s(2) = ¢ = (2 = 2)*/ (208) 0

(4)

In this Gaussian representation, the amplitude cmax, the center position zs and the width os
are adjustable fitting parameters. While cmax merely acts as a scaling parameter, zs is linked
to the angular positions of the extrema in Is(6) and the total form of the curve. The width os
is mostly defined by the relative amplitude of the modulation of Is(6) with respect to the
“baseline” further away from 6. The solid line superimposed to the data points represents
the theoretical S fluorescence curve, calculated according to Eq. 3 for the best matching
parameters, zs = 72 A and os = 12 A. It is seen that the unimodal distribution reproduces the
experimental data points well. The obtained center of mass position, zs =72 A above the
solid surface is based on the assumption that all the metal layers are 24 A thick, as calculated
from the reflectivity data (see section 4.5), including the uppermost Al and Ni layers. One
should expect, however, that the terminal layers are at least partially oxidized and therefore
significantly thicker [128, 129], so that the actual surface is shifted along the z-axis. In a
previous study in which the surface position had been calibrated on an absolute scale, the
center of mass distribution of S in a similar sample at uncontrolled humidity was found at
around 58 A above the surface [57]. In order to be consistent with this value, a thickening of
the terminal metal layers of 14 A by oxidation has to be assumed, which appears plausible.
With this definition of the z-axis, which will be used in the following, zs = 58 A is obtained.
The corresponding concentration profile is shown in Fig. 5 ¢ as a solid line. The obtained
width of the distribution, os = 12 A, at first sight seems to reflect the topographic roughness
of solid substrate (ciop = 11 A, see Methods section). In that case the S distribution could be
interpreted as a negligibly thin layer ideally following the corrugations of the solid surface.
However, the topographic roughness effectively "seen" by SWXF corresponds to mesoscopic

in-plane length scales and can thus be significantly smaller than the one probed by AFM on
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the micrometer scale. Moreover the deformable organic layers do not necessarily fully
follow these corrugations. Instead, they can have lower topographic roughness due to their
considerable interfacial tension. In both cases os would additionally reflect the intrinsic
width of the S distribution, also in terms of its bimodal nature. The upper curve in Fig. 5 a
(symbols) shows the angle-dependent K fluorescence, Ik(6), under the same low-humidity
conditions. It exhibits the essentially identical angle dependence as Is(6), and can thus be
described satisfactorily with the same parameters (see solid line superimposed to the data
points), apart from the trivial scaling parameter cmax. In other words, S and K distributions
almost perfectly overlap, so that the solid line in Fig. 5 ¢ also describes the K distribution.
This co-localization indicates that the counter-ions are always found in the immediate

vicinity of the negatively-charged sulfate groups of SGS.
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Figure 5: (a) Angle-dependent S and K fluorescence (symbols) from interacting SGS surfaces
(see Fig. 1 b) at low humidity. (b) S and K fluorescence from the same sample but at high
humidity. Solid lines in (a and b) indicate calculated theoretical intensities corresponding to
the best-matching model parameters for the S distributions at low and high humidity. (c) S
distributions at low humidity (solid line) and at high humidity when assuming unimodal
shape (dashed line). The dotted line indicates a bimodal distribution that would result in
approximately the same fluorescence signals (see text). The K distributions at low and high
humidity are undistinguishable from the respective S distributions, so that the curves in

panel c apply to both S and K.
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Fig. 5 b (bottom curve, symbols) shows Is(6) for interacting SGS surfaces at a high humidity of
hrel = 93 %, corresponding to IT= 100 bar (Eq. 2). Its angle-dependence is very different from
that observed at low humidity, reflecting a significant shift of the S distribution further away
from the solid surface. In fact, the data points for high humidity can still be described
satisfactorily with a unimodal distribution (Eq. 4), see superimposed solid line for zs =67 A
and os =9 A. The corresponding concentration profile is shown in Fig. 5 ¢ as a dashed line.
This is at first surprising, because the S distributions belonging to the two sulfur-bearing
surfaces are expected to separate for thicker water layers, resulting in a bimodal overall S
distribution. The unimodal description however still works, because SWXF is sensitive mainly

to the first and second moments of a narrow elemental distribution, z; = (z) and ajz =
2
<(z - Zj) ), respectively [57], an aspect that will be discussed further below. First we notice

that the shift in zs when going from low to high hrel is 8z = 9 A. Assuming that the center of
the S distribution belonging to the proximal SGS monolayer is hydration-independent, the S
distribution belonging to the distal monolayer would have to shift by 28z = 18 A to give the
same effect. This extent of swelling upon changing the equivalent pressure from I1 = 1 kbar
to IT= 100 bar is in rough agreement with the pressure-distance curve of interacting SGS
monolayers (Fig. 2). Coming back to the precise shape of the S distribution at high humidity,
we note that the S fluorescence data in Fig. 5 b are also consistent with a more plausible,
bimodal distribution, provided that it exhibits approximately the same first and second
moments of the unimodal distribution used to fit the data. As shown in the supporting
information, deviations from this approximation are negligible. A symmetrical bimodal
distribution, centered around z; and comprising two Gaussian peaks of individual width oing,

separated by a distance Az, has the same first moment as the unimodal distribution. For the

2

2(Az/2)?; . . .
second moment we have o (Az/2) nd \WWhen obimod is set equal to the width os obtained for

bimod

the unimodal distribution, we can solve for Az, which is then only a function of 6ing, 4z =

2 ’af—aiid. The dotted line Fig.5c shows an exemplary bimodal distribution with

compatible first and second moments as obtained for a very low value of the individual peak
width, oina=3A. The upper curve in Fig.5b (symbols) shows the angle-dependent K
fluorescence, Ik(6), under the same high-humidity conditions. Again, it has the same angle

dependence as Is(6), indicating perfect overlap of S and K distributions. This result suggests
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that, even under highly hydrated conditions the counterions reside closely to the negatively

charged surfaces, rather than being evenly distributed in the aqueous phase.

Both the shift in zs and zx upon increasing the humidity and the agreement of a bimodal
distribution with the experimental data are consistent with the expected swelling behavior
of the architecture illustrated in Fig. 1 b. However, it is difficult to rationalize why the second
moment of the S distribution does not become larger with increasing hydration level. This
behavior may have to do with a more effective healing of the corrugations of the solid
surface by the organic layers when they are highly hydrated. In addition one may expect that
the saccharide headgroups of SGS undergo significant reorientation with increasing
hydration, such that the S atoms get more directed towards the center of the aqueous layer.
Alternatively, our experimental results may suggest that the SGS double-monolayers

undergo more substantial architectural changes with changing hydration level.

2.2.2. Interacting lipid-anchored PEG brushes

Fig. 6a (bottom curve, symbols) shows the angle-dependent P fluorescence, Ip(6), of
interacting lipid-anchored PEG brushes at a low humidity of hre =40 %, corresponding to
IT = 1.3 kbar (Eq. 2). Even under such dehydrating conditions we expect a clearly bimodal P
distribution due to the presence of the PEG layer between the surfaces of the phosphorus-
bearing lipid matrix (Fig. 1 c). Moreover, the maxima of the distribution may exhibit a
separation comparable to the SW period above the solid surface A = 45 A (due to refraction
effects A is not exactly identical to the multilayer period of 48 A). In this case more than one
oscillation of the SW contributes to the fluorescence, an effect that imparts some ambiguity
to the data. In fact, /p(6) can readily be reproduced with a unimodal Gaussian distribution
with zp =57 A and o = 10 A, as indicated with the solid line superimposed to the data points.
But due to the discrete translational invariance of the SW, the same theoretical curve is
obtained for a bimodal distribution with an additional, identical Gaussian peak at zp' =zp + A
= 102 A. This bimodal P distribution, which qualitatively is a plausible description of the
sample architecture, is shown in Fig. 6 c (upper part, solid line). We remark, however, that
on top of this two-fold ambiguity there is also another level of ambiguity with respect to

details of the individual Gaussian distributions. Namely, the effective width, op=10 A,
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obtained when assuming a unimodal distribution would also result from a bimodal
distribution of sharper peaks that are separated by few A more or less than A. However,
since the width obtained (op = 10 A) is already rather low, about as low as ciop, We assume
that this ambiguity is of minor relevance and the P distribution plotted in Fig. 6 ¢ provides a
satisfactory description of the sample structure. This conclusion is also corroborated by the
fact that the position of the proximal P peak in the interacting PEG brushes (zp =57 A) is
consistent with the center of the S distribution of the dehydrated SGS double-monolayer

(zs = 58 A) in light of the similar sample architecture up to the proximal lipid monolayer.

The upper curve in Fig. 6 a (symbols) shows the angle-dependent S fluorescence, Is(6), under
the same low-humidity conditions. The fluorescence, originating from S atoms in the PDP-
labeled end-points of the PEG chains (Fig. 1 a), assumes a maximum at a significantly larger
angle than /p(6) in the same plot, reflecting that P and S have strongly dissimilar
distributions. Is(6) is well reproduced for a slightly broader, unimodal distribution with
os = 13 A, located between the two peaks of the P distribution. The best match with the data
points is achieved with zs=88 A, see superimposed solid line. The corresponding S
distribution is shown in Fig. 6 ¢ (upper part) as a dashed line. The P and S distributions in
Fig. 6 c, representing brush grafting surfaces and polymer endpoints, obviously do not match
the expected symmetry of the sample architecture, where zs would ideally coincide with the
center between the two P peaks at z=80A. In view of the above-discussed considerable
uncertainties in the interpretation of the fluorescence intensities, it is difficult to conclude
whether the observed asymmetry is significant, in which case it could reflect, for instance,

differences in the packing densities of proximal and distal monolayers.
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Figure 6: (a) Angle-dependent P and S fluorescence (symbols) from interacting lipid-
anchored PEG brushes (see Fig. 1 c) at low humidity. (b) P and S fluorescence from the same
sample but at high humidity. Solid lines in (a and b) indicate calculated theoretical intensities
corresponding to the respective model parameters for P and S distributions at low and high
humidity. (c) P (solid line) and S (dashed line) distributions at low humidity (upper part) and
at high humidity (lower part).

Fig. 6 b (bottom curve, symbols) shows /p(6) for the interacting PEG brushes at a high
humidity of hrei= 94 %, corresponding to I1=80 bar (Eq.2). According to the pressure-
distance curve in Fig. 2, swelling by =2 nm is expected when reducing the equivalent
pressure to this level. A significant change in the P distribution is also evidenced by /p(8), in
which the feature-to-baseline level is significantly reduced while the maximum is shifted
almost exactly to & at high humidity. An angle dependence like the one obtained for the P
fluorescence at high humidity is characteristic for element profiles that are rather equally
distributed over the nodes and antinodes of the SW, indicating that the distance between
the peaks in a bimodal distribution is closer to an odd than to an even multiple of A/2.
Indeed, as indicated with the solid line superimposed to the data points, /p(6) is well
reproduced when the distal peak in the bimodal P distribution is shifted to zp' =131 A by
29 A, which is only a fraction of A. This shift is also roughly consistent with the swelling
observed in the pressure-distance curve of the PEG brushes. The corresponding P
distribution is shown as a solid line in the lower part of Fig. 6 c. We remark that the
experimental data are reproduced even slightly better when the position of the proximal
peak is also allowed to move, in which case it moves towards the solid surface by 2 A (not
shown). The upper curve in Fig. 6 b (symbols) shows the angle-dependent S fluorescence,
Is(6), under the same high-humidity conditions. Within the statistical noise of the data points
there are no significant differences between /s(6) at low and high humidity, respectively. The
best-matching unimodal S distribution at high humidity, corresponding to the solid line
superimposed to the data points, has os=12 A and zs =90 A, the latter being close to the
center between the two P peaks at z =94 A. The corresponding S (or end-point) distribution
is shown as a dashed line in the bottom part of Fig. 6 c. The P and S distributions suggest that

the symmetry of the double-monolayer architecture is recovered at higher humidity.
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Significant differences in the packing densities of proximal and distal monolayers, as
speculated above, are therefore not likely the reason for the asymmetry observed at low
humidity. The end-point distribution in a single layer of tethered polymers has previously
been determined by SWXF [58]. To our knowledge the present results constitute the first

determination of the end-point distribution of confined, interacting polymer brushes.

3. Discussion and Conclusions

In the preceding section we have demonstrated that double-monolayer architectures like
the ones illustrated in Fig. 1 b and c are well suited for a comprehensive investigation of
interacting well-defined surfaces. Namely, such architectures enable the simultaneous
determination of pressure-distance curves and of structural details, for example by using x-
ray or neutron scattering techniques. We have further demonstrated that SWXF is suited for
the label-free and element specific structural investigation of interacting layers. When
resolved with high resolution, elemental distributions can yield accurate insight into the
molecular configuration of interacting surfaces and its response to changes in the surface
separation. In fact, our results suggest that such information is conveniently obtained when
elemental distributions are unimodal, for instance when the interacting surfaces have
different composition. In many configurations, like the ones described in the present work,
the relevant elemental distributions are however multimodal. In these cases detailed
molecular conformations are only accessible when the shape of the multimodal distributions
can be determined unambiguously. To this end, the topographic roughness of the solid
surface poses a limitation, because it leads to a smearing out of the elemental profiles, thus
reducing the structural detail. Secondly, ambiguity occurs especially when the distances
between the distribution maxima are comparable to the SW period. As a consequence, the
structural information obtained from the particular set of measurements presented here
does not go much beyond what one could also obtain using conventional reflectometry.
Nonetheless, our results constitute a proof-of-concept and clearly demonstrate the potential
of SWXF when the crucial parameters are optimized: The roughness-induced smearing out of
elemental distributions can be avoided by using multilayer substrates with very smooth
surfaces [57]. Ambiguities related to multimodal distributions can be overcome by involving

ab-initio information about the sample structure, as well as by a suitable choice of multilayer
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periods or by working with multiple angle ranges, e.g., in total reflection and with two
sufficiently intense Bragg peaks. One can also consider an experiment with similar samples
on two ML substrates of different period. Even in the most unfavorable case of a ML period
matching exactly the peak distance in a bi-modal distribution the results stay very sensitive
to the changes in the key distribution parameters. Finally, x-ray reflectivity measurements,
carried out in parallel on samples of identical composition but supported by simple solids
like sapphire or silicon can yield valuable complementary structural information facilitating
the interpretation of the x-ray fluorescence data. With that, SWXF may reveal distinct
structural aspects not only of generic interactions between soft interfaces but also of specific
membrane-membrane interactions for which only the forces have been quantified so far

[130, 131].

4. Materials and methods
4.1. Materials

Unless stated otherwise, all chemicals were purchased from Sigma (St. Louis, MO, USA) and
used without further purification. Water was purified and double-deionized (MilliQ,
Molsheim, France). Sulfoglycolipids (SGS), phospholipids (DSPC), and lipopolymers (PEG-lipid
and PDP-PEG-lipid) were purchased from Avanti Polar Lipids (Alabaster, AL, USA). As
lllustrated in Fig.1a, SGS (3-O-sulfo-D-galactosyl-81-1'-N-heptadecanoyl-D-erythro-
sphingosine) has two hydrophobic fatty acid tails and a sulfated galactose monosaccharide
headgroup. At neutral pH the sulfate carries one negative charge. DSPC (1,2-distearoyl-sn-
glycero-3-phosphocholine) has two all-saturated Cigz chains and a zwitterionic
phosphocholine headgroup which carries one P atom. PEG-lipid (1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000]) is similar to DSPC but a PEG
chain comprising 46 monomers is covalently attached to the headgroup. In PDP-PEG-lipid
(1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[PDP(polyethylene glycol)-2000]), the
terminus of the PEG chain is covalently functionalized with a pyridyldithiopropionate (PDP)
moiety containing two S atoms. Multilayer substrates were purchased from X’scitech
(Helsinki, Finland) and had 25 repetitions of Al(2.4 nm)/Ni(2.4 nm) alternating layers on top
of sapphire single crystal wafers with dimensions 8 mm x 8 mm x 1 mm. The terminal Al

layer forms amorphous aluminum oxide at the outer surface. Atomic force microscopy
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(AFM) was used to reveal the topography of the outer surface and in particular its root-
mean-square (rms) roughness, oiop =11 A. Silicon wafers (150 mm diameter, 625 um
thickness) with a thermal oxide of defined thickness were purchased from SIEGERT Wafer

GmbH (Aachen, Germany).

4.2. Sample preparation

Silicon wafers were cut into pieces of 17 mm x 12 mm. Multilayer substrates and silicon
substrates were cleaned by washing with chloroform, acetone, ethanol, and water, followed
by UV-ozone treatment. The surfaces were then rendered hydrophobic via covalent
functionalization with octadecyltrichlorosilane (OTS) by immersion in 1 mM OTS solutions in
anhydrous hexadecane for 1 h and subsequent rinsing in hexadecane and ethanol. SGS,
DSPC, and the lipopolymers PEG-lipid and PDP-PEG-lipid were dissolved in chloroform at
2mg/mL. To obtain DSPC / lipopolymer mixtures at a lipopolymer mole fraction of 10mol%,
DSPC solution was mixed with PEG-lipid or PDP-PEG-lipid solution, respectively. Double
monolayers of SGS or DSPC / lipopolymer on the surfaces multilayer substrates or silicon
substrates were prepared using a combination of the Langmuir-Schaefer (LS) and Langmuir-
Blodgett (LB) transfer methods [89]. For this purpose, chloroform solutions of SGS or DSPC /
lipopolymer mixtures were first spread at the air/water interface in a Langmuir trough (Nima
Technology, Coventry, UK; or Riegler & Kirstein GmbH, Potsdam, Germany) containing 1mM
KBr aqueous solution (for SGS) or pure water (for DSPC / lipopolymer mixtures). The
amphiphilic molecules immobilized at the interface were then compressed to a monolayer
with a lateral pressure of 35+1mN/m. A first lipid layer was deposited onto the
hydrophobically functionalized surfaces via LS transfer, i.e., with the solid surface facing the
water surface. This procedure reproducibly yields transfer ratios close to 100%, as evidenced
from the negligibly small variation of the surface pressure upon the initial contact and as
previously confirmed by neutron reflectometry [99]. In the next step the solid substrate was
rotated under water by 90°, so that its surface ended up perpendicular to the water surface.
The remaining lipid monolayer at the air/water interface was then removed and replaced
with a fresh monolayer at the same lateral pressure. This second monolayer was then

transferred on top of the first layer by LB, i.e., by pulling the solid substrate upwards. The LB
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transfer was confirmed to be effective and reproducible by ellipsometry (see section 4.3.

and supporting material).

4.3. Ellipsometry measurements

Ellipsometry enables the characterization of interfacial layers in terms of refractive indices
and thicknesses. The method is based on the change in the polarization state of light upon
reflection from the surface. For a given refractive index n, the change depends on the layer
thickness and is quantified in terms of the phase difference A and the amplitude ratio W
encoded in the ratio between the complex reflection coefficients Rs and R, for s and p

polarizations, respectively [90]:
R,/Rs =tanWe ™ (1)

For ellipsometry measurements, silicon chips with thermal oxide were used as substrates for
the double monolayers. Silicon has the complex refractive index nsi = 3.885 - 0.018i [91].
Measurements were conducted at an incident angle of 70°, with an Optrel Multiskop
ellipsometer working with a wavelength Aeii =632.8 nm. For the known refractive index of
SiOy, nsio2 = 1.456 [92], the obtained measurement values (A = 79.3°, W = 44.3°) correspond
to an oxide layer thickness of 105.5 nm, close to the nominal value of 100 nm. In the next
step, the measurement values obtained for the fully dehydrated (hrei < 5 %) samples were
modeled with an additional single layer for the organic film comprising OTS and the two
deposited monolayers in order to obtain their thicknesses in the absence of water. In this
procedure, the refractive index of the organic film was assumed as norg = 1.46, a typical value
for organic materials [93-95]. The obtained layer thicknesses exhibit excellent
proportionality to the nominal material amount deposited, see supporting material. In the
last step, the measurement values obtained at controlled humidity were modeled with an
additional water layer (nwat = 1.33) while accounting for the known optical parameters of
oxide and dry organic layers. In this way, the humidity-dependent equivalent thickness of
the water layer Dw(hrel) was determined. Humidity was controlled by placing the samples
inside a closed chamber through which humidified N, was streamed. The gas was humidified
by letting it pass through a temperature-controlled water bath in the form of mm-sized

bubbles. High humidities were realized by elevating the water temperature to close to or
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even slightly above the sample temperature. Low humidities were realized either by
lowering the bath temperature or by mixing the humidified N, stream with dry N,. The
humidity at the sample position was measured with a calibrated humidity sensor (SHT75,
Sensirion AG, Staefa, Switzerland) measurement uncertainty Ahre = £ 2%), placed close to

the sample surface. The equivalent dehydrating pressure follows from hre according to Eq. 2.
4.4. X-ray experiments

X-ray specular reflectometry and SWXF experiments were carried out at the ID10 beamline
of ESRF (Grenoble, France). The sample surface was oriented vertically. The beam was
focused in vertical direction while its angular divergence was kept low in horizontal direction
in order to obtain a near-parallel incident x-ray wave in the scattering plane. The latter is
required to scan the Bragg reflection condition of the periodic metal multilayers with high
angular resolution. The beam diameter was 40 um horizontally and 500 pum vertically. For an
illumination close to 0s=1.13°, the size of the beam footprint on the surface thus was
500 pm vertically and = 2 mm horizontally. The beam energy was 7.0 keV, corresponding to a
wavelength of 1=1.77 A. The fluorescence radiation was measured using a silicon drift
detector (Vortex-EM, Sll NanoTechnology) placed perpendicular to the beam direction and
about 3 mm from the surface. To improve measurement statistics without beam damage to
the samples, the angular scans were repeated several times with vertically shifted beam
position on the sample surface. In fact, when for test purposes the same position was
scanned several times, no significant change in the signals was observed, suggesting that

beam damage is negligible.

4.5. Layer representation of the periodic Al/Ni layers

Specular reflectometry from the bare multilayer substrates was measured in order to
determine their layered structure, the latter being a prerequisite for accurately modeling the
angle dependent SW intensity ®(6, z). The reflectivity R(6) denotes the #-dependent ratio
between the intensities of reflected and incident beams, respectively, and contains
information on the electron density distribution perpendicular to an interface. Fig. 7 shows
R(6) of a multilayer substrate in air, measured in ¢-28 scans with a point detector placed at

20 (see Fig.2a). The substrate was functionalized with OTS, which owing to its weak
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electron density contrast (when compared to the solid metal layers) could be safely
neglected in the reflectivity analysis. Experimental data (symbols) are corrected for the &
dependent size of the beam footprint on the sample surface. The red solid line represents
the theoretically modeled reflectivity based on a suitable layer representation of the
periodic Al/Ni layers. It was computed from the layer representation via application of
Fresnel’s reflection laws at each interface and a phase-correct summation using the iterative
recipe of Parratt [54]. The model assumes 25 periodic repetitions of alternating Al and Ni
layers on top of a sapphire (Al,0s, electron density 1.19 e/A3). Thickness and electron
density of Al and Ni layers (dai, dni, pfl%, andp,‘f,li, respectively) as well as their interfacial
roughness were adjustable fitting parameters. The best-matching model parameters were
obtained in a minimum #? fit to the experimental data using the programs Motofit [132] and
a web-based tool by Sergey Stepanov for reflectivity analysis [133]. The best match was
obtained for da=dni =24 A and pSi= 1.23 e/A3 and pgi= 2.09 e/A3. All roughness
parameters were found to be no larger than 10 A. It should be noted that pjﬁ as obtained is
about 50% higher than the literature value for pure Al (0.80 e//A3), while p,‘;’,li is slightly lower
(about 9 %) than the literature value for pure Ni (2.29 e/A3), indicating that significant

intermixing between Al and Ni layers occurs.

—o— experiment
model

reflectivity

Figure 7: Measured reflectivity curve of a solid multilayer substrate (symbols) together with
theoretical reflectivity (solid red line) calculated using a suitable electron density layer model

of the periodic Al/Ni structure. The vertical straight line indicates the Bragg angle 6.
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Element-Specific Density Profiles in Interacting Biomembrane Models

Supporting Information

1.) Fluorescence curves from unimodal and bimodal distributions with identical first and

second moments

Fig. S1 (solid black line) shows the modeled S fluorescence curve from a unimodal
distribution with o5 =9 A at zs = 67 A (see main text). The curve is perfectly reproduced for
bimodal distribution with oing = 3 A at zs1 = zs + Az/2 and zs; = zs - Az/2, when Az = 15 A (see
dashed red line in Fig. S1). This value of Az is very close to the one predicted if the SWXF

technique were only sensitive to the first and second moment of a distribution, in which

case Az = 2 /052 —024=17A.
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Figure S1: Comparison of modeled fluorescence curves from unimodal (solid black line) and

bimodal (dashed red line) distributions.
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2.) Dry thicknesses of organic layers as obtained by ellipsometry

Tables S1 and S2 summarize the dry thicknesses dorg Of various organic layers deposited on
solid SiO, surfaces as determined by ellipsometry. Monolayers (MLs, Table S1) were
deposited by LB at 35 mN/m onto the non-functionalized hydrophilic surfaces. The organic
layer thickness dorg therefore directly corresponds to the monolayer thickness dw.. For a
pure DSPC ML, the value obtained, dpspcm = 25 A, is indicative of a dense ML. For DSPC
incorporating 10 mol% lipopolymer with polymerization degree (or monomer number)
N =114 the layer is significantly thicker, by 17 A, owing to the additional PEG material.
Double monolayers (DLs, Table S2) were transferred onto OTS-functionalized surfaces using
the LS/LB transfer combination described in the main text. The DL thickness dp. therefore
follows from dorg @s dbL = dorg - dots, Where dors was found to be highly reproducible
(dots =23 1 A). The obtained double layer thicknesses exhibit clearly systematic behavior

and are consistent with the monolayer results in Table S1:

1.) Double monolayers are approximately twice as thick as single monolayers (doL = 2dwmL)

when the same formulations are compared.

2.) DSPC and SGS Double layers have similar thicknesses, as suggested by their chemical
structures. Moreover, dospcol is in good agreement with the period d = 60 A of dehydrated

DSPC multilayers at similar conditions [106].

3.) The layer thickness increases systematically with the incorporated PEG amount. In fact,
the PEG thickness dpegp, Which is obtained by subtracting dpsecor from dpi, scales
approximately linearly with N. Finally, PEG thicknesses in ML and DL are found to be

consistent, dpecoL = 2dpeemiL for the same formulation.

In summary, all these observations demonstrate both effectiveness and reproducibility of

the LS/LB sample preparation procedures used in the present work.
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drecmL = dw - 2dpecmL
System dorg = dmL
dbspcmL
pure DSPC Monolayer (ML) dbspemt = 25 A - -
DSPC with lipopolymer (f = 10%, N = 34 A
114) 42 A 17 A
Table S1: Monolayer and sub-layer thicknesses as obtained by ellipsometry.
dpecpL = dpu -
System dorg doL = dorg - dors
dDSPCDL
dors =23

0TS . - -

1A
OTS + DSPC Double monolayer (DL) 79 A|  dbspcoL =56 A -
OTS + DSPC DL with lipopolymer (f = 10%, . .

87 A 64 A 8A
N= 22)
OTS + DSPC DL with lipopolymer (f = 10%, . . .

92 A 69 A 13A
N = 45)
OTS + DSPC DL with lipopolymer (f = 10%, . . .

114 A 91A 35A

N =114)
OTS + SGS DL 81A|  dsesp=58A -

Table S1: Double monolayer and sub-layer thicknesses as obtained by ellipsometry.
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Abstract: The outer surfaces of Gram-negative bacteria are composed of lipopolysaccharide
(LPS) molecules exposing oligo- and polysaccharides to the aqueous environment. This
unique, structurally complex biological interface is of great scientific interest as it mediates
the interaction of bacteria with antimicrobial agents as well as with neighboring bacteria in
colonies and biofilms. Structural studies on LPS surfaces, however, have so far dealt almost
exclusively with rough mutant LPS of reduced molecular complexity and limited biological
relevance. Here, by using neutron reflectometry, we structurally characterize planar
monolayers of wild-type LPS from Escherichia Coli 055:B5 featuring strain-specific O-side
chains in the presence and absence of divalent cations and under controlled interaction
conditions. The model used for the reflectivity analysis is self-consistent and based on the
volume fraction profiles of all chemical components. The saccharide profiles are found to be
bimodal, with dense internal oligosaccharides and more dilute, extended O-side chains. For
interacting LPS monolayers we establish the pressure-distance curve and determine the

distance-dependent saccharide conformation.
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1. Introduction

Lipopolysaccharides (LPSs) are the main constituents of the outer monolayer of the Gram-
negative bacterial outer membrane [32, 33]. Apart from their structural role, LPS surfaces
mediate the interaction of bacteria with their surroundings and act as protection against
harmful molecules. LPS molecules consist of a vastly invariant part, constituted by the
fundamental building block LipidA and the ‘core’ oligosaccharide. LipidA possesses four to
seven hydrocarbon chains and two phosphorylated, negatively charged glucosamines. The
core oligosaccharide is composed of eight to twelve sugar units and carries additional
negative charges in the form of phosphate and carboxyl groups. A variable fraction of LPS
molecules (called ‘smooth’ LPS) possess strain-specific O-antigens (O-side chains) in the form
of repetitive oligosaccharide motifs [34, 35]. However, the largest LPS fraction (called ‘rough’
LPS) lacks these O-side chains. The structure of LPS molecules from Escherichia Coli 055:B5 is
presented in Fig. 1. Several in vivo studies [36-38] showed that Gram-negative bacteria are
resistant against the intrusion of cationic antimicrobial peptides in the presence of divalent
cations like Ca?* or Mg?*. Conversely, the outer membrane can be permeabilized with
chelating agents like EDTA, which deplete the solution of divalent cations [38, 39]. This
phenomenon has been drawing attention due to its fundamental importance for the mode
of action of a class of antibacterial drugs [40]. Computer simulations have been used to
quantify the interaction of divalent cations with the negatively charged phosphate and
carboxyl groups in particular present in the LPS inner core. Coarse-grained simulations
involving cationic antimicrobial peptides suggested that divalent cations are able to suppress
the penetration of the peptides into the LPS layers and therefore reduce antimicrobial
activity [134]. A more recent simulation study further indicated that divalent cations rigidify
the outer membrane [135], which was later confirmed also experimentally using interfacial
shear rheometry on LPS monolayers [136].

Lipopolysaccharides also largely govern the mutual interaction between neighboring
bacteria. This is of particular importance for bacteria in colonies and (undesired) biofilms,
where the bacteria are situated side by side [41]. In fact, structure and mechanics of biofilms
were shown to be affected by the LPS chemistry [7].

The broad biomedical relevance of Gram-negative bacterial outer surface interactions with
ions and drugs as well as of their mutual interactions in colonies have motivated numerous

experimental studies on LPS layers. The latter are meaningful model systems because LPS
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molecules cover = 75% of the area of bacterial outer surfaces, which additionally contain
phospholipids and proteins [32, 33]. Molecular scale structural insight, as required for a
mechanistic understanding, is essentially provided only by x-ray and neutron scattering
techniques. To this end, rough mutant LPS monolayers at air/water interfaces have been
structurally investigated, where the term ‘rough mutant’ refers to LPS molecules that lack O-
side chains and, depending on the degree of mutation, also parts of the core saccharides.
Grazing incidence x-ray diffraction (GIXD) revealed the in-plane ordering of such monolayers
in the presence and absence of divalent cations or during exposure to antimicrobial peptides
[137-139]. Complementary x-ray and neutron reflectometry measurements further revealed
the density profiles perpendicular to the interface under various ion conditions [137-140].
Finally, grazing-incidence x-ray fluorescence (GIXF) allowed determining excess ion amounts
and distributions in rough mutant LPS surfaces. It was found that divalent cations largely
displace monovalent cations from the core oligosaccharide region [64]. More realistic mimics
of the Gram-negative bacterial outer membrane have been created at the solid/liquid
interface and characterized with x-ray and neutron reflectometry [42, 141-143], some
featuring the naturally asymmetric membrane architecture [42, 141, 142], and one
incorporating also smooth LPS featuring the strain-specific O-side chains of wild-type
bacteria [143]. Concerning the interaction of bacterial surfaces, experimental models have
mostly relied on self-assembled rough mutant LPS membrane multilayers [144, 145]. The
only study on the structure of interacting wild-type LPS membrane multilayers displaying O-
side chains suggested a great importance of divalent cations for the membrane structural
integrity [146].

While almost all structural studies on LPS surfaces have so far dealt with rough mutant LPSs
missing important features of most bacterial surfaces, those few studies involving wild-type
LPSs [143, 146, 147] provided a limited detail of structural insight. Here, we investigate solid-
supported monolayers of wild-type LPSs from Escherichia Coli O55:B5 featuring strain-
specific O-side chains (see Fig. 1 B and D). They are structurally characterized by neutron
reflectometry (NR) in the presence and absence of calcium and under controlled interaction
conditions, using a recently established double-monolayer architecture [148] (see Fig. 1 C
and E). With the help of contrast variation, NR provides unambiguous insight into the
distributions of the molecular components perpendicular to the interface with high

resolution. The saccharide distributions are found to be bimodal, featuring a compact
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saccharide layer accommodating the saccharides of LipidA as well as the core saccharides
and a more dilute, extended region accommodating the O-side chains. The volume fraction
profiles of hydrocarbon chains and saccharides are significantly affected by the depletion of
calcium. For interacting LPS monolayers we establish pressure-distance curves and
determine the distance-dependent saccharide conformation using a self-consistent model

reproducing simultaneously the reflectivity curves obtained for the different distances.
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Figure 1: (A) Chemical structure of LPS molecules from Escherichia Coli 055:B5, featuring
two main units: the LipidA hydrocarbon chains (LC) and a headgroup formed by the internal
oligosaccharide (I0S). A certain fraction of the molecules additionally display O-side chains
(OSC) consisting of pentasaccharide repeat units. Abbreviations: GlcN = glucosamine,
KdO = keto-deoxyoctulosonate, PEtN = phosphorylethanolamine, Hep = L-glycero-D-manno-
heptose, Glc=glucose, GIcNAc = N-acetyl-glucosamine, Gal =galactose, GalNAc = N-
acetylgalactosamine, Col = colitose. (B) Schematic illustration of a single, solid-supported LPS
monolayer in aqueous buffer. The solid surface is hydrophobically functionalized with
octadecyltrichlorosilane (OTS). (C) Schematic illustration of two interacting LPS monolayers

in a double-monolayer configuration. (D and E) Simplified (roughness-free) representations
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of the volume fraction profiles ®(z) of all components (Si, SiO2, OTS, LC, 10S, and OSC) in

panels B and C, respectively.

2. Materials and Methods
2.1. Materials and sample preparation

Wild-type LPS from Escherichia Coli 0O55:B5 (Fig. 1A) and octadecyltrichlorosilane (OTS) were
purchased from Sigma (St. Louis, MO, USA) and used without further purification. DO was
pure (99%) and H,O was ultrapure Milli-Q water. Ca?*-free buffer contained 150 mM NaCl
and 20 mM Tris at pH 7; Ca?*-loaded buffer additionally contained 20 mM CacCl,. Silicon
single (111) crystal blocks of 50 mm x 50 mm x 10 mm or 50 mm x 40 mm x 10 mm size,
polished on one large face, were purchased from Synchrotronix (Annemasse, France). The
polished surface was covered with a thin layer of native amorphous silicon oxide (Si02).
Silicon wafers (150 mm diameter, 625 um thickness) of which the polished surface was
covered with a 105 nm layer of thermal silicon oxide were purchased from SIEGERT Wafer
GmbH (Aachen, Germany) and cut into rectangular pieces of 20 mm x 10 mm. Silicon blocks
and pieces were cleaned by washing with organic solvents (chloroform, acetone, and
ethanol) and 20 min UV-ozone treatment. They were then rendered hydrophobic via
covalent functionalization with OTS by immersion in freshly prepared solutions of OTS in
hexadecane at a concentration of 1 mM for 1 h and subsequent rinsing in hexadecane and
ethanol. LPS solutions were prepared following the protocol described by Abraham et al.
[147]: liquid phenol (9:1 phenol:water v:v) was mixed with chloroform and petroleum ether
in a volume ratio of 2:5:8. A bulk solution of 2 mg LPS per mL was prepared and all
subsequent experiments were performed with this stock solution. LPS monolayers were
deposited onto the functionalized substrates utilizing a combination of the Langmuir-
Schaefer (LS) and Langmuir-Blodgett (LB) techniques [89]. For this purpose, the LPS solution
was spread at the air-water interface in a Teflon Langmuir trough (Nima Technology,
Coventry, UK) containing 20 mM CacCl, in H,0. Monolayers were compressed to a lateral
pressure of Il =35 mN/m, mimicking biologically relevant membrane densities [149]. A
first monolayer was transferred onto the hydrophobic OTS by LS, i.e., with the solid surface
facing the water surface. This procedure results in single LPS monolayers exposed to bulk

water (see Fig. 1B). No significant change in It upon substrate/monolayer contact was
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observed, evidencing a transfer ratio close to 100 %, which is typical for the LS technique.
Selected samples were characterized structurally by NR already at this stage (see Results
section). In other cases, the Si block was then rotated under water by 90°, so that its surface
ended up perpendicular to the water surface. The second monolayer was subsequently
transferred by LB, i.e., by pulling the block upwards. As a result, the LPS monolayers face

each other as schematically illustrated in Fig. 1C.

2.2 Chemical structure of lipopolysaccharides from E. Coli 055:B5

For our purposes, the structure of lipopolysaccharide molecules (Fig. 1A) can be divided into
three main moieties: (i) the hydrocarbon chains (CH) of the basic LipidA molecule, (ii) an
inner oligosaccharide (10S) jointly formed by the two phosphorylated and thus negatively
charged GlcN moieties of LipidA together with the highly conserved core saccharide of rough
mutant LPS, and (iii) the strain-specific O-antigen or O-sidechain (OSC). E. coli LipidA typically
has four Ci4 hydroxy acyl chains attached to its saccharides and one Ci4 and one Ciz chain
attached to the beta hydroxy groups [150]. The core saccharide of E. Coli serotype 055:B5 is
of type R3 [151, 152]. It can be divided into inner and outer core comprising together twelve
monosaccharides. At pH 7 the 10S carries six negative charges. The OSC is a polydisperse
polymer of an uncharged linear pentasaccharide [151, 153]. Further details on the

saccharide composition are given in the Supporting Information.

2.3. Determination of the pressure-distance curve by ellipsometry

Ellipsometry enables the characterization of interfacial layers in terms of refractive indices
and thicknesses. The method is based on the change in the polarization state of light upon
reflection from the surface [90]. Silicon chips with thermal oxide were used as substrates for
the double monolayers. Silicon has the complex refractive index nsi = 3.885 - 0.018i [91].
Measurements of the ellipsometric angles A and y were performed at an incident angle ¢ of
70 deg, with an Optrel Multiskop ellipsometer working with a wavelength Aeii = 632.8 nm.
Taking the literature value for the SiO; refractive index (nsio2 = 1.457) [92] resulted in a
measured SiO; layer thickness of 105.5 nm. In the next step, the measurement values

obtained for fully dehydrated samples (hrel < 5 %, achieved by streaming with dry N3) were
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modeled while accounting for the above-defined oxide layer properties, to obtain the
thickness Dorg Of the dry organic layer jointly formed by OTS and the two LPS monolayers. In
this procedure, a refractive index of norg = 1.46 was used, consistent with earlier reports on
organic materials [93-95]. The organic layer thickness obtained was Dorg = 19.1 nm. In the
last step, the ellipsometric angles obtained at controlled humidity hrel were modeled while
accounting for the known optical parameters of oxide and dry organic layers. The humidity-
dependent equivalent thickness (see Eq. 4 below) of the water layer, Dw(hrel), Was then
determined assuming nw = 1.33 for the refractive index of water. Humidity was controlled by
placing the samples inside a closed chamber through which humidified N, was streamed.
The humidity at the sample position was measured with a calibrated humidity sensor
(Sensirion SHT75, measurement uncertainty Ahre=12%), placed close to the sample

surface. Further details are given in reference [148].

2.4. Structural investigation by neutron reflectometry
2.4.1: Setup and experiments

Neutron reflectometry (NR) measurements were performed on the D17 time-of-flight (TOF)
reflectometer at the Institut Laue-Langevin (ILL, Grenoble, France). The intensity of the
reflected neutron beam relative to the intensity of the incident beam was recorded as a
function of the component of the scattering vector normal to the interface, g, = (4r/A)sin6,
where A is the neutron wavelength and @ the incident angle. Measurements were carried
out at two fixed angles of incidence, 61 = 0.8 deg and & = 3.0 deg (for single LPS monolayers
exposed bulk aqueous medium) or é = 3.2 deg (for interacting LPS monolayers), using a
wavelength range of 2.5 A <A < 16 A. The relative resolution in gz, Ag./q., defined via the full
width at half maximum (FWHM) was g,-dependent and varied in the range 2% < Ag./q. <
11%. While modeling experimental reflectivity curves this was accounted for by convolution.
The reflectivity curves displaying the reflected intensity as a function of g, (see Figs. 2 and 4)
depend on the depth profiles of the neutron scattering length density (SLD), o(z), across the
interface between the two bulk media, Si on one side and water or humidified air,
respectively, on the other side. The SLD of a homogeneous medium depends on the number

density of the constituting nuclides and on their coherent scattering lengths b::
ni
p= Zi;bir (1)
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where n; is the number of nuclides i in a volume v. Single LPS monolayers exposed to bulk
aqueous medium (see Fig. 1B) were characterized in up to three contrast fluids obtained by
mixing H20-based and D20-based buffers (Ca’*-free or Ca®*-loaded, see above) in ratios
leading to distinct SLDs. H,0 and D20 have SLDs of pw = -0.56 x 10° A2 and pw = 6.36 x 106 A-
2, respectively. In addition, we used an H20/D,0 mixture having pw = 2.07 x 10° A2, known
as silicon-matched water or SMW since its SLD matches that of the silicon substrate. For
interacting LPS monolayers (see Fig. 1C) the relative humidity was H,O-based or D,0O-based
and was varied using the newest generation humidity cells of D17 [154] using Peltier
elements to warm up the sample and a water reservoir thermally isolated from the sample,
and a temperature-controlled water bath to cool down. High humidities were realized by
elevating the water temperature close to or even slightly above the sample temperature.
Since extreme humidities are difficult to maintain over longer periods [96, 97], reflectivity

curves were measured in loops of 5 min acquisitions.
2.4.2: Reflectivity data analysis

The reflectivity data were analyzed in the spirit of our recent work on interacting polymer
brushes [148]: The samples are described by common models accounting for all
measurement conditions. For single solid-supported LPS monolayers in aqueous medium
(see Fig. 1B) the corresponding model comprises measurements in all contrast fluids. For
interacting LPS monolayers subject to controlled dehydration (see Fig. 1C), the
corresponding model accounts for all hydration levels (in both H,O and DO vapor)
characterized by their respective surface separations d. Each model describes the volume
fractions @; of all compounds, i.e., silicon (i = “Si”), silicon oxide (i = “Si02”), OTS (i = “OTS"),
LipidA chains (i = “LC"), internal oligo saccharides (i = “I0S”), O-side chains (i = “OSC”), and
water (i =“W”) as functions of the depth coordinate z. It incorporates several adjustable
parameters that are fitted simultaneously to the results obtained under different conditions.
Simplified schematic illustrations of single and interacting LPS monolayers are presented in

Fig. 1 D and E.

The SLD profile for a single solid-supported LPS monolayer is given by:

p(z) = O5;(2)psi + Psi02(2) psioz + Pors(2)pors + Prc(2)pLc
+®@;05(2)p10s + Posc(2)posc + Pw (2) pw (2)
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where z denotes the distance measured along the normal to the planar sample surface. The
surface supported by the solid substrate is at z = 0 and coincides with the interface between
the 10S layer and the aqueous region accommodating the O-side chains (Fig. 1D). When a
second LPS monolayer is deposited on top of the first one then the second surface in the
analogous definition is located at z=d (Fig. 1E) and the corresponding SLD profile is

described as

p(z) = O5;(2)ps; + Dsi02(2)psioz + Pors(2)pors + (CDLC,P (2) + Orcp (Z)) Pcu +
Oy (2) pw
+ ((DIOS,P (2) + Oyo5p (Z)) Pros t (CDOSC,P (2) + @oscp (Z)) Posc (3)

where we also distinguish between proximal and distal LipidA chains (i=“LC,P” and
i="“LC,D”, respectively), proximal and distal 10S (i = “IOS,P” and i = “I0S,D”, respectively) and
proximal and distal O-side chains (i = “OSC,P” and i = “OSC,D”, respectively), although they
have the same SLD. To quantify the amount per area of each component (except the bulk

media) it is convenient to introduce the equivalent thickness
D, = [~ 0,(2)dz, (4)

which can be considered the thickness of an equivalent layer entirely composed of
component i. The SLDs of silicon and silicon oxide are fixed at the literature values, psi = 2.07
x 10 A2 and psio2 = 3.4 x 107® A2, respectively. The SLD of OTS is allowed to vary between -
0.5 x 10° A2 and 0, and pic is set to the value for hydrogenous chains, pic =-0.4 x 10°¢ A2
[99]. For the calculation of pos and posc we consider the partial molecular volumes of the
individual constituent sugars of 10S and OSC ([2 GIcN + 3 Hep + 3 Glc + 2 GIcNAc + 1 PEtN +
1 Gal + 2 KdO] per 10S and [2 Gal + 1 Col + 1 GIcNAc + 1 GalNAc] per OSC repeat unit, see
Fig. 1A). Further details are given in the Supporting Information. Because of the dynamic
exchange of labile hydrogens with the solvent, the resulting SLDs depend on the H,0/D>0
ratio of their aqueous environment (with SLD pw), and we obtain poos=2.08 x 10° A2 +

0.41pw and posc = 1.77 x 10® A2+ 0.34 pw.

The volume fraction profile of the crystalline silicon is described as semi-infinite continuum.
The profiles of SiO,, OTS, LipidA chains, and 10S are represented as homogeneous slabs
(Fig. 1 D and E). To account for interfacial roughness, the profiles of all slabs are modulated

by error functions with adjustable roughness parameters ¢&. All slab thicknesses, i.e., dsioz,
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dots, dic, and dios, are adjustable parameters. A finite water fraction is allowed not only in
the 10S layer (®I95), but also in the SiO; and LipidA chain layers (@392 and @L¢,
respectively), according to earlier reports [99, 146]. Under Ca?*-loaded conditions CD%& is
however fixed at zero, because the model reproduces the corresponding experimental data
without allowing for a finite water fraction in the LipidA chain layer. The water fraction in the
hydrophobic OTS layer is always set to zero. For two interacting LPS monolayers, all
roughnesses in the distal LPS layer, i.e., roughnesses associated with water/IOS, 10S/LC and
LC/air interfaces, are assumed to be identical and described by a single parameter (p. This
approximation is justified when the roughness is dominated by the interfacial fluctuations,
which are conformal. The O-side chain volume fraction profile of a single, uncompressed LPS

surface is modeled as stretched exponential function:

Dosc(2) = 1(Z)Dge™ 12/, (5)

I(z) represents the smearing of the profile at the rough grafting surface which has the shape
of an error function with roughness ¢ (see above). A and ®o denote the OSC extension and
the maximal OSC volume fraction at the surface, respectively. The exponent n is an
adjustable parameter. The stretched exponential description is used because it can describe
a wide spectrum of shapes, depending on the stretching exponent. It is therefore well suited
to describe empirically the volume fraction profile of polydisperse polysaccharide brushes,
for which no reliable prediction exists. For a given OSC amount per unit area, Dosc, which is
an adjustable parameter, ®q is not an independent parameter but follows from A, n, and the
normalization condition (Eq. 4). For two interacting LPS surfaces under compression the OSC
profile belonging to the proximal monolayer, ®oscp(z), is described by Eq. 5 while the one
belonging to the distal monolayer, ®oscp(z), is described by a mirrored version of Eq.5
shifted along the z-axis by the surface separation d (Fig. 1 E). Both profiles are truncated at
the opposing brush grafting surface in cases when A = d, which occurs at low hydration.
Concerning the LPS amounts in the inner and outer monolayers, a high level of symmetry is
found, as in our earlier work on lipid-anchored polymer brushes utilizing the same sample
preparation method [148]. It is therefore not necessary to involve independent parameters
of Dic, Dios, and Dosc for the proximal and distal LPS layers. In fact, near-perfect symmetry is
obtained, when independent parameter sets are used (see Supporting Information).

Consequently, also dic, dios, A, and n are assumed to be identical in the proximal and distal
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layers for reasons of symmetry. Finally, the water profile between the surfaces follows from

the requirement

Zj CD]-(Z) =1.
(6)

Most of the model parameters are plausibly assumed to be independent of the surface
separation d: The SLDs of all components, the amounts of 10S, OSC, and of the proximal and
distal LipidA chains, as well as the thicknesses, roughnesses, and water fractions of SiO,,
OTS, and proximal LipidA chain layers. Moreover, it was not necessary to account for a
hydration dependence of the thicknesses of the core saccharide slabs. In contrast, all
quantities concerning the O-side chain conformation as well as the roughness of the distal

LPS monolayer, are allowed to vary with d.

The d-dependence of the O-side chain extension is modeled with an exponential saturation

function

A(d) = Ao + (Ao = Ag) - [1 — exp(—=d/T4)],
(7)

where A, is the brush extension in the limit of infinite d and is set equal to the value of A
obtained for the single uncompressed LPS monolayer. The adjustable parameter za denotes
the characteristic length scale of the saturation. Similarly, the d-dependence of the
stretching exponent is modeled such that its value converges to that of the unperturbed O-

side chains, n.., for large separations:

n(d) =ny + (e — 1) - [1 — exp(—d/7y)],
(8)
where 7, denotes the saturation length. The d-dependence of the roughness (or fluctuation

amplitude) ¢p of the distal lipid layer is modeled with an exponential saturation function,

too, but with a saturation value ¢..that is not specified a priori:
Ip(d) = 6o + (6o — Go) - [1 — exp(—d/7()].
(9)

To simultaneously fit the adjustable parameters of the common model to a set of
experimental reflectivity curves (see Figs. 2 and 4), we followed our previous approach [99,

148] and utilized a procedure specified in the Supporting Information. The fitting results
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were independent of the initial parameter values when they were taken from a physically

plausible range. Estimates of the purely statistical parameter errors, corresponding to the

95% (two-sigma) confidence interval are presented in Tables 1 in square brackets. As

pointed out previously [148], they typically underestimate substantially the true parameter

uncertainties. Therefore, more meaningful error estimates, approximately reflecting the

robustness of the parameters with respect to the model, are given in the main text.

Single, solid-supported LPS monolayer in Ca?*-loaded buffer

dsio2 cDa,iO2 dhc = dots + dic | dios Dios [A] | Dosc [A] | Neo [A] n
[A] [A] [A]
17+2 | 0.2+£00 |31%2 31+4 | 20+3 303 145+10 (2.5+£04
5
[0.2] [1] [1.5] | [1] [1] [2] [0.2]
[<0.01]
Single, solid-supported LPS monolayer in Ca?*-free buffer
dsio> @302 oL Dic Dic dios Dios Dosc |A.[Al |n
[A] [A] [A] [A] [A] [A]
21+2 {0.2+0.0 |032+0. |10+2 |15+2 |38+4 |17+2 |22+2 |139+1 |2.7+04
5 05 0
[0.4] [0.2] [0.3] [1] [0.2] [0.2] [0.3]
[<0.01] |[0.01] 2]
Two interacting LPS monolayers
dsio2 @302 |dors | Dicp, dios,p, diosp | Diosp, Diosp | Dosce, Doscp
[A] [A] Dico, dicp, dico [A] | [A] [A] [A]
1542 [ 0.2% 1414 [17+4 24+ 4 23+3 37+5
0.05
[0.8] [0.5] [0.7] [0.5] [2] [4]
[<0.01]

Table 1: Best-matching model parameters obtained for a single, solid-supported LPS

monolayer in in Ca?*-loaded buffer (top) and Ca?*-free buffer (middle) and for two interacting

LPS monolayers (bottom). Values in square brackets indicate the purely statistical parameter

errors corresponding to a two-sigma confidence interval. Parameters are defined in the text.
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3. Results and Discussion
3.1. Structure of a single LPS surface in Ca?*-loaded buffer

Fig. 2A shows reflectivity curves (symbols) from a single, solid-supported LPS monolayer (see
Fig. B) in Ca?*-loaded buffers based on D,0, SMW, and H,0. The approximative chemical
equivalence of light and heavy hydrogen is the fundamental assumption underlying the
principle of (solvent) contrast variation in neutron scattering. The calcium concentration in
Ca**-loaded buffer (20 mM) was chosen to be well above the physiological concentration of
around 1-2 mM [155], in order to assure LPS layer stability, which is known to be improved
in the presence of sufficient concentrations of divalent cations [142], and for better
comparability with earlier studies which commonly involved elevated calcium
concentrations [137, 146]. Solid lines represent the simulated reflectivities according to the
best-matching parameters in the volume fraction profile model. The corresponding profiles
®(z) of Si, Si0, hydrocarbon chains (®uc = Dors + Dic), 10S, OSC, and water are shown in
Fig. 2B. Apart from the roughness parameters £, which are no larger than 12 A and given in
the Supporting Information, all relevant model parameters are summarized in Table 1 (top).
The thickness of the oxide layer (dsio2 = 17 A) and the significant fraction of hydration in the
oxide (®39%2 = 0.2) are consistent with earlier studies using similar preparation protocols
[99, 156]. In general, the characteristics of silicon oxide layers can be altered by annealing
and are sensitive to the annealing conditions [157]. The thickness of the hydrocarbon chain
(HC) layer jointly formed by OTS and the LipidA chains (LC) is duc = 31 A. This value is in good
agreement with our earlier reports on the OTS layer thickness (dors = 17 A) [99] and the
LipidA chain layer thickness (dic = 14 - 18 A) reported in a NR study by Clifton et al. for rough
mutant LPS monolayers [141]. The thickness of the 10S layer is dios = 31 A, again consistent
with the value reported by Clifton et al. for the saccharide headgroup layer (= 28 - 30 A). For
the amount of 10S per unit area we obtain Dios =20 A. This result agrees well with the
theoretical prediction Dios=Vios/Ars = 19 A, based on the total 10S volume (Vios = 3000 A 3,
see Supporting Information) and the estimated area per molecule (Awps = 160 A2, according
to Snyder et al. [158]). This accordance suggests that, for an uncompressed LPS monolayer in
Ca’*-loaded buffer, the 10S slab of our model indeed accommodates essentially the

saccharides identified in the chemical structure (Fig. 1A). We move on with the analysis of
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the O-side chain profile. With the aim to estimate the lateral density of O-side chains (i.e.,
the fraction of LPSs bearing an O-side chain) as well as the average O-side chain length, we
employ self-consistent field (SCF) brush theory for end-grafted non-charged polymers [159].
Even though SCF theory strictly applies to monodisperse polymer brushes while our O-side
chains are polydisperse, this description appears to be suitable because Dosc(z)
approximately exhibits a parabolic shape as theoretically predicted. As described in the
methods section, E. Coli 055:B5 O-side chains are polymers of linear pentasaccharides.
Considering each OSC sugar unit as a monomer, the average volume per monomer is

m = 200 A3. The linear dimension of a monomer is a = Vr;ll/3 ~ 6 A. A defines the decay of

the distribution to 1/e. Applying this criterion to the profile of a parabolic brush with height

Ho yields Hy = A/V1 — e~1 = 180 A. The plateau volume fraction is ®o = 0.22 (see Fig. 2B).
With that, the SCF equations

1

O, = %(gr)g (a%0)?/3 and (10)
1
Ho = (%) aN (@) (11

can be solved for the grafting density, o, and the polymerization degree, N, up to an
unknown value of pz. Here, T is a reduced temperature defined for polymers by the Flory
free energy and p is the number of monomers in a persistent segment. An average number
of m = 18 pentasaccharide repeat units (see Fig. 1A for the definition of m), as estimated by
Peterson and McGroarty [160] for the same strain using gel filtration chromatography,
corresponds to N =90 and pr=1.0. With these values, o is obtained as 1.5x 103 A?
corresponding to an approximate 25 % fraction of LPS bearing an O-side chain, somewhat
higher than the fraction of charged O-side chains in Pseudomonas aeruginosa estimated
earlier [143]. In summary, sample architecture and conformation, as obtained here, are in
good overall agreement with what can be expected from the chemical structure of the LPS
molecules and from earlier estimates of the length and density of the strain specific O-side
chains. The observed bimodal saccharide distribution has the characteristics of a two-level
filter: The sparse yet extended uncharged ‘polymer brush’ formed by the O-side chains acts
as size-selective filter against large molecules like globular proteins [99]. In contrast, the

dense, negatively charged I0S layer can be considered a barrier against harmful small
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molecules. It should be noted, however, that this feature is not necessarily the primary
function of the bimodal saccharide distribution.

To our knowledge, the present study represents the so-far most detailed structural
characterization of a surface composed of wild type bacterial lipopolysaccharides featuring
strain-specific O-side chains. It therefore motivates further NR studies on wild type LPS

surfaces from different bacterial strains.
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Figure 2: (A) Neutron reflectivity curves (symbols) of a single, solid-supported LPS monolayer
in Ca’*-loaded buffer obtained with three water contrasts, D20, SMW, and H,0 (see Methods
section). Solid lines indicate the simulated reflectivity curves according to the best-matching
parameters in the common model. The reduced chi-square deviation is xZ,; = 4.4. (B)
Corresponding volume fraction profiles ®(z) of Si, SiO2, HC (hydrocarbon chains of OTS and
LPS combined), 10S, OSC, SAC (saccharides of 10S and OSC combined), and W (water). (C)
Neutron reflectivity curves (symbols) and simulated reflectivity curves (lines) of a single,
solid-supported LPS monolayer in Ca?*-free buffer obtained with two water contrasts, D20
and H,0. The reduced chi-square deviation is )(,Z.ed =7.5. (D) Corresponding volume fraction

profiles.
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3.2. Structure of a single LPS surface in Ca?*-free buffer

Divalent cations were shown to have a substantial impact on conformation [140, 143],
structural organization [137, 138, 142, 146], and mechanics [136, 144] of LPS layers and on
the vulnerability of Gram-negative bacteria to antimicrobial peptides [39]. Here, we are in
the position to elucidate for the first time the effect of Ca?* depletion on the volume fraction
profiles of all chemical components in wild-type LPS surfaces. Fig. 2C shows reflectivity
curves (symbols) from a single, solid-supported LPS monolayer in DO and H,O contrasts
after replacing Ca?*-loaded buffer with Ca?*-free buffer. Solid lines represent the simulated
reflectivities according to the best-matching parameters in the volume fraction profile
model. The corresponding profiles ®(z) of all chemical components are shown in Fig. 2D. The
model parameters are summarized in Table 1 (middle), apart from the roughness
parameters (all below 12 A, see Supporting Information). In agreement with earlier work on
LPS multi-bilayers [146], reproducing the experimental data requires allowing for a finite
water fraction in the LipidA chain region. In the model this is realized by fixing the thickness
of the water-impermeable OTS layer to a pre-defined value of dors = 17 A (see Section 3.1.).
The water fraction in the LipidA chains is then obtained as @y = 0.3. The chain amount per
unit area is reduced accordingly to Dic= 10 A from the value in the presence of divalent
cations, Dic = dic = 14 — 18 A, when the water fraction is zero. This result demonstrates that
the lateral LPS packing is significantly reduced in the absence of divalent cations.
Consistently, the 10S and OSC amounts per unit area decrease by similar percentages, from
Dios = 20 A and Dosc = 30 A in Ca?*-loaded buffer to Dios = 17 A and Dosc = 22 A in Ca?-free
buffer. This behavior can be rationalized in terms of significant lateral (i.e., in-plane)
electrostatic repulsion between the negatively charged I0S, which is much less effectively
screened by the monovalent ions alone. Similarly, the increase of the thickness of the 10S
layer from dios = 31 A (Ca?*-loaded) to dios = 38 A (Ca®*-free) suggests an electrostatically
driven 10S stretching under conditions of weaker screening, as reported earlier for rough
mutant LPS [140]. The expansion of the core saccharides in both in-plane and out-of-plane
directions in the absence of calcium results in a considerable reduction of their volume

density, as reflected in the reduction of the maximal I0S volume fraction from = 0.62 to
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= 0.46 (Fig. 2 B and D). Under these conditions the intrusion of harmful molecules will be
facilitated, in line with the common assumption of a weakening of the LPS barrier function
through calcium depletion. This picture is corroborated by the observation of water in the
LipidA chain region discussed above, which further points towards the loss of a uniform
hydrophobic barrier. The shape of the OSC profile is not significantly affected by Ca®*
depletion (see Fig. 2 B and D), as encoded in the similar values of A and n (Tables 1 top and
middle), apart from the lower plateau volume fraction (®o = 0.17, see Fig. 2D). This result
obtained with charge-neutral O-side chains is in contrast to an earlier study on LPS from
Pseudomonas aeruginosa with negatively charged O-side chains, whose conformation
exhibited pronounced Ca?*-dependence [143]. Based on the documented strong effect of
even very low calcium concentrations on the behavior of negatively charged membranes
[161], we speculate that physiological conditions are more closely represented by the Ca?*-

loaded case discussed above than by Ca?*-free conditions.

3.3. Pressure-distance curve of interacting LPS surfaces

The interaction between two surfaces in water can be described in terms of pressure-
distance curves[24], which relate the interaction pressure I1 to the water layer thickness Dy.
Equivalent interaction pressures can be exerted for instance by controlling the ambient

relative humidity hrel, in which case

kT

n(hrel) = - E ln(hrel); (12)

where vy, denotes the volume of a water molecule. Fig. 3 shows the pressure-distance curve
I1(Dw) of interacting LPS monolayers obtained by ellipsometry measurements at controlled
humidities. In dehydrated state (Dw = 0, achieved with a stream of dry N; gas), the measured
thickness of the organic layer is Dorg = Dots + Daps = 190 A. The interaction pressure I1(Dw)
was calculated according to Eq. 12. It is positive and increases with decreasing Dw, meaning
that the interaction is repulsive, and work must be performed in order to bring the LPS
surfaces closer. In the humidity range covered by the ellipsometry measurements, the water
layer thickness increases up to Dy = 194 A. This swelling range is significantly larger than the
one reported recently for interacting PEG brushes of comparable grafting density and

contour length [148]. It should be noted that h.l can only be measured and controlled
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reliably with a certain precision (see Methods section), which in the present study poses a
lower detection limit for interaction pressures of I1 = 50 bar. To interpret the shape of the
experimentally obtained pressure-distance curve in Fig. 3, we use the Alexander-de Gennes
(AdG) model [77, 78]

np) = a [(DL—/"Z)Q/4 - (DL—/OZ)3/4], D < 2Lo (13)

which already provided a surprisingly good description of the interaction pressure between
opposing PEG brushes when empirically accounting for the dry polymer volume [148]. In Eq.
13, ais a temperature-dependent pre-factor, Lo is the uncompressed brush thickness in the
AdG approximation, and D is the interaction distance. The solid curve in Fig. 3 represents a
fit of Eq. 13 to our data points, where Lo is set equal to the value of Ho (see previous section)
as an approximation suggested in our earlier study [148]. To account for the O-side chain dry
volume, the interaction distance is not set equal to the surface separation, but as D = Dy +
Ad, where Ad is an adjustable parameter. The empirical fit yields Ad = 30 A and provides a
good description of the experimental data points. Moreover, the fit also provides a
reasonable estimate of the interaction pressure at the highest hydration levels reached in
the NR measurements (see vertical dashed lines in Fig. 3), which are not covered by the

experimental pressure distance curve.

Within the experimental data range and within the theoretical framework applied, the
interaction between the two LPS surfaces is purely repulsive. This result is non-trivial,
because favorable interactions between neutral membrane-bound saccharides exist and can
lead to attraction [162]. For long, flexible sugar polymers like the OSC in the present study,
however, significant attractive saccharide-saccharide interactions can be excluded, because
they would induce a self-collapse of the OSC brush. Mutual adhesion between bacteria in a
colony will therefore likely always require additional crosslinking by specific, protein-based

mechanisms [163], against the generic polymer repulsion afforded by the O-side chains.
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Figure 3: Pressure distance curve (symbols) of two interacting LPS monolayers as obtained
by ellipsometry. The solid line is a fit to the data points based on the AdG model with the
boundary condition Lo = Ho (see Eqg. 13 and associated text). Vertical dashed lines indicate the
water layer thicknesses Dy for which NR measurements were performed in H;O (Dwi,
Dw3, Dwa, Dws, Dw7, see Table 2) and D,0O (Dw2, Dwe) vapor. Iz and Il; indicate the
approximate interaction pressures corresponding to the structures at Dws and Dw7 shown in

Fig. 4 C and D, respectively.

3.4. Distance-dependent structures of interacting LPS surfaces

Fig. 4A shows neutron reflectivity curves of two interacting LPS surfaces (see Fig. 1C)
for various humidity levels hrel. The dehydrating pressure I1 depends on hre according to Eq.
12. As pointed out above, hr can be measured only to a certain precision, so that there
is a lower detection limit for .II Dehydration pressures below the detection limit
can nevertheless be realized transiently in a humidity chamber using suitable bath
temperatures. The corresponding extremely high values of hri, almost reaching the
condensation limit, lead to very strong water uptake into the interacting LPS surfaces, i.e.
to large grafting surface separations d. The latter, in turn, are precisely encoded in the g.-
positions of the minima in the reflectivity curves. With that, NR puts us in the position to
investigate the structure of the interacting LPS surfaces in a wide separation range. The
solid lines in Fig. 4A indicate the simulated reflectivity curves corresponding to the best-
matching model in terms of the d-independent and d-dependent parameters specified in
the methods section. Note that a single global model of the d-dependent structure
simultaneously reproduces all seven reflectivity curves obtained with both H,O and
D.O contrasts (Footnote 1). This is remarkable in view of the complexity of the sample

regarding chemistry and architecture.
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Fig. 4B shows the SLD profiles in H,O contrast at the highest humidity corresponding to a
surface separation of d = 328 A (d = d, see Table 2) and at a lower humidity corresponding
to d = 113 A (d = ds). Panels C and D of Fig. 4 show the corresponding sample structures at
the same hydration levels in terms of the volume fraction profiles ®j(z). It is seen that the
sample exhibits a highly ordered, layered, and symmetrical structure consistent with the
double-monolayer architecture depicted in Fig. 1C. In the following, the best-matching

model parameters will be discussed.

surface separation water layer thickness | interaction pressure
d1=91+5A [06A] |Dwi=19%5A I1; =~ 1900 bar
d,=111+5A [0.3A] | Dw2=40%5A I, = 900 bar
d3=113+5A [0.5A] | Dus=42%5A I3 ~ 800 bar
ds=155+5A [0.9A] | Dwa=83%5A T4 = 300 bar
ds=194+5A [1.4A] | Dus=122%5A ITs = 150 bar
de=275+5A [0.7A] | Dus=203%5A IT6 = 50 bar
d;=328+5A [1.3A] | Dw7=256%5A I1; = 20 bar

Table 2: Obtained surface separations and water layer thicknesses as well as the
corresponding interaction pressures according to the AdG model (solid line in Fig. 3). Values
in square brackets indicate the purely statistical parameter errors corresponding to a two-

sigma confidence interval.

The surface separation d plays a distinct role as "reaction coordinate" of the interaction. For
humidities 1 to 7, surface separations between di: =91 A and d; =328 A are obtained (see

Table 2). According to Eq. 4, the corresponding water layer thicknesses via the respective
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water distribution profiles range between Dwi=19 A and Dw7 =256 A (Table 2). They are
indicated in Fig. 3 as dashed vertical lines. The approximate interaction pressures according
to Eq. 13 with the best-matching parameters of @ and Ad (solid line in Fig. 3) range between
I1; = 1900 bar and I17 = 20 bar (Table 2). The d-independent parameters are summarized in
Table 1 (bottom). The parameters characterizing SiO; and OTS are in satisfactory agreement
with those obtained for the single LPS surface. Differences can be attributed to the history of
the silicon blocks and to ensuing differences in the oxide layer thickness and the efficacy of
the OTS deposition. The obtained equivalent thickness of the organic layers is Dorg = Dors +
Datps = Dots + Dicp + Diosp + Doscp + Dicp + Diosp + Dosco = 168 A, in reasonable agreement
with the respective value obtained by ellipsometry, Dorg = 190 A (see previous section). The
= 10% difference can be attributed to uncertainties in the choice of the LPS refractive index
in the ellipsometry analysis. The total saccharide amount per LPS monolayer and unit area,
Dsace = Dsacp = (Diosp + Dosce + Diosp + Doscp)/2 =60A, is slightly larger than the one
obtained for the single LPS surface in bulk Ca?*-loaded buffer (Dsac = 50 A). This discrepancy
can be attributed to (i) uncertainties in the area per molecule before and during the LS/LB
transfer and (ii) the potential response of the area per molecule to dehydration, which is
well documented for phospholipids[24]. The ratio between I0S and OSC amounts

(Dosc/Dios = 1.6) shows satisfactory agreement with the single LPS surface (Dosc/Dios = 1.5).
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Figure 4: (A) Neutron reflectivity curves (symbols) of interacting LPS monolayers obtained for
various relative humidities corresponding to grafting surface separations of di = 91 A (H.0),
d> =111 A (D;0), d3 =113 A (H,0), ds = 155 A (H20), ds = 194 A (H,0), ds = 275 A (D,0), and
d7 = 328 A (H,0). Solid lines indicate the theoretical reflectivity curves according to the best-
matching parameters in the common model. The reduced chi-square deviation is y2,,; = 3.6.
(B) SLD profiles for ds and d; (both H,0). Inset: Roughness of the distal monolayer as a
function of the surface separation according to the best-matching parameters bo, b1, and b,
in Eq. 10. (C and D) Corresponding volume fraction profiles for d7 and ds, respectively. The
individual volume fraction profiles of proximal and distal saccharides are not unique in lack
of SLD contrast. The measurements are only sensitive to the combined profile ®sac,tot(2) =
Dsacp(z) + Dsacp(2z). Inset panel (D): Water volume fraction at the midplane (z =d/2) and at

the surface (z = 0) as a function of the surface separation.

Regarding the d-dependent parameters we first have a look at the roughness of the distal
lipid surface, ¢p(d). The obtained values of ¢, ¢4, and 7. in Eq. 9 correspond to an increase
of the roughness from {p = 8 A to ¢ép =16 A with increasing separation (see inset in Fig. 4B).
This result appears to reflect a decrease in the confinement of the distal LPS monolayer with
the solid substrate, allowing for stronger thermal fluctuations. Moving on with the OSC
profiles, we note that, in contrast to our earlier study utilizing selective deuteration[148],
the measurements are sensitive to the total saccharide profile, ®sacot(z) = Psacre(z) +
Dsac,p(z), rather than to the individual profiles belonging to each of the two monolayers.
Nevertheless, visual inspection of @sactot(z) at the highest hydration level (see Fig. 4C),
where OSC overlap at the midplane (i.e., at z=d/2) is weak, reveals that the individual
profiles at this separation still closely resemble the one of a single LPS surface in bulk
aqueous medium, although the plateau volume fraction is already slightly elevated. The
absence of a “kink” at the midplane further suggests that there is significant
interpenetration, but its extent cannot be quantified in lack of SLD contrast. As a robust
result we find that, at large separations, the water fraction is maximal at the midplane
(Fig. 4C). In fact, the peak water fraction reaches = 91% at z = d/2 at the highest hydration.
This is clearly seen from the pronounced central minimum in the H,O contrast SLD profile
(solid line in Fig. 4B) and in contrast to the essentially constant water profile observed for

interacting monodisperse PEG brushes [148]. This behavior can be rationalized in terms of
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the polydispersity of the O-side chains in combination with their longer persistence length
compared to PEG (see Section 3.1): the longer the persistence length the more is the
polymer connectivity manifested in the conformation of a brush. At small separation the
water fraction is highest closer to the surfaces, which may be qualitatively rationalized in
terms of the electric charges associated with the core saccharides, since charged groups do
not get dehydrated and collapsed onto each other as easily as uncharged ones. The
substantially different d-dependence of the water fraction at the midplane and at the
OSC/IOS interfaces (z=0 and z=d) is shown in the inset of Fig. 4D. The I10S layer in the
interacting system is slightly compressed (dios = 24 A) with respect to the non-interacting
case in the presence of calcium (dios = 31 A). Overall, the measurements yield considerable
structural insight into the response of the saccharide conformation to the approach of two
LPS surfaces. Further details on the mutual interpenetration of the O-side chains can be
expected from future experiments employing one ordinary LPS surface and one surface

composed of perdeuterated LPS molecules.

The low saccharide fraction (S 10%) at the midplane even at considerable compressive
forces of =20 bar (see Fig. 4C) indicates that a liquid-like aqueous layer of even lower
saccharide content exists between neighboring bacteria when they are situated side-by-side,
both in the absence of dehydrating pressures and when subject to physiological osmotic
pressures. Hydrodynamic pathways for the inter-cellular transport of small-enough
molecules will therefore be sustained in colonies and biofilms. At the same time, the
observed significant mutual interpenetration of adjacent OSC ‘brushes’ will contribute to
shear friction between adjacent bacteria and, in turn, affect the viscoelastic properties of

biofilms.

4, Conclusions

We have prepared single and interacting planar monolayers of wild-type (smooth) LPS from
E. Coli O55:B5. featuring strain-specific O-side chains. These surfaces mimic the outer surface
of Gram-negative bacteria as individua and when mutually interacting in a colony or biofilm.
The samples were investigated by NR, providing the so-far most detailed and comprehensive
structural characterization of wild-type LPS surfaces. The model used for the interpretation

is based on the volume fraction profiles of all chemical components. The saccharide volume
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fraction profiles exhibit a clearly bimodal distribution consistent with the picture of a dense
and compact saccharide layer accommodating the negatively charged internal
oligosaccharides and a more dilute, extended region accommodating the O-side chains. The
structure of single solid-supported LPS monolayers is significantly affected by a depletion of
calcium: the lateral packing is reduced and water appears to overlap with the hydrocarbon
chain region, in line with an earlier study on wild-type LPS multilayers in humidified air[146].
At the same time the internal oligosaccharides become more extended in the perpendicular
direction. Both effects can be attributed to enhanced electrostatic repulsion in the absence
of divalent cations. For two opposing LPS surfaces we determined the pressure-distance
relation, i.e., the dehydrating pressure required in order to bring the surfaces to a certain
proximity. The data are well described by the AdG model of interacting polymer brushes for
a definition of the uncompressed brush extension which is consistent with the
uncompressed conformation of the O-side chains. We were able to interpret the
corresponding neutron reflectivity curves obtained at various surface separations in H,0 and
D20 contrasts with a single model involving global and separation-dependent parameters
describing the volume fraction profiles. The analysis reveals that the O-side chain
conformation is nearly un-perturbed at the largest separation, with only a weak overlap at
the midplane. The corresponding central water fraction is as high as = 91 %. Upon surface
approach, the water release is heterogeneous, reflecting differences in connectivity and
chemical nature between the internal oligosaccharides and the O-side chains. Interacting
wild-type LPS surfaces constitute a comparatively realistic model of the surfaces of adjacent
Gram-negative bacteria. Even more realistic mimics of bacterial surface interactions may be
studied in the future by working under weak interaction pressures and excess water
conditions [156] and in the presence of other extracellular biofilm components like sugar-

binding lectins [163].

Footnote 1: Closer inspection reveals that the reflectivity minima in the experimental data
are not always quite as deep as in the model. This discrepancy can be understood in terms of
small variations in the humidity/hydration level during the acquisition time, which leads to a
slight additional smearing of the features. This minor effect was not accounted for in the

model, because it has negligible influence on the interpretation of the results.
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Structure and Conformation of Single and Interacting

Lipopolysaccharide Surfaces Bearing O-Side Chains

Supporting Information

1) Chemical Structure of Lipopolysaccharides from E. Coli 055:B5

The core saccharide of E. Coli serotype 055:B5 is of type R3[152, 164]. It can be divided into
inner and outer core. The inner core is formed by three L-glycero-D-mannoheptose units,
two 3-deoxy-D-manno-2-octulosonic acid units, one phosphorylethanolamine unit and one
N-acetylglucosamine unit. The outer core is formed by one N-acetylglucosamine unit, three
glucose units and one galactose unit. The O-Antigen repeat unit is composed of two
galactose units, one colitose unit, one N-acetylglucosamine unit and one N-

acetylgalactosamine unit [165, 166].

2) Calculation of 10S and OSC SLDs

For the calculation of the SLDs of the internal oligosaccharide (I0S) and O-side chains (OSC)
the volumes of all the individual sugar monomers are summed. They were obtained from the

Chemspider Database (http://www.chemspider.com/). The SLD follows then from the sum

of the scattering lengths of all atoms divided by the total volume. In H;0, all hydrogen atoms

are light hydrogen, in D0 all labile hydrogen atoms are replaced with deuterium.

10S:
2* Glucosamine (C¢H13NOs/CsH7DsNOs) (from LipidA), volume = 114.6 mL/mol
(http://www.chemspider.com/Chemical-Structure.390201.html)

2* Dihydrogen phosphate (H2PO4 /D2PO4) (from LipidA), volume = 45 mL/mol
(http://www.chemspider.com/Chemical-Structure.979.html)

1* Phosphorylethanolamine (C2HsNO4P/C2H4D4NO4P), volume = 90.7 mL/mol
(http://www.chemspider.com/Chemical-Structure.990.html)

2* Dihydrogen phosphate (H,PO4 /D2P04), volume = 45 mL/mol

(http://www.chemspider.com/Chemical-Structure.979.html)
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2* N-acetylglucosamine (CsH1sNOg/CsH10DsNOg), volume = 146.9 mL/mol
(http://www.chemspider.com/Chemical-Structure.74284.html)

3* Glucose (CgH1206/CeH7D506), volume = 104 mL/mol
(http://www.chemspider.com/Chemical-Structure.58238.html)

1* Galactose (C¢H1206/ CsH7D506), volume = 104 mL/mol
(http://www.chemspider.com/Chemical-Structure.388480.html)

3* L-glycero-D-manno-heptose, (C7H1407/C7HgDs07) volume = 116.1 mL/mol
(http://www.chemspider.com/Chemical-Structure.19980991.html)

2* 3-deoxy-D-manno-2-octulosonic acid (KdO) (CsH140s/CsHsD¢O0s), volume = 141,4 mL/mol

(http://www.chemspider.com/Chemical-Structure.106511.html)

0SC:

2* Galactose (CgH1206/CH7D506), volume = 104 mL/mol
(http://www.chemspider.com/Chemical-Structure.388480.html)

1* Colitose (CsH1204/CsHoD304), volume = 108.4 mL/mol
(http://www.chemspider.com/Chemical-Structure.389006.html)

1* N-acetylglucosamine (CsH1sNOg/CsH10DsNOg), volume = 146.9 mL/mol
(http://www.chemspider.com/Chemical-Structure.74284.html)

1* N-acetylgalactosamine (CsH1sNOg/CsH10DsNOg), volume = 146.9 mL/mol

(http://www.chemspider.com/Chemical-Structure.76020.html)

Figs. S1 and S2 show the resulting I0S and OSC SLDs, respectively, as a function of the water

SLD. The following relationships are obtained:

Total volume of the 10S: 1841.6 mL/mol, (Vios = 3000 A3)
Fully hydrogenated: CoiH100N5O103Ps  SLD: 1.8463 x 106 A
Fully deuterated: Co1H106D8aN50103Ps SLD: 4.7071 x 10 A’
Pios = 2.08 x10° A2 +0.41pw
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Total volume per OSC repeat unit: 610.2 mL/mol

Fully hydrogenated: CasHesN202s  SLD: 1.5831 x 106 A2
Fully deuterated: C3aHa3aD23N2028 SLD: 3.9471 x 106 A2
Posc = 1.77 x 10° A2 + 0.34pw

Pros [10° A7

4 0 1 2 3 4 5 6 7
p, [10° A7

Figure S1: 10S SLD as a function of the water SLD.
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Figure S2: OSC SLD as a function of the water SLD.

3) For the interacting LPSs surfaces, the proximal and distal LPS monolayer are highly

symmetric and can therefore be described with common parameters D.c, Dios, and Dosc

As stated in the main text, a high level of symmetry regarding the amount of material and its
structure is found between the proximal and distal LPS monolayers. Figure S3 shows the
volume fraction profiles obtained (for the highest grafting surface separation, d7) after fitting
our data considering independent parameters for both surfaces. This means that Dic, Dios,
and Dosc were allowed to differ between the inner and outer layer. The obtained results
show that proximal and distal monolayer have almost identical amount of material and
structure. In fact, the figure ressembles Figure 4C in the main text, where both layers are
described using common parameters. It is therefore not necessary to involve independent

parameters for describing the two interacting surfaces.
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Figure S4: Volume fraction profiles obtained for d; considering independent parameters
(Dic, Dios, and Dosc) for describing the proximal and distal layer. The high symmetry

between the inner and outer layer allows us to describe them using common parameters.

4) Initial parameter values of the simultaneous fits

Initial values for all parameters concerning the layered structure of the functionalized solid
surface were taken from the best-matching results obtained in reference[99]. For the single
LPS surface, as well as for the proximal LPS layer under interacting, initial parameters for the
I0S and lipid A chains (LC) were taken from reference [42]. The OSC parameters in Eq. 6, A
and n, were initially set to 100 A and 2, respectively. For the interacting surfaces, the surface
separation d was initially adjusted manually to approximately match the overall sample
thickness encoded in the hydration-dependent g.-positions of the reflectivity minima (see
Fig. 4 A). In Eq. 7, {Ay, T2 } were initially set as {0 A, 100A}. {ng, tn} in Eq. 8 were initially
set as {2, 0} and {¢o,¢e, T} in Eq. 9 as {10.0 A, 0 A, 0 A}.
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5) Details of the parameter fitting procedure

To simultaneously fit the adjustable parameters of the common model to a set of
experimental reflectivity curves, we utilized the following procedure. Starting from initial
parameter values specified above, we first calculated the interfacial SLD profiles p(z)
corresponding to each condition, i.e. for each contrast fluid in case of single LPS surface and
for each humidity level for the interacting LPSs. In the next step, we calculated the
reflectivity curves corresponding to the p(z) profiles using dynamical reflection theory. To
this end the profiles were discretized into hundreds of thin slabs of 2 A thickness and of
constant SLD. The g,-dependent intensities were then calculated via application of Fresnel’s
reflection laws at each slab/slab interface using the iterative procedure of Parratt[110]. The
procedure was implemented in a self-written fitting program based on the IDL software

package (www.harrisgeospatial.com). To optimally constrain all parameters, we

simultaneously fit all curves in a set by minimizing the chi-square deviation x> between the
entire sets of calculated and experimental reflectivity curves. The best parameter set, with
minimal x> was found iteratively using Powell’s method[111]. The results were confirmed to
be independent of the initial parameter values when they were taken from a physically
plausible range. Estimates of the statistical parameter errors, corresponding to the 95%
(two-sigma) confidence interval, were derived from the diagonal elements of the

corresponding parameter covariance matrix[112].
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6) Best-matching model parameters

Single, solid-supported LPS monolayer in Ca?*-loaded buffer

dsio2 @592 | duc = dors + | dios Dios Dosc N n
dic

17 A 0.2 31A 31A 20 A 30 A 145 A 2.5
Gsisioz | Gsio2- | Gors-Lc Gic-i0s Gios-water

oTs
2A 7A 12 A 8 A 7A
Single, solid-supported LPS monolayer in Ca?*-free buffer
dsio2 (Dﬁ,io2 (vac D.c dic dios Dos Dosc N n
21A 0.2 0.32 10 A 15 A 38 A 17 A 22 A 139A | 2.7
Gsisio2 | Gsio2- | Gorsic | Gicios | Glos-

oTS water
2A 5A 9A 3A 11A
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Solid-supported interacting LPS surfaces

dsio2 (vaioz dots dicp, dios,p, Dios,p, Dosc,p,
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5. Conclusions

In the present thesis, soft interfaces decorated with hydrophilic polymer brushes have been
investigated under controlled interaction conditions. The focus was on pressure-distance
curves, determined by ellipsometry, and on the structural aspects of the interaction. The
latter, despite their great importance, had so far been vastly neglected because they are
inherently difficult to obtain. Here, in order to tackle this long-standing problem, an
experimental toolset based on neutron and x-ray reflectometry techniques was established.
To this end, dedicated sample environments, sample preparation methods, and data analysis
procedures were developed. Experiments were carried out with a solid-supported double-
monolayer architecture (Fig. 3, section 2) comprising of lipids and lipid-anchored
macromolecules of known chemical structures. The interaction distance was adjusted by
controlled osmotic dehydration with the help of a humidity chamber. The samples were
investigated by neutron reflectometry, providing the so-far most detailed and
comprehensive structural characterization of interacting surfaces displaying end-grafted
polymers. The model used for the interpretation of the reflectivity data is self-consistent,
based on the volume fraction profiles of all chemical components (Fig. 5, manuscript 1), and
simultaneously describes the reflectivity curves at all surface separations (Fig. 5, manuscript

1 and Fig. 4, manuscript 3).

The developed methodology was first applied to a well-defined synthetic system composed
of interacting, lipid-anchored poly[ethylene glycol] (PEG) brushes (Fig. 1, manuscript 1). This
system served as a proof of principle. However, it is also of great fundamental and
technological relevance because brush theories are in need of high-quality experimental
data on the conformation of interacting brushes and synthetic polymer brushes are
commonly used to for lubrication and biocompatible functionalization. The experimentally
determined pressure-distance curves are described surprisingly well by the Alexander-de-
Gennes (AdG) model of interacting polymer brushes, which makes strong simplifications (Fig.
4, manuscript 1). In contrast, the pronounced brush interpenetration observed
experimentally (Fig. 5, manuscript 1) is not captured by analytical descriptions like AdG and
self-consistent-field (SCF) and motivates rigorous, simulation-based theoretical approaches.
For the same sample type, but with sulfur-labeled polymer end-points (Fig. 1, manuscript 2),

a novel implementation of standing-wave x-ray fluorescence (SWXF) was employed in order
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to determine the end-point distributions in dependence on the surface separation (Fig. 5,
manuscript 2). The results demonstrate that SWXF is generally suited for the label-free and
element specific structural investigation of interacting surfaces. When resolved with high
resolution, elemental distributions can vyield accurate insight into the molecular

configuration of interacting surfaces and its response to changes in the surface separation.

In the second step, the established methodology was used to structurally characterize planar
monolayers of wild-type Lipopolysaccharides of the bacterium Escherichia Coli O55:B5
featuring strain-specific O-side chains (Fig. 1, manuscript 3) under controlled interaction
conditions. These surfaces realistically mimic the outer surfaces of Gram-negative bacteria.
The neutron reflectometry measurements provided the so-far most detailed and
comprehensive structural characterization of wild-type LPS surfaces. The saccharide volume
fraction profiles exhibit a clearly bimodal distribution consistent with the picture of a dense
and compact saccharide layer accommodating the negatively charged internal
oligosaccharides and a more dilute, extended region accommodating the O-side chains (Fig.
2, manuscript 3). The structure of single solid-supported LPS monolayers is significantly
affected by a depletion of calcium: the lateral packing is reduced, and water appears to
overlap with the hydrocarbon chain region (Fig. 2, manuscript 3). At the same time the
internal oligosaccharides become more extended in the perpendicular direction. Both effects
can be attributed to enhanced electrostatic repulsion in the absence of divalent cations. The
neutron reflectivity curves (Fig. 4, manuscript 3) obtained at various surface separations in
two isotopic water contrasts were again fitted with a single model involving global and
separation-dependent parameters describing the volume fraction profiles of all chemical
components. The analysis revealed that the O-side chain conformation is nearly unperturbed
at the largest separation, with only a weak overlap at the midplane (Fig. 4, manuscript 3). It
is thus concluded that a liquid-like aqueous layer of even lower saccharide content exists
between neighboring bacteria when they are situated side-by-side, both in the absence of
dehydrating pressures and when subject to physiological osmotic pressures. Hydrodynamic
pathways for the inter-cellular transport of small-enough molecules will therefore be
sustained in colonies and biofilms. At the same time, the observed significant mutual
interpenetration of adjacent OSC ‘brushes’ will contribute to shear friction between adjacent

bacteria and, in turn, affect the viscoelastic properties of biofilms.
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Overall, a powerful toolset for the comprehensive distance-dependent structural
characterization of interacting soft interfaces was established in this thesis and applied to
examples of great fundamental, technological, and biological relevance. This work can thus
serve as a basis for the systematic investigation of the interaction mechanisms between soft

interfaces in technology and biology.
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6. Outlook

The concepts and experimental methods developed in the framework of this thesis are
transferable to a great variety of interacting soft interfaces of relevance in biology as well as
in wet- and biotechnology. An important field of application concerns biological membranes
and their mutual interaction in the congested physiological environment. As emphasized in
the Introduction, membrane interactions are strongly influenced by the chemical
composition of their surfaces, which display charged lipid, membrane associated
polypeptides, and glycolipids, among others. In the future, the present strategy can be
readily extended towards a systematic investigation of membranes with varying molecular
composition. Another aspect which may be addressed, is the interaction of membrane
models in the presence of co-solutes. For LPS surfaces as investigated here, this may include
extracellular biofilm components like sugar-binding lectins.

Regarding standing wave x-ray fluorescence measurements, a clear conclusion drawn in the
present work is that the technique is particularly powerful when applied to unimodal
element distributions, which occur under fully asymmetric interaction conditions between
two interfaces with different chemical compositions. Experiments with well-defined model
systems in principle allow for distance-dependent structural investigation with atom-scale
precision for several elements simultaneously, including chemical elements contained in the
molecules forming the surfaces, as well as counter-ions and co-ions for charged systems.
Such measurements, albeit without immediate application, would represent a full structural
and thermodynamic description of complex interacting soft interfaces and constitute a rich
set of observables for comparison with computer simulations and theory.

Also concerning the theoretical domain, the results obtained interacting synthetic polymer
brushes motivates further simulation work, especially on dilute and strongly dehydrated
brushes where conformations cannot be predicted by analytical descriptions like AdG and
SCF, because they are not only governed by maximization of configurational entropy, but
also by their molecular-level interaction with water. For this purpose, fully atomistic

treatments like molecular dynamics simulations may be required.
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