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Zusammenfassung

An Grenzflächen zwischen Festkörpern und biologischen Organismen trifft weiches organ-

isches Material in wässriger Umgebung auf harte Oberflächen. Derartige Grenzflächen

spielen eine Rolle bei Modellsystemen zur Untersuchung von biologischen Mechanismen,

sowie bei Zellen und biologischem Gewebe in nahem Kontakt mit Festkörpern. Daher gibt

es eine Vielzahl von Oberflächenbeschichtungen, die diese Grenzflächen bio-kompatibel

machen sollen.

In dieser Arbeit werden verschiedene Oberflächenbeschichtungen aus Lipiden, Proteinen

und Polymeren vorgestellt. Mit Neutronenreflektometriemessungen wurde die Ultrastruk-

tur der Schichten in verschiedenen Ebenen bestimmt. Neutronenstreuung hat den grundle-

genden Vorteil, dass über die Wahl der Isotope eines Atoms der Kontrast der Probe

angepasst werden kann. Ergänzt durch weitere Techniken, wie Röntgenreflektometrie,

Fluoreszenzmikroskopie und Atomkraftmikroskopie, konnten Dicke, Zusammensetzung,

Wassergehalt und Verformbarkeit der Schichten bestimmt werden.

Eine Mischung von 3:1 neutraler (POPC) und anionischer (d31-POPS) Lipide wurde durch

Vesikelfusion auf Siliziumoxidoberflächen aufgebracht. Diese Vesikel wurden in stark salz-

haltigem Puffer präpariert (1,1 M NaCl) und lagerten sich an der Siliziumoxidoberfläche

an. Wenn der salzhaltige Puffer durch deionisiertes Wasser ersetzt wurde, platzten die

Vesikel durch osmotischen Schock. Die entstehenden Lipiddoppelschichten hatten eine

Dicke von 45 Å. Im Bereich der an das Siliziumoxid angrenzenden Lipid-Kopfgruppen

befand sich ein dünner Wasserfilm. Innerhalb der Messgenauigkeit fand sich kein POPS

in der Membranhälfte, die an das Siliziumoxid grenzte, bedingt durch die elektrostatische

Abstoßung. In der dem Siliziumoxid abgewandten Hälfte befanden sich (27 ± 8)% geladene

Lipide, was der Zusammensetzung der Vesikel entsprach. Daher war die Stochiometrie

der entstandenen Membran nicht durch Flip-Flop der Lipide bedingt, sondern durch den

Materialübertrag aus den angelagerten Vesikeln.
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Um der Lipidmembran eine natürlichere Umgebung zu bieten, wurde sie mit einem Polymer-

Kissen kombiniert. Bei diesen substratgebundenen Lipidmembranen wurden einzelne Lipide

über PEG-Ketten an die Oberfläche gebunden. So entstand eine Lipidmembran auf einem

55 Å dicken PEG-Kissen, das einen Wasseranteil von (90 ± 3)% hatte. Trotz der ver-

ankerten Lipide war die Membran fluide mit einer Diffusionskonstante von (2.1± 0.1) µm2/s.

Durch den hohen Wassergehalt unterhalb der Membran war das komplette System flexibel

und konnte mit einer AFM-Spitze um 40 Å verformt werden, bevor die Lipidmembran

durchbrochen wurde.

Verschiedenen PEG-beschichteten Oberflächen wurde Fibronektin in Lösung zugesetzt

und anschließend das Zellverhalten auf den Oberflächen beobachtet. Im Fall von an hy-

drophober Grundlage adsorbiertem Pluronic (PPO-PEG) bildete PEG eine dünne Schicht,

die nur (45 ± 1)% Wasser enthielt. Darauf konnten sich weder Fibronektin noch Zellen an-

lagern. Im Gegensatz dazu enthielt PEG unterschiedlicher Länge, das mit PLL angelagert

wurde, (84 ± 1)% bis (90 ± 1)% Wasser und bildete dickere Schichten in denen sich 0,4 bis

0,7 mg/m2 Fibronektin ablagern konnte. Zellen konnten über diese Oberflächen migrieren.

Für die Anlagerung von Nervenzellen auf Oberflächen wurde ein spezielles System unter-

sucht. Eine Lipidmembran bedeckte als unterste Schicht die Siliziumoxidoberfläche. Über

Biotinanker wurde darauf eine Streptavidinschicht gesetzt an die wiederum über Biotin ein

synthetisches Zelladhäsionsprotein gebunden wurde. Zwischen Lipidmembran und Strept-

avidin befand sich eine 26 Å dicke Wasserschicht. Beide Proteine bildeten dicht gepackte

Monolagen, wobei die 38 Å dicke Streptavidinschicht nahezu wasserfrei war und die 30 Å

dicke Schicht des Zelladhäsionsproteins 12% Wasser enthielt. Neuronale Stammzellen brei-

teten sich auf derartigen Oberflächen aus, während sie auf reinen Lipidmembranen oder

Streptavidinoberflächen Kugeln mit wenig Oberflächenkontakt bildeten.



Summary

At interfaces between solids and biological organisms, soft organic matter in hydrous en-

vironment meets hard surfaces. These kind of interfaces play a role in model systems for

the study of biological mechanisms, as well as in cells and biological tissue in close contact

with solids. Therefore, there are a variety of surface coatings to ensure bio-compatibility

of these surfaces.

In this work, different coatings consisting of lipids, proteins and polymers are introduced.

Ultra structures of the different layers of the films were determined using neutron reflecto-

metry measurements. Neutron scattering has the fundamental advantage, that the contrast

of the sample can be adjusted via choosing the isotope of the atoms. Complemented with

further techniques such as X-ray reflectometry, fluorescence microscopy, and atomic force

microscopy, thickness, composition, hydration and deformability of the layers could be

determined.

A mix of 3:1 neutral (POPC) and anionic (d31-POPS) lipids was deposited on silicon oxide

surfaces via vesicle fusion. The vesicles were prepared in buffer with high salt concentration

(1.1 M NaCl) and adsorbed to the silicon oxide surface. By exchanging the buffer for de-

ionized water the vesicles ruptured through osmotic shock. The resulting lipid bilayers

had a thickness of 45 Å. In the region of the lipid head groups adjoining the silicon oxide

a thin water film was found. Within measurement precision, there was no POPS in the

membrane half adjoining the silicon oxide, caused by electrostatic repulsion. In the half

turned away from the silicon oxide, (27 ± 8)% anionic lipids were found which conforms

to the vesicle composition. Therefore, stoichiometry of the resulting membrane was not

caused by lipid flip-flop but by the material transfer from the adsorbed vesicles.

In substrate tethered lipid bilayers, individual lipids were anchored to the surface via PEG-

polymer chains. The result was a lipid membrane sitting on a 55 Å PEG cushion with
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a hydration of (90 ± 3)%. In spite of the tethered lipids, the membrane was fluid with

a diffusion constant of (2.1 ± 0.1) µm2/s. Because of the high hydration beneath the

membrane the whole system was flexible and could be deformed with an AFM tip for 40 Å

before the lipid bilayer ruptured.

Fibronectin solution was added to different PEG-coated surfaces and afterwards, cell in-

teraction with those surfaces was analyzed. In case of Pluronic (PPO-PEG) adsorbed to a

hydrophobic surface, PEG formed a thin layer containing only (45 ± 1)% water. On that

layer, neither fibronectin nor cells could adsorb. On the contrary, PEG of different length

adsorbed via a PLL backbone contained (84 ± 1)% to (90 ± 1)% water and established a

thicker layer into which 0.4 to 0.7 mg/m2 of fibronectin could adsorb. Cells were able to

migrate across these surfaces.

For attachment of neural cells to surfaces a system of three layers was investigated. A

lipid bilayer covered the silicon oxide surface. A streptavidin layer was spread across with

biotin anchors, and on top a synthetic cell adhesion protein was bound using biotin anchors

again. In between the bilayer and the streptavidin, a 26 Å water layer was found. Both

protein layers showed densely packed monolayers, where the 38 Å streptavidin layer was

nearly water free and the 30 Å layer of the cell adhesion protein contained 12% water.

Neuronal stem cells spread on these surfaces whereas on lipid membranes or streptavidin

surfaces they were round-shaped and had low surface contact.



Chapter 1

Introduction

Biophysics is a branch of science concerned with the application of physical principles and

methods to biological problems [8]. Since the variety of components of a biological organism

is to complex for all-encompassing physical description, the approach is to concentrate on

individual aspects or simplified model systems. This study addresses interfaces consisting

of lipid bilayers, polymers and proteins as well as cell interaction with such surfaces.

In biological organisms, interfaces play an important role, both as the separation to the

outside and to compartmentalize the organisms’ inside. Lipid membranes enclose cells at

their whole and also many of the organelles inside such as cell nucleus or mitochondria.

They are impenetrable for ions and big molecules, and therefore allow concentration gra-

dients between both sides of the membrane. Also the lipid bilayer functions as matrix for

proteins [9]. Many functions of the cell are regulated by proteins inserted into or associ-

ated to membranes. Some of them function as ion channels or ion pumps to sustain the

adequate concentrations [10], while others regulate membrane fusion [11] or signaling [12].

Also, cells produce proteins on the outside of the cell membrane to interact with and adhere

to surfaces. On the inside of the cell the cytoskeleton provides an important contribution

to the cell’s stability. It is build of polymeric filaments: actin filaments, microtubules and

intermediate filaments. These filaments stabilize the cell shape and can actively deform

the cell [13] or move components inside [14].

The study of interfaces in a biological organism is complicated by their small size, which

often makes it impossible to focus on a single interface. One approach to this problem,

which was used here, is to place the chosen interface on top of a solid substrate. This
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renders the selected interface accessible on a macroscopic area and makes a variety of

surface sensitive techniques applicable to study the system. Also, it reduces the complexity

of the biological system by its confinement into a plane.

One biological system suitable to study on a substrate is the lipid bilayer [15]. The am-

phiphilic structure of lipids causes them to self-assemble. In highly hydrous environments

they most commonly form into micelles, vesicles and bilayers. On hydrophilic surfaces, of-

ten a lipid bilayer will even form spontaneously after addition of lipid vesicles. Many other

surfaces can be covered by a lipid bilayer via preparation techniques such as Langmuir-

Blodgett [16], or spincoating even when the lipids do not spread on their own. A supported

lipid bilayer system can be applied for the study of a solitary bilayer as well as to provide

an interface between living and inorganic material.

The drawback of the supported bilayer system is, that the artificial interface might hinder

the biological functions of natural cell membranes. This makes a more sophisticated surface

covering necessary, as it poses a problem for attachment of living cells to a surface and

for the study of membrane proteins [17]. To counteract this problem, the solid surface

can be covered with an organic layer, that is tuned to the biological element of the study

and places it further removed from the solid surface [18]. Instead of one single bilayer, a

multilayer can be manufactured [19].

Hydrated polymers can be used to elevate the biological surface from the solid substrate

mimicking the task of the cell filaments. Both the type of polymer and its configuration

on the surface influence the adhesion of bilayers [20], proteins [21], and cells [22]. Since

cells produce proteins to attach to surfaces, a working point to regulate cell attachment is,

to provide the cells with a surface that has the attachment proteins already included [23].

In this work different systems consisting of lipids, proteins, and PEG polymers were stud-

ied in hydrous environment on silicon oxide surfaces. Focus is on the interaction beween

selected components, which can be of electrostatic, hydrophobic or steric nature, as well

as specific protein binding. Starting from the surface, crossing to the polymer, lipids,

proteins, and finally cells as a whole, the aim is to understand and control the assembly

and behavior of these systems. This is a necessity for the use of the model systems in

further studies on the way to understanding living organisms, as well as for development

of artificial interfaces between inorganic and living matter, i.e. in medical implants.
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The technique mainly used in this work is neutron reflectometry [24]. Neutron scattering

has several advantages over other techniques used to characterize biological systems: neu-

trons penetrate into the system and can therefore resolve the inner structure of the layer

without destroying it. Also, the exact composition of the sample is quantifiable, as the

contrast of severals components can be adjusted by using different isotopes of a chemical

element. Most commonly that means exchanging hydrogen atoms for deuterium [25]. After

a set of several measurements is performed on the same system, the hydration and / or the

amount of a chosen component (e.g. lipid composition of the bilayer or amount of protein

adsorbed to the interface) can be evaluated. Neutron reflectometry is perfectly suited to

the study of thin interfaces. It can resolve thin films on the nanometer scale, i.e. it can

provide insight to the substructure of lipids bilayers which have a overall thickness of 4 -

5 nm [26].

Additionally, the samples were characterized with complementary techniques. Scattering

with X-ray leads to lower contrast in organic samples but provides even better resolution

of thin films than with neutrons [27]. In contrast to the reflectometry techniques which

average over the whole of the illuminated surface, atomic force microscopy (AFM) probes

a small area, scans the surface, and tests for softness and deformability [28]. Fluorescence

microscopy is an established technique to optically observe substances which are marked

with a fluorescent dye. The resolution is sufficient to observe single cells or cell organelles.

Fluorescence recovery after photo-bleaching is an extension to a standard fluorescence mi-

croscope and was employed to measure diffusion in lipid bilayers [29].

This thesis is organized as follows:

� Chapter 2: Concepts and methods

� Chapter 3 - 5: Results, partially published

� Appendix A: Fulltexts of publications
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Chapter 2

Study of lipid and polymer films:

concepts and methods

2.1 Lipid membranes as biological interfaces

2.1.1 Natural cell membranes

All cells are surrounded by a cell membrane made up of lipids and proteins. Most defining

characteristic of cell membranes is their amphiphilic structure. Both lipids and membrane

proteins consist of a hydrophobic and a hydrophilic regions. For this reason they organize

into the cell membranes, which separate the cell from its surrounding and also compartmen-

talize areas inside the cell. Membranes are flexible and vary in their topology. Depending

on the form of the lipids (i.e. the relation between the size of the lipid head and that of the

lipid chains) and on the associated proteins, they aggregate into planar or highly curved

structures.

The lipids of the membranes act as matrix for many of the proteins that regulate the

function of the cell, e.g. regulates the ionic gradient on both sides of the membrane [17].

The function of biological organisms is highly dependent on the processes that take place

in the lipid bilayer, making understanding cell membranes one of the important tasks for

understanding living organisms.
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Phosphatidylcholine SphingomyelinGlycolipid

Cholesterol Phosphatidylserine Phosphatidylethanolamine

Figure 2.1: Lipid composition of an eucariotic plasma membrane: phosphatidylcholine
(PC), phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylinositol, gly-
colipids and cholesterol.
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Figure 2.2: Natural composition of the lipid bilayer of an eucariotic cell: SM, PC, PS,
PE and PI are distributed asymmetrically across the two leaflets.

Natural lipid bilayers are strongly asymmetric and consist of a variety of components,

among them different kinds of lipids. A sketch of a natural bilayer is depicted in fig. 2.2.

The most common structural lipids in eukaryotic membranes are phosphatidylcholine (PC),

phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylinositol and phos-

phatidic acid [30]. Additional, there is sphingomyelin (SM) and glycolipids present. These

lipids are not distributed equally among both halves of the bilayer (Fig. 2.2).
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The asymmetry plays an important role in membrane properties, for cell fusion, activa-

tion of the coagulation cascade, and recognition and removal of apoptotic cell corpses by

macrophages in case of programmed cell death [31]. Distribution of lipids in the bilayer

is organized by the enzymes flippases, floppases and scramblases that sort lipids into their

respective leaflet. Spontaneous trans bilayer motion (flip-flop) rates depend on the com-

position of the bilayer [32]. Natural lipid bilayers consist of mostly PE, PS and CI in the

cytosolic leaflet, while the exoplasmatic leaflet is made up of SM, PC and CI with smaller

amounts of PE [33].

Many properties of lipid bilayers such as thickness and phase transition temperatures

depend on lipid chains. There are lipids with saturated fatty acids such as dipalmitoyl-

glycero-phosphatidyl-choline (DPPC), and with unsaturated fatty acids such as dioleoyl-

glycero-phospho-choline (DOPC). The lipids palmitoyl-oleoyl-glycero-phosphatidyl-choline

(POPC), stearoyl-oleoyl-glycero-phosphatidyl-choline (SOPC), have one one of each. In

general, the phase transition temperature is lower the more unsaturated the chains are.

Charged lipids have different head groups, for example the negatively charged palmitoyl-

oleoyl-glycero-phosphatidyl-L-serine (POPS) or dioleoyl-glycero-phosphatidyl-L-serine

(DOPS).

2.1.2 Supported lipid bilayers

For the study of structure and function of cell membranes and their components, it is

practical to have the lipid bilayer seated on a solid surface, as multiple surface sensitive

techniques require a planar and defined surface to be employed [15]. There are different

methods to deposit lipids onto solid surfaces, such as vesicle fusion [34], spin-coating and

transfer of monolayers via Langmuir-Blodgett-technique [16].

Lipids prefer adhesion to hydrophilic surfaces, as the polar outer head-group interacts with

the surface. One problem of solid surfaces in close proximity of the bilayer is the possible

distortion of natural behavior as the proteins stick to the surface and denature and the lipid

bilayer is impeded in its flexibility. Therefore, soft interlayers are employed to cushion the

membrane against the support [18]. As a further advancement, in tethered lipid bilayers

some lipids are anchored to the surface via polymers [35] or proteins [36].



8 2. Study of lipid and polymer films: concepts and methods

2.2 Polymers

Polymers are macromolecules that consist of a long chain of identical units. There is a great

variety of natural and synthetic polymers with a broad range of properties. Polymers are

used in combination with biological systems, e.g. to passivate a surface, to cushion against

the solid surface, or to tether components to the support. In these systems understanding

of polymer behavior and interaction with other components is of importance.

Polymer coils

The units of the polymer are flexible against each other, allowing the polymer chain to

structure into a random coil. The size of the coil depends on the stiffness (persistence

length), excluded volume, and ability of the units to rotate against each other. Disregarding

excluded volume, the size of an ideal polymer coil in a good solvent can be described by

the Flory radius [37]. The Flory radius RF depends on the number of units N and the

unit size a.

RF = N3/5a (2.1)

Grafted polymers

When Polymers are adsorbed to a surface with one end, the conformation and thickness of

the polymer layer depends on the size of the polymers and the grafting density as described

by de Gennes [38]. For polymers grafted closer to each other, the polymer chains stretch

out while their volume stays constant. In that case, the relation of polymer height L and

grafting density s is:

L = Na(a2s)1/3 (2.2)

For a low density of grafted points, coils do not overlap. So each polymer forms a half

sphere with height RF .
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2.2.1 Polyethylene glycol (PEG)

Polyethylene glycol (PEG), also known as polyethylene oxide (PEO) is a polymer readily

available in a range of molecular weights and highly soluble in water. Its monomers consist

of two carbon, four hydrogen, and one oxygen atom. Its low toxicity as well as its inertness

make PEG the polymer of choice for many occasions.

2.3 Immersed surfaces: electrostatic surface potential

When surfaces that can donate or accept protons are immersed in solution, some solid

surfaces will carry charges depending on the pH of the solution. SiO2 has OH-groups on

the surface that can be de-protonated, resulting in a charged surface of -0.14 C/m2 at

pH 7.4 [39].

The range of the hydrostatic potential depends highly on the ion concentration in the

solution since ions in solution aggregate in proximity to the surface and counteract the

surface charge. It is described by the Debye length lD

lD =

√
ε0εrkBT

2NAe2I
(2.3)

The resulting surface potential for SiO2 at different salt concentrations is illustrated in fig.

2.3.

2.4 Diffusion

Lipids in a bilayer or a cell membrane are mobile and diffuse freely in the plane of the

bilayer [40]. Generally, diffusion is the uncoordinated and undirected movement induced

by Brownian motion. It can be described as the change of a concentration c over time

depending on local differences in concentration.

∂c(r, t)

∂t
= D∇2c(r, t) (2.4)
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Figure 2.3: Surface potential of SiO2 at concentrations of 1.1 M and 0.15 M NaCl.

This differential equation can be resolved by the Gaussian function, with diffusion constant

D. For a lipid bilayer confined to two dimensions that is:

c(r, t) =
1

4πDt
exp

(
− r2

4Dt

)
(2.5)

The squared mean distance the lipid moved, depends on time t and diffusion constant D:

〈
r2
〉

= 4Dt (2.6)

2.5 Fluorescence microscopy

A fluorescence microscope is a variation of a normal optical microscope. It has additional

band pass filters and mirrors in the optical path, that inhibit any direct light from the lamp

to reach the ocular or camera. Light with the shorter excitation wavelength can pass from

the light source to sample and is used to excite the dye. Only the emitted light with longer

wavelength can pass to detection. Therefore, only components marked with fluorescent

dye are visible.
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In biology, fluorescence microscopy is an established technique to image cells and their

components. The fluorescent dye can be either tagged to a small amount of components

(i.e. lipids or protein) synthetically or expressed by the biological organism themselves. For

the fluorescence expression, genetically modified organisms are used, that had the genetic

code of the green fluorescent protein (GFP) transplanted [41].

2.5.1 FRAP

Since individual lipids are to small to observe optically via a microscope, a more indirect

measurement of the lipid diffusion is necessary. One widely applied method for the deter-

mination of mobility in such systems is FRAP (fluorescence recovery after photobleaching)

[42]. A FRAP setup consists of a fluorescence microscope with an additional laser.

A spot of a diameter of several µm is bleached of any fluorescent dye by the laser. The

return of fluorescence in the bleached spot is recorded over time. The profile of the bleached

spot can be described by a Gaussian function with width σ(t). From the increase of the

width σ, the diffusion constant D of the fluorescence tagged component can be determined

by:

σ2(t) = σ2
0 + 2Dt (2.7)

2.6 AFM

Atomic force microscopy (AFM) is a technique that probes a surface mechanically with a

small tip attached to a cantilever. On solids, AFM has a resolution on the atomic scale,

the surface is mapped with a scan [43]. This surface mapping even works on lipid bilayers

under water [44]. For soft samples, AFM can also be employed to determine softness and

deform-ability.

On lipid bilayers, punctuation curves can be recorded with an AFM. When the tip ap-

proaches the surface, first the force increases as the lipid bilayer resists. When the lipids

give way to the tip, the force decreases abruptly and the tip approaches the rest of the

distance up to the support [45].



12 2. Study of lipid and polymer films: concepts and methods

2.7 Neutron and X-ray scattering

Scattering experiments with neutrons and X-rays give insight into the structure of solids

and surfaces. Wavelengths of this radiation is in the order of Å, therefore a resolution on

the sub-molecular scale is possible.

2.7.1 Refractive index

The movement of photons and neutrons in matter can be described by assigning a refractive

index to the material [46]. This complex refractive index n∗ can be written as:

n∗ = 1− δ + iβ (2.8)

for energies far from absorption edges. Dispersion δ depends on the wavelength λ and the

scattering length density (SLD) ρb:

δ =
λ2

2π
ρb (2.9)

The imaginary part of the refractive index depends on the absorption coefficient µ:

β =
λ

4π
µ (2.10)

2.7.2 SLD calculation and contrast variation

For X-rays, the SLD can be calculated from the electron density multiplied by the classical

electron radius. For neutrons, as they interact with the atomic nuclei, the scattering length

density has to be calculated from all the scattering lengths of the atoms. Neutron scattering

length of an atom depends on the isotope, e.g. for hydrogen, the scattering length varies

between -3.7 fm for hydrogen (11H)and 6.7 fm for deuterium (12H). Therefore, in neutron

scattering there is the possibility to choose contrast of components of the system by using

specific isotopes.
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2.7.3 Hydration determination

From a set of two measurements of the same sample in buffers with different contrast

(one in D2O, the other in a mix of D2O and H2O) the hydration h of the sample can be

determined. When a layer has the SLD1 in the first measurement in buffer 1 and SLD2

in the second buffer 2, the hydration of that layer can be calculated as:

h =
SLD1 − SLD2

SLDbuffer1 − SLDbuffer2

(2.11)

For the mix of D2O and H2O, the percentages can be chosen for a match of SLD on both

sides of the bilayer. A mix of 58% D2O and 42% H2O has a SLD equal to that of SiO2 and

is called contrast matched (cm) in this work.

2.7.4 Reflectometry

In reflectometry experiments, intensity is magnified by using a big surface. That means,

that there is no lateral resolution of the sample surface, the signal is integrated over all of the

surface. The combination of X-ray and neutron reflectometry gives structural information

about thickness and composition of the different layers of the film. X-ray reflectometry

offers superior resolution whereas neutron reflectivity at different deuteration contrasts

helps to distinguish components of the sample.

Total reflection

When the incident beam is reflected on a layer with higher SLD, i.e. lower refractive index,

for small angles, total reflection will occur. The critical angle for total reflection αc can be

calculated as:

αc ≈
√

2δ = λ

√
ρb
π

(2.12)
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Momentum transfer q

The momentum transfer q = kf−ki can be written depending on wavelength λ and incident

angle θ as:

q =
4π

λ
sin θ (2.13)

Fresnelreflexion

The reflected intensity on a smooth surface is described by the Fresnel coefficients for

reflection (r) and transmission (t) [47].

r =
ki,z − kt,z
ki,z + kt,z

(2.14)

t =
2ki,z

ki,z + kt,z
(2.15)

ki,z und kt,z are z-components of the incident respectively transmitted wave vectors.

For large angles, in case of incident angles αi > 3αc the Fresnel reflectivity can be approx-

imated as:

RF ≈ (
αc
2αi

)4 (2.16)

Multilayer systems

In multilayer systems, the overall reflectivity is a superposition of reflection on all different

layers. Parratt’s algorithm to calculate that overall reflectivity works recursively and uses

for each layer j the ratio Xj between reflected and transmitted intensity.

Xj =
Rj

Tj
(2.17)
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Xj can be written depending on the next layer j + 1 as:

Xj =
Rj

Tj
= exp(−2ikz,jzj)

rj,j+1 +Xj+1 exp(2ikz,j+1zj)

1 + rj,j+1Xj+1 exp(2ikz,j+1zj)
(2.18)

where rj,j+1 is the Fresnel coefficient of layer j.

rj,j+1 =
kz,j − kz,j+1

kz,j + kz,j+1

(2.19)

Influence of layer roughness

Especially for larger angles, the reflected X-ray or neutron intensity strongly depends on

the surface roughness of the sample’s layers. One approach to take the surface roughness

into account is the introduction of the Nevot-Croce factor[48]. For the Nevot-Croce factor,

q2 is defined on either side of the interface and thus replaced by the geometric average q1q2.

The correction for the reflected intensity of a surface with roughness σ is:

RNC = RF e
−q1q2σ2

(2.20)

2.7.5 Reflectometry analysis software: Motofit

For data analysis, the calculated reflectivity of a multilayer model is fitted to the experi-

mental data. In this work, the Motofit-program, which runs on Igor was used [49]. Motofit

uses Parrat’s algorithm and varies coefficients for layer thickness, SLD, and roughness of

the model, as chosen by the user, to reach a least square fit.
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2.8 Reflectometers

2.8.1 Neutron instruments

REFSANS

REFSANS [50] is a reflectometer and GISANS machine at FRM II in Garching, operated

by HZG (Helmholtz Zentrum Geesthacht). The neutron beam is chopped, so a broad

wavelength band can be used. The chopper consists of six blades to ensure that only

neutrons of the chosen wavelength can pass, see fig. 2.4. The chopper blades can be moved

in position, allowing to chose between high flux and high wavelength resolution.

Neutronbeam

time of �ight 
detectormain chopper pair

opening 120°
additional choppers:
wavelength selection

chopper: max 100Hz, typical 10 -24 Hz
Al absorption 4.05 

210 210

neutron puls 1
neutron puls 2

Figure 2.4: The white neutron beam coming from the reaktor is pulsed via six chopper
blades. The wavelength of each neutron is determined by its time of flight.

While neutrons of all wavelength are at the same position, when they pass the chopper,

some time later the neutron pulse is dispersed by the different speed of the neutrons. Each

neutron that hits the detector is recorded with both its position on the detector and its

time of flight and therefore its wavelength.

Typical values for the wavelength are 2 - 10 Å. The reflectometry measurements were

performed at a set of several incident angles with overlapping q-range, e.g. 0.15°, 0.3°, 0.6°,

1.4°, and 2.8°. When the data from all angles is summed up, a continuous data curve up

to a q-value of 0.2 Å-1 can be attained.
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NREX

NREX is a monocromatic reflectometer at FRM II in Garching operated by Max-Planck-

Gesellschaft. It uses a monochromator crystal and operates at 4.3 Å. The reflectometry

data is measured with a θ - 2θ scan.

2.8.2 X-ray instruments

X-ray lab setup

In the X-ray lab machine (fig. 2.5) the radiation is produced via a molybdenum X-ray

tube. A multilayer mirror aligned to the wavelength of the kα line in combination with

a set of slits upstream to the sample position ensures a well defined and monochromatic

beam of 17.4 keV. The sample is mounted into a four-circle goniometer. In the scan, this

goniometer tilts the sample as well as moves the detector on a circle around the sample,

ensuring the specular beam hits the detector.

Figure 2.5: X-ray lab setup: X-ray tube on the left side, monochromatic mirror, four-
circle goniometer, and detector on the right.
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The power of the X-ray generator can be tuned. For small reflection angles or high intensity

peaks (Bragg peaks) a lower voltage and current is used since the beam would otherwise

overload the detector. For larger angles, higher power generates higher intensity and thus

a shorter counting time. The X-ray lab setup can run scans up to large angles and the

beam width can be varied, making the setup suited for a variety of samples, such as lipid

bilayers under water but also highly reflecting multilayer mirrors [6], thin organic films [5],

and lipid multilayer systems [7].

Synchrotron-Beamline D4

In synchrotron X-ray sources, the electrons in the ring are additionally deflected by wigglers

or undulators. Both wigglers and undulators are sets of magnets that induce a sinus move

of the electrons. These magnets are tuned to the chosen energy for the X-rays, but still

emit a broad range of wavelength.

The beamline D4 of HASYLAB / DESY uses a monochromator crystal to filter X-rays

with a chosen wavelength via Bragg-reflection. For the measurements on lipid bilayers,

the energy of the X-rays was set to 20 keV. Since the intensity of the direct beam or the

reflected beam at small angles is to high for the detector, a set of attenuators can be moved

in and out of the beam. The reflectivity curve is collected with a θ - 2θ scan of sample and

detector angle.

2.9 Fluidic chambers for reflectometry and microscopy

All reflectometry measurements were performed in fluidic chambers, that allow for a change

of buffer of the sample and for quality control via optical microscopy. For that purpose,

the chambers contain reservoirs for the buffer and a glass or foil window separated from

the sample surface by a thin channel filled with buffer. The distance between this window

and the surface has to be kept small enough to allow a long distance objective microscope

to still focus on the surface.
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Chamber for X-ray measurements

For X-ray reflectometry, a silicon wafer of 20 mm x 15 mm was glued into a IBIDI-µ-slide

milled out on the top for the size of the wafer. An assembled X-ray sample chamber is

shown in fig. 2.6

Figure 2.6: Fluidic chamber for X-ray measurements and microscopy. Size of the silicon
wafer glued into the chamber is 20 mm x 15 mm.

Chamber for neutron measurements

Neutron measurements were performed on a silicon block of 100 mm x 50 mm x 10 mm

inside a chamber built of aluminum, teflon and a quartz window shown in fig. 2.7 When

the chamber is assembled, the teflon part is put with the window parallel to the block and

screwed close with the aluminum frame.

Figure 2.7: Components of fluidic chamber for neutron measurements and microscopy.
The silicon block size is 100 mm x 50 mm x 10 mm.
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Chapter 3

Results: Anionic lipid bilayers

Natural lipid bilayers, i.e. cellular membranes, exhibit a high order of asymmetry, as

explained in section 2.1. Of special interest is the occurrence of POPS in cell membranes,

as its presence in the outer leaflet serves as a marker for apoptosis.

In artificially produced bilayers, lipids can flip from one leaflet to the other on timescales of

minutes [51]. Therefore even when the initial leaflet composition is defined, as is possible

by depositing the bilayer via the Langmuir-Blottgett technique, the bilayer will restructure.

To sustain the asymmetric lipid composition, a force in the system is needed, favoring one

kind of lipids in one specific half of the bilayer.

SiO2

POPC

POPS

H2O/D2O/bu�ersolution

Figure 3.1: When a lipid bilayer that consists of neutral and negatively charged lipids
is deposited onto negatively charged SiO2, the charged lipids are only found in the leaflet
adjoining the buffer, not the surface.

Such a force appears, when charged lipids are introduced to the electrostatic surface po-

tential of a charged surface (section 2.3). In this case anionic lipids are repelled from the

proximal leaflet by the silicon oxide that also carries negative charge. Such bilayers with
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controlled and high contents of anionic lipids in the outer leaflet are versatile platforms for

studying the interactions between anionic lipids and proteins that are key elements in the

signal transduction pathways in eukaryotic cells [52].

3.1 Asymmetric distribution of anionic phospholipids

in supported lipid bilayers

The work described in this section has been published [1]. The full article is attached in

Appendix A.1.

3.1.1 Sample preparation

POPC/d31POPS (3:1) unilamellar vesicles were spread into a bilayer. The vesicles were

prepared in high-salt-concentration buffer (1.1 M NaCl). When the buffer was exchanged

to DI water, vesicles ruptured and a bilayer formed. Excess lipids were washed away by

flushing the fluidic chamber with buffer (salt concentration 0.15 M NaCl) several times,

until the lipid bilayer looked homogeneous under the fluorescence microscope. Due to the

deuteration of one alkane chain of the anionic POPS, neutron reflectivity on the bilayers

could be implemented to reveal the position and the amount of the POPS in the bilayer.

3.1.2 Neutron reflectometry results

A set of two neutron reflectivity measurements were performed at REFSANS (FRMII)

(chapter 2.8.1). The first measurement was carried out in D2O buffer, the second in

contrast matched (cm) buffer, a mix of 58% D2O and 42% H2O, which has a SLD equal to

that of SiO2. The data and fit of for these measurements is shown in fig. 3.2, D2O data is

depicted in blue, cm data and fit in red. The valley in the SLD model (shown in the inset)

between 28 Å and 58 Å represents the alkane chains of the bilayer.
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Figure 3.2: Reflectivity data and fit of a lipid bilayer spread from vesicles with a lipid
mix of 3:1 d31POPS / POPC in D2O buffer (blue) and cm buffer (red). The bilayer shows
asymmetric leaflets, indicated by the different SLD.

POPC  POPC +
    d31 POPS

Figure 3.3: The head group region of the bilayers are hydrated, as is indicated by the
blue area. The brown line pictures the SLD of a 3:1 d31POPS / POPC bilayer without the
contribution of the buffer.
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Values for the SLD of the lipid’s alkane chains (fig. 3.3) were (-0.34± 0.20) x 10-6 Å-2 for the

bilayer half facing the substrate and (+0.54 ± 0.23) x 10-6 Å-2 for the half facing the buffer.

The right side showed higher SLD indicating the deuterated lipids were congregated there.

Analysis of the exact lipid composition in both leaflets (see fulltext of [1] in appendix A.1)

revealed, that no anionic lipids were present in the leaflet adjoining the SiO2, whereas in the

leaflet facing the buffer the original composition of 3:1 d31POPS / POPC was preserved.

In fig. 3.3, the SLD, without the contribution of the water, and the hydration (calculated

as explained in chapter 2.11) is illustrated. The lipid chain part of the bilayer contained

almost no water (1 - 2 %), but there was hydration in the head group region adjoining the

SiO2. The head groups facing the buffer were also hydrated, but they were hidden in the

transition region between alkane chains and buffer.

The analysis of a 3:1 d31POPS / POPC bilayers showed, that asymmetry in a bilayer could

be preserved by electrostatic repulsion of anionic lipids from a charged surface. The lipid

composition was not a result of lipid flip-flop, but of material transfer of lipids from vesicles

to substrate.

3.2 α-synuclein binding to anionic lipid bilayers

3.2.1 α-synuclein

α-synuclein is a protein occurring in neural cells where it binds to synaptic membranes. It

is medically relevant, since a malfunction of this protein occurs in neural cells of patients

suffering from the neuro de-generative Parkinson’s disease [53], where α-synuclein forms

big aggregates called Lewy bodies [54]. While α-synuclein shows a preference for curved

bilayer (i.e. small vesicles) it also binds to negatively charged flat bilayers.

3.2.2 Sample preparation

The supported lipid bilayer was prepared the same way as in the previous section 3.1.1

with a 3:1 POPC / POPS mix without deuterated lipids. A solution of 1µM α-synuclein

solution in HEPES buffer was added after the first set of measurements.
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3.2.3 Reflectometry results

X-ray

The X-ray reflectivity data and fit is shown in fig. 3.4, with the SLD model in the inset.

A 3 Å thinning of the bilayer and a small loss of contrast between headgroups and lipid

chains was noticeable after addition of α-synuclein. The thinning indicated restructuring

of the bilayer. The loss of contrast could hint to either protein insertion or water inclusion

in the lipid film.
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Figure 3.4: α-synuclein interaction to a supported lipid bilayer: X-ray reflectivity data
and fit of POPC - POPS (3:1) before (blue) and after (green) addition of α-synuclein into
the bilayer. SLD model for the fit is shown in the inset.

Neutron

The neutron data in fig. 3.5 confirms the membrane thinning effect of α-synuclein. Analysis

of the data did not yield significant contribution of the protein to the SLD model within

the precision of measurement, even when deuterated protein was used (measurement with

deuterated α-synuclein is not shown).
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Figure 3.5: α-synuclein interaction to a supported lipid bilayer: Neutron reflectivity data
and fit of POPC - POPS (3:1) at two contrasts: Dark colours are measured in D2O, light
colours in cm. Data and fit before addition of α-synuclein (blue) and after (green). The
cm data is shifted by a factor 10. The SLD model for the fit is shown in the inset.

3.2.4 Interpretation of α-synuclein data

α-synuclein, especially if deuterated, would provide strong contrast in the lipid chain region.

Therefore, the binding of α-synuclein to the membrane must have been limited to the head

group region of the lipid bilayer. The small change of SLD in the chain region represents

a slightly increased amount of water in the bilayer. This increase of water did not occur

in all measurements and is likely due to the instability of the negatively charged bilayer in

the α-synuclein solution, since the α-synuclein was added in HEPES buffer without NaCl.

We interpreted these results as, that by wedging in between the lipid bilayer headgroups,

α-synuclein restructured the membrane. In this case, the thinning would have been caused

by the change in area per lipid while the lipid chains volume stayed constant.
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3.3 Phase separated bilayer

As is shown in the section 3.1, both halves of bilayers can be made up of different compo-

sition in case of a repelling force to one of the lipid species in the mix. On the other hand,

the morphology of bilayers made up of different kind of lipids depends on their phase at

the temperature. When one species of lipids is above its phase transition temperature and

the other below, a de-mixing of the lipids into domains of different phases will occur.

As DPPC has a phase transition at 41 ◦C, and DOPS at -11 ◦C, that phase separation

is the case for bilayers composed of DPPC and DOPS at room temperature. When both

leaflets of the bilayer initially consisted of lipids in different phases, after some time to

equilibrate, both halves of the bilayer are present in the same phase [55]. Additionally, the

charged lipids distribute inside the uncharged matrix to minimize free energy [56]. And,

since both kinds of lipids exist in different phases at room temperature, domain separation

occurs [57].

The question arises, how the bilayer will behave, when the repulsive force from the substrate

works to remove one species of lipids from the lower leaflet? In AFM measurements it has

been shown, that depending on the Ca2+ concentration, the bilayer is structured differently.

Many small domains are present in buffer with 4mM CaCl2. When there is no Ca2+ present

in the buffer (after flushing with EDTA), the lipids de-mix into large areas as is illustrated

in fig. 3.6 [58].

Removal of Ca2+

Domain size ~100nm Demixing of lipids
on larger scale

Figure 3.6: Domain structure of 4:1 d62DPPC / DOPS in Ca2+-buffer (left side) and
EDTA buffer (right side). Without the presence of Ca2+ ions, the small domains are
unstable and the phases separate on a larger scale.
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3.3.1 DPPC-DOPS neutron reflectivity

The reflectometry data and fit of a 4:1 d62DPPC / DOPS bilayer is shown in fig. 3.7. The

measurement was performed at two contrasts, D2O buffer in red, cm buffer in green. Both

buffers contained 4 mM CaCl2. The small oscillations in intensity were caused by the oxide

layer of the silicon, whereas the signal from the bilayer is represented as the shoulder of

the data curve.

In this experiment, DPPC with completely deuterated chains was used. Due to the high

content of deuterium, the alkane chains of the bilayer show up with higher SLD in fig. 3.8

compared to the bilayers shown in the previous sections. In the SLD model for the fit of

the reflectometry data in fig. 3.8 both halves of the bilayer show significant difference in

SLD. The chain region of the bilayer leaflet facing the SiO2 has a SLD of 6.6 x 10-6 Å-2

respectively 6.3 x 10-6 Å-2 in D2O and cm. In the leaflet adjoining the buffer, the SLD is

lower at 5.6 x 10-6 Å-2 respectively 5.3 x 10-6 Å-2.
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Figure 3.7: Reflectometry data and fit of d62DPPC / DOPS (4:1) in D2O buffer (red),
cm buffer (green). The green curve is shifted by a factor of 10 for better visibility. Both
buffers contained 4 mM CaCl2.
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Figure 3.8: Hydration and SLD of a 4:1 d62 DPPC / DOPS bilayer. The lipid chains
of both bilayer halves have different SLD indicating a different lipid composition. As the
DOPS is the component not deuterated, it is contained to the leaflet with lower SLD facing
the buffer.

The analysis of the exact bilayer composition yields, that the leaflet adjacent to the silicon

does not contain any anionic DOPS, whereas the lipid composition of the other leaflet

maintains the original 4:1 mix of the vesicles in accordance to the results of chapter 3.1.

The electrostatic forces repulsing the anionic lipids from the surface prevents anionic lipids

from flipping into the other leaflet as it would be normally observed for bilayers in mixed

phases [55].
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3.3.2 In plane structure of bilayer depending on Ca2+ presence

Neutron reflectometry suppresses any information not contained in the specular reflection

and therefore provides no information about lateral sample structure. In GISANS (grazing

incident small angle neutron scattering) the off-specular signal is analyzed [59] and thus

the in-plane structure of an interface can be analyzed [60]. GISANS has been successfully

employed to study the structure of polymers [61] and porous metallic structures [62].

We employed GISANS to observe the domain structure differences in the d62DPPC / DOPS

bilayer with and without the presence of Ca2+ ions. When the Ca2+ was removed via flush-

ing the chamber with EDTA buffer, the small domains should disband as a de-mixing of

lipids on a larger scale occurs [58]. Since the domains changed significantly in size, the

difference in both bilayer conformations should be visible in a GISANS recorded from the

sample.

GISANS data

The GISANS measurement of the 4:1 d62 DPPC / DOPS was performed at an incident

angle of 0.5°. A radial collimator focuses several neutron beams on the sample, that meet

up in one spot on the detector to maximize intensity. The intensity of the detector is

summed up over a range of wavelength. In fig. 3.9 the GISANS images for wavelengths

between 2 Å and 4 Å are shown in Ca2+buffer (a) and in EDTA buffer (b).

Yoneda peak

The Yoneda peak occurs when either incident angle αi or the scattered angle αf is at the

same value as the critical angle of total reflection αc. Since the incident angle for GISANS

is fixed and αi > αc, a yoneda peak occurs at:

αf = αc (3.1)

Its intensity depends on scattering contrast in the interface. That contrast can be a result

of roughness or, as in the presented case, by domains of different SLD in the interface.
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Figure 3.9: GISANS maps of 2 - 4 Å of d62 DPPC - DOPS (4:1) in Ca2+-buffer (a) and
in EDTA-buffer (b). Intensity line cuts through the Yoneda peak, indicated by the red
and green lines in the maps, are plotted in (c).

There is a significant difference in the intensity at the position of the Yoneda peak in

the two images shown in fig. 3.9 a) and fig. 3.9 b): The peak intensity decreases after

removal of Ca2+. The position of the Yoneda peak is indicated with a red line in 3.9 a)

(Ca2+-buffer) and a green line in fig. 3.9 b) (EDTA buffer). In fig. 3.9 c) these linecuts

are plotted for direct comparison. When the small domains dissolved, the contrast in the

lipid bilayer film was reduced, which diminished the intensity of the Yoneda peak.



32 3. Results: Anionic lipid bilayers



Chapter 4

Results: Tethered lipid bilayers

Part of the work described in this chapter has been published [2]. The full article is attached

in Appendix A.2.

One of the ideas to make an artificial lipid bilayer on a solid surface more natural is to

elevate the lipid bilayer via a polymer cushion to preserve the deformability [63] and allow

for fluctuations [64]. For stability, the bilayer can be tethered to the surface. There are

a variety of systems that use different methods to archive that aim [65]. Some graft the

whole lower leaflet [66] or individual lipids [67] to the surface, while others use a tethered

trans membrane protein as anchor inside the bilayer [68].

In this work, the chosen system is that of a PEG-tethered lipid bilayer (TLB). PEG coatings

are widely used to passivate surfaces against non-specific protein adsorption and are neither

charged nor hydrophobic, and therefore not expected to exert significant influence on the

bilayer characteristics. On pure PEG surfaces however, lipid bilayers do not spread. This

conflict was resolved using PEG functionalized with lipids.

The work presented in this chapter is a continuation of earlier experiments conducted by

Christian Daniel, who developed the TLB system [69]. Here, the method of lipid deposition

was changed to spin-coating. With spin-coating the amount of lipids deposited to the

surface could be regulated, and thus lipid inclusion in the PEG layer, which occurred in

the earlier experiments, was prevented.
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Figure 4.1: Sketch of the TLB system. The direction of the incident beam was from the
buffer for X-rays and from the silicon for neutrons. The AFM tip compresses the bilayer
and the PEG cushion from the top.

The TLB system structure and hydration was fully characterized using a combination of

neutron and X-ray reflectometry. Diffusion of fluorescence dye labeled lipids was deter-

mined with FRAP. Additionally, the deformability of the system was proven with AFM

indentation. This deformability of the system also showed when the neutral buffer of the

system was exchanged for carbonate buffer with pH 10 and the PEG cushion decreased in

thickness.

4.1 TLB substrate without bilayer

4.1.1 Preparation of TLB substrates

The preparation of the TLB was a multi-step process [69]: after the surface was cleaned

with a RCA cleaning process, the surface was functionalized via silanisation with octenyl-

trichlorsilane. The alkane chains of the silane were oxidized in the next step. NHS chem-

istry was employed to link the PEG lipids to the surface through a peptide bond. Last,

the NHS process was repeated with shorter chained PEG to fill the remaining gaps in the

existing PEG layer. The chemical structure of the completed SLB substrate is shown in

fig. 4.2.
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Figure 4.2: Chemical structure of the TLB substrate: PEG and PEG lipid grafted to
SiO2 surface.

4.1.2 X-ray reflectometry of TLB substrate in air

In X-ray reflectometry measurements at the air solid interface, both in in dry and humid

air (fig. 4.3), the PEG cushion is visible as a bump in the reflected intensity curve.
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Figure 4.3: TLB substrate in air: In red the reflected intensity and fit at RH 30%, in
blue at RH 100%. The electron density, calculated from the SLD is shown in the inset.
For comparison, the electron density of water is indicated by a green line.
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The reflectivity data changed with the hydration of the air, as the film on the surface

changed when PEG absorbed water from the surrounding humidity and swelled. In dry

air at RH 30% (red curves in fig. 4.3), the electron density of the PEG layer is lower than

the theoretical value for PEG of 0.33 Å-3 indicating that the PEG layer is slightly porous.

When the system was exposed to air saturated with humidity (blue curves in fig. 4.3), wa-

ter was absorbed into the PEG. This caused the hydrophobic lipid tails to be pushed out

of the hydrated PEG. The lipid tails appeared as an extra layer in between the PEG and air.

4.2 Lipid bilayer on the PEG-tether cushion

4.2.1 Bilayer deposition

The lipids were mixed to contain 0.5% fluorescent lipids (Texas Red - DHPE) overall, dis-

solved in 2-propanol, and spin-coated on the PEG-lipid substrates.

For X-ray samples, 100 µL solution in 2-propanol (1.5 mg/mL) was spin-coated with a

two-step program: 2 s at 2000 rpm followed by 90 s at 3000 rpm. For the neutron samples,

spin-coating speed had to be reduced due to the bigger sample size. They were prepared

with 2 mL of solution for 5 s at 700 rpm and 90 s at 1000 rpm. Residual solvent was

evaporated in vacuum for several hours.

After insertion of the sample into a fluidic chamber and filling of the chamber with buffer

or de-ionized water, the samples were flushed several times to remove excess lipids. Before

the reflectometry experiments, every sample was controlled with fluorescence microscopy

to confirm the homogeneity and the absence of excess material.
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4.2.2 Diffusion in tethered lipid bilayers

The diffusion constant of Texas Red-labeled lipids was determined using FRAP (see chapter

2.5.1). The FRAP images taken every 340 µs are shown in fig. 4.4. As a reference, a lipid

bilayer without PEG cushion or tethered lipids was prepared and measured under the same

conditions. Since diffusion constants determined by different methods or under different

conditions vary [70], we chose to compare with our reference sample instead of literature

values for lipid bilayers.

20µm

Figure 4.4: FRAP pictures of TLB. Time delay between pictures is 340 µs. After the
first image, an area is bleached with a laser and back-difffusion of dyed lipid is recorded to
determine the diffusivity.

The POPC reference bilayer on silicon oxide surfaces without tethered lipids shows a

diffusion constant of (2.4 ± 0.1) µm2/s. The TLB shows a diffusion constant of (2.1 ±
0.1) µm2/s, which is only 12% lower than that of the reference bilayer without any grafted

lipids as obstacles.

The lipids grafted to the surface, which make up (11.5 ± 3)% of the total lipids, are not

fully immobilized. Thermal energy fluctuations in the end-to-end distance of the PEG

chain allow the tethered lipid movement, as illustrated in fig. 4.5. For PEG with a weight

of 2kDa, this end-to-end length change can be estimated to about 3 Å [71]. Hence, lipids

can move about 8 Å, which is about twice the distance between the center of two lipids in

the bilayer.
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Figure 4.5: Sketch of lipid mobility in the bilayer: The tethered lipids can move up to
the place of their once removed neighbors.

4.2.3 Neutron and X-ray reflectometry

Reflectivity data of the TLBs and least-squares fits to the data of both the neutron and the

X-ray experiments are shown in fig. 4.6, the X-ray data in red and neutron measurements

in blue (in D2O) and green (in D2O/H2O mix). The associated SLD models is found in

the inset.

The five oscillations in the red curve were caused by the TLB. In the neutron data curve,

the fast oscillations were caused by the oxide layer, the TLB was visible in the underlaying

broad shoulder of the blue data curve. The SLD models for all fits are shown in the inset of

fig. 4.6. The red SLD model for X-ray data is shown on an inverted z-scale for comparison

to the neutron results. This inversion is due to the incident beam being directed through

silicon in the neutron measurements and through water in the X-ray measurements.

For X-rays, four layers were distinguishable: the 55 Å hydrated PEG cushion at about

the same SLD as water, both head groups with higher SLD and the lipid chains with the

lowest SLD. A three-layer model consisting of silicon oxide layer, PEG layer, and lipid

chain region was used to fit the neutron measurements. For neutrons, resolution was not

good enough to distinguish the hydrated head groups from the bulk buffer or hydrated

PEG, they were included in the transition.

The thicknesses for the PEG layer and the lipid bilayer, as determined from the neutron

fits, were consistent with those from the X-ray measurements. The lipid bilayer for the

neutron measurement was prepared with lipids that have one deuterated alkane chain

(d31POPC). The SLD of the lipid bilayer region was found at (2.5 ± 0.2) x 10-6 Å-2 which
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Figure 4.6: X-ray (red), neutron in D2O (blue) and neutron in D2O/H2O mix (green)
reflectometry data of TLBs. The SLD models are shown in the inset, for X-rays, the z-axis
is inverted.

is in compliance to theoretical values for partially deuterated alkane chains. The hydrated

PEG had a SLD of (4.94 ± 0.11) x 10-6 Å-2 in D2O and (3.15 ± 0.07) x 10-6 Å-2 in the

D2O/ H2O mix.

In fig. 4.7a) the electron density of all layers, calculated from the SLD of the X-ray model,

is shown. The contribution of each layer is illustrated by an error function in different

colors, grey for the silicon oxide, purple for the PEG, red for the lipid heads, green for the

alkane chains and blue for the water.

The hydration for the PEG and the lipid layer was extracted from the neutron measure-

ments and calculated with the formula given in chapter 2.7.3. The profile for the hydration

is illustrated in fig. 4.7b).
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alkane chains and blue for the water. b) Hydration of PEG and lipids, extracted from the
models for X-ray and neutron fit.

This difference in SLD of both neutron measurements indicates a hydration of (90 ± 3)%

for the PEG region. In contrast, the lipid chain region shows no hydration, its SLD did

not change with the change of contrast in the water.

The combination of X-ray and neutron reflectometry confirm the presence of a well-defined

bilayer separated from the substrate by a highly hydrated PEG cushion.
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4.2.4 AFM

AFM was used on the TLBs confirm thickness measured with reflectometry, and deter-

mine deformability and softness with indentation experiments. AFM was performed in a

cooperation with Frank Stetter, following his protocol [28]. More than 50 force - distance

curves of an AFM tip approaching the surface and puncturing the TLB are superposed in

fig. 4.8.
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Figure 4.8: AFM indention into the TLB: When the tip approaches the surface, it first
deforms the system starting at 120 Å from the surface. At 80 Å the tip breaks through
the lipid bilayer.

The tip deformed the bilayer and a repulsive force rose starting at a distance of 120 Å.

The force increased up to a distance of about 80 Å as the TLB system was compressed.

At that distance, the lipid bilayer ruptured, the underlaying PEG gave way, and the AFM

tip approaches the rest of the distance to the surface.
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For supported lipid bilayers sitting directly on SiO2 the repulsive force was observed starting

at around 65 Åand the collapse occurred at around 45 Å. The TLB was deformed twice

as much before the tip broke through the lipid membrane. The blue compression curve in

fig. 4.8 represents an analytical solution for a tip radius of 20 nm, a Poisson ratio of 0.5

and 20 MPa for the Young modulus as parameters for the mechanical Hertz model.

4.3 Change in thickness of the PEG cushion in car-

bonate buffer

The TLBs were stable and their structure unchanged under a variety of different buffer

conditions, e.g. PBS-buffer, TRIS-buffer and DI-water. However, when the buffer was

exchanged for carbonate buffer with pH 10, a significant change was observed in the system.

In fig. 4.9 the reflectivity data and fits for neutral pH (blue) and pH 10 (purple) are plotted

together for direct comparison. The cm measurements for this system were also analyzed

and confirm the dehydration, but are not shown here.

After change of the buffer to the carbonate buffer with pH 10, the PEG layer was reduced in

thickness by 13 Å as can be seen in the inset of fig. 4.9. The reduced thickness went together

with a reduced hydration from 90% to 87%, as the amount of PEG on the surface stayed

constant. This proves further, that the PEG cushion is flexible and can be compressed.

PEG is inert and does not change charge at changed pH. The SiO2 surface on the other

hand changes charge, which influences the behavior of charged molecules inside the PEG.

Additionally, the carbonate molecules might be less solvable in the hydrated PEG due to

their size and thus induce osmotic effects.
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of the PEG cushion in carbonate buffer. SLD models for the fits are shown in the inset.
a) X-ray reflectivity and fit, blue at neutral pH, purple in carbonate buffer at pH 10. b)
Neutron reflectivity in D2O and fit.
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Chapter 5

Results: Surfaces for cell motility

and attachment

In the intersection of inorganic surfaces with living matter, occurring i.e. in the develop-

ment of biomedical devices, artificial organs, and bio-sensors, it is crucial to gain a clear

understanding of the interaction of these materials with biological tissues at the cellular

level. Cell adhesion to artificial materials is affected by the surface properties such as

wettability, roughness, surface charge, and chemical functionalities.

Cells adhere to surfaces via membrane proteins [72]. The effectiveness of cell adhesion

and the migration behavior can be controlled by variation of the surface coating. In this

chapter the structure of such coatings is associated with cell behavior on these surfaces.
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5.1 Fibronectin adsorption to grafted PEG surfaces

and cell motility

The work described in this section has been published [3]. The full article is attached in

Appendix A.3 .

Pluronic F-127 PLL-g(3.5)-PEG(2) PLL-g(3.5)-PEG(5)

Figure 5.1: Sketch of cells on different surfaces.

Cell repellent polymers are often used to passivate surfaces in order to avoid cell adhe-

sion. But the repulsive character of polymer surfaces varies, as protein adsorption and

interaction of cells with the surface depends not only on the choice of polymer but also

on its conformation. A polymer commonly used for such passivation is PEG. In previous

studies, cells were shown to migrate across PEG surfaces [23]. We analyzed the structure

and interaction of the cell adhesion protein fibronectin (FN) with three different PEG sur-

faces with neutron reflectometry. Those results combined with fluorescence microscopy to

study the behavior of cells on these surfaces provides an understanding of the mechanisms

underlying the different interaction of cells with different PEG surfaces.

5.1.1 PEG surfaces

There are a variety of techniques to coat surfaces with PEG polymers. Here, we used

two block copolymers, Pluronic (PPO-PEG) and PLL-g-PEG. For both coatings the PEG

made up the polymer layer distant to the surface, and PPO respectively the PLL acted as

backbone sticking to the surface. The structure of both polymer films is illustrated in fig.

5.2.
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Figure 5.2: Structure of Pluronic and PLL-g-PEG: the PPO backbone sticks to hy-
drophobic surfaces and the PLL backbone anchors the PEG via electrostatic adsorption.

Pluronic

Pluronic is a block copolymer consisting of PEG and poly-propylene oxide (PPO). It ad-

sorbs to hydrophobic surfaces. The silicon oxide surfaces were treated with hydrophobic

silanes before the Pluronic coating is applied.

PLL-g-PEG

PLL-g-PEG adsorbs to hydrophilic glass surfaces through electrostatic interaction. The

substrates were treated in the plasma - cleaner before incubation with PLL-g-PEG. We

used two different length of PEG, 2 kDa (PEG(2)) and 5 kDa (PEG(5)), to study the

influence of polymer length.
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5.1.2 Neutron data and fits

Neutron reflectometry at two different contrasts disclosed the differences in structure and

hydration of the three PEG surfaces. After the first set of measurements, FN solution with

a concentration of 50 µg / ml was added to the fluidic chambers and the reflectometry

measurement repeated after at least 1 h incubation time for the protein.

Pluronic

The SLD model for the Pluronic coated surface is shown in fig. 5.3, with the reflectometry

data and fit in the inset. The red curve represents the model for the D2O measurement,

the blue curve the one in contrast matched buffer (cm) and the dark red the model for the

D2O measurement after addition of FN.
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Figure 5.3: SLD model for a Pluronic surface in D2O (red) and cm (blue). The dark red
curve is the model for the data recorded after addition of FN, which is the same as before.
In all cases the data could be fitted with just one layer. Data and fit is shown in the inset.
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The data could be fitted with only one layer on the SiO2 with (45 ± 1)% hydration and a

thickness of (28 ± 1) Å. This result indicates that the PEG was laying flat on the surface

and coiled back on itself instead of reaching out into the buffer. There was no change in the

system after the addition of FN, therefore the protein did not interact with the polymer

covered surface.

PLL-g-PEG

The SLD model for the two PLL-g-PEG coated surfaces is shown in fig. 5.4, with the

reflectometry data and fit in the inset. Red colored curves represent the D2O, blue colored

curves the cm measurement. The dark colored curves were recorded after addition of FN.

The data from the PEG(2) system could be fitted with a two layer model, distinguishing the

PLL and the PEG layer. The PLL had a thickness of (23 ± 1) Å for PEG(2) and (28 ± 1) Å

for PEG(5). The PEG(2) layer was (51 ± 1) Å thick. The PEG of the PLL-PEG(5) sample

thinned out gradually into the buffer after (68 ± 3) Å. Therefore, an additional layer with

slowly decreasing PEG density had to be added onto the homogeneous PEG layer.

Fits for the data yielded a low hydration for the PLL layer (31 ± 5% for PEG(2) and

37 ± 3% for PEG(5)). The PEG was highly hydrated (90 ± 1% for PEG(2)and 84 ± 1%

for the homogeneous part of PEG(5)) and reached out into the buffer.

When FN was introduced to the PLL-g-PEG covered surfaces, the film changed. The main

part of this change occurred in the PLL layer, which seemed to increases in thickness and

has an additional mass coverage after addition of FN. It was not possible to separate this

layer into two and therefore spacial differentiation between FN and PLL was impossible

in our results. Reason for that could be either, that the FN penetrated into the PLL

layer or that PLL and FN form two layers with similar SLD on top of each other. The

additional mass on the surface attributed to the FN was (0.4 ± 0.2) mg/m2 for PEG(2)

and (0.7 ± 0.2) mg/m2 for PEG(5).
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Figure 5.4: SLD models for the PLL-g-PEG systems: Red represents the D2O measure-
ments, blue the measurements in cm-buffer. Dark red and dark blue colored curves were
recorded after addition of FN. The SLD model consists of one layer for the PLL and one for
the PEG. For PEG(5) the PEG thinned out gradually whereas for PEG(2) the transition
from PEG to buffer was immediate. After addition of FN, the layer adjoining the SiO2

increased in thickness, indicated by the green area, which represents contribution of the
FN. Data and fit is shown in the inset.
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PEG confirmation and FN adsorption

As was shown in the previous section, in case of Pluronic treated surfaces, the PEG was

laying flat on the surface and folds back on itself instead of reaching out into the buffer

(pancake). Water was repulsed from the PEG layer due to the close proximity to the

hydrophobic surface which the PEG shields against. The polymer behavior was caused

mostly by hydrophobic effects. No change in the system was observed after the addition

of FN, indicating that the protein did not reach the surface through the dense PEG layer,

which agrees with results on similar studies [73].

In contrast, the highly hydrated PEG layer of the PLL-g-PEG behaved as a grafted polymer

brush. Since the longer PEG(5) chains were more stretched out, the hydration was lower

close to the surface. At some distance to the surface, the polymer thinned out, whereas the

PEG(2) had homogeneous density lower than the PEG(5) close to the surface. The higher

density PEG(5) allows more FN to penetrate and adsorb. This result is in compliance

to other studies, where denser, and thus more ordered, PEG proved to be less protein

resistant [74].

5 kD
a

PLL-PEG(5)

2 kD
a

PLL-PEG(2)

Protein PEG PPO PLL

4.4 kD
a

Pluronic

Figure 5.5: FN interaction into the polymer: on Pluronic, the FN did not adhere to the
surface. On the PLL-PEG systems, FN passed through the PEG layer and adhered to the
PLL. The longer chained PEG(5) allowed more FN to adhere than the PEG(2).

After the FN had penetrated through the PEG layer, it could attach to the surface electro-

statically. The adsorbed PLL left a net positive charge providing an attractive force for

the negatively charged FN. The increase in thickness caused by the FN for both PLL-PEG

samples is quite small compared to the diameter of FN, which suggests denaturation and

/ or a mixing of the FN into the PLL layer.
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5.1.3 Cellular behavior on the different PEG and FN surfaces

Cell morphology and spreading area

For the study of cells, all surfaces were exposed to FN solution. Adeno carcinoma cells

A549 with stained plasma membrane were seeded onto the surfaces after washing of the

FN solution. The morphology and motility of the cells was studied with a fluorescence

microscopy.

Pluronic PLL-PEG(2)

PLL-PEG(5) FN

Figure 5.6: Microscopy images of adeno carcinoma cells on PEG and FN surfaces. The
size and shape of the cells varied with the surface: round and small on Pluronic, more
elongated on PLL-PEG(2). On PLL-PEG(5) and FN cells spread the most. The scale bar
corresponds to 100 µm

The cell morphology is shown in fig. 5.6. On Pluronic, cells covered only a small area and

were round shaped. The contact area to the substrate was even smaller than the projection

of the cell on the microscopy image. On the PLL surfaces, the cell shapes were elongated,

on the PEG(5) even more than on PEG(2). The shape of cells on PEG(5) was similarly

spread out as on the reverence surface of pure FN.
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Figure 5.7: Comparison of spreading areas per cell: On Pluronic, cells round up and
only have minimal contact to the surface. On the PLL-PEG sufaces, cells can spread out,
on PEG(5) more than on PEG(2).

In fig. 5.7 the area covered by the cells are compared on the different surfaces. On PLL-

PEG(5) cells covered areas of the same size as on FN whereas they covered less on PLL-

PEG(2) and had the smallest size on Pluronic. Cells spread on the surfaces via attaching

with proteins to adhesion sites on the substrate. In our samples, those adhesion sites were

provided by the FN. The adhesion site density of the PLL-PEG(5) surface seems to be

enough for the cells to reach full spreading.

Cell migration

When cells migrate, they have to detach their anchors at the rear and form new ones in

the direction of movement. In fig. 5.8 the migration behavior is illustrated via trajectories

and mean square displacement curves. On Pluronic, cells did not move. On PLL-PEG(5),

cells moved the fastest. Since both attaching to and detaching from the anchor points

takes time, the cell speed is highest when there are enough attachment sites to reach full

spreading of the cell but not more. That was the case for the PLL-PEG(5). In case of

the PLL-PEG(2) and the pure FN, cells were slowed down by too few and too many sites,

respectively.
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Figure 5.8: Trajectories (a) and mean square displacements (b) of cells on different PEG
and FN surfaces. The motion of cells resemble ballistic motion for short timescales and
diffusive for longer. (c) Cells move the fasted on PLL-PEG(5) and not at all on Pluronic.
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5.2 Neural cell attachment surfaces

The work described in this section has been published [4]. The full article is attached in

Appendix A.4.

Different cell types prefer different surfaces for attachment. These surfaces can be tuned in

structure and softness in order to fulfill the the characteristic needs of the cells. Neural cells

are sensitive to their surrounding. Therefore, development of a coating adjusted to there

needs is a prerequisite for their study. Here, we prepared and analyzed a film consisting

of three layers that coated a SiO2 surface and concluded in a peptide layer specifically

synthesized for neural cell attachment.

H2O/D2O/bu�ersolution

Silicon oxide

(AK-cyclo[RGDfC])

SOPC

Streptavidin
Biotin

Figure 5.9: Structure of the three layer film for neural cell attachment.
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5.2.1 Film preparation

In order to get a controlled homogeneous surface, the coating was performed in three

steps. First, a bilayer of SOPC lipids, that contained 2% biotinylated lipids, was formed

via spincoating, hydrating and flushing. Second, streptavidin was added in solution and

incubated to bind to the biotin. The attachment of streptavidin to biotin is specific and

strong and thus well suited for controlled attachment of molecules. In the final step, AK-

cyclo[RGDfC], a synthetic protein that contains a high concentration of RGD-peptides

and biotin anchors was added. Neural cells can attach to those RGD-peptide groups. The

structure of the complete film is sketched in fig. 5.10.

Figure 5.10: Molecular structure of the synthetic cell attachment protein AK-
cyclo[RGDfC].

5.2.2 X-ray and neutron reflectometry

Neutron and X-ray reflectometry measurements of the trilayer system provided informa-

tion about the inner structure. The data and fit to the data is shown in fig. 5.11. The

combination was chosen since X-rays (blue curve) provided higher resolution. Neutron

reflectometry was performed at two different contrast to extract hydration, first in D2O

(green curve), then in contrast matched (cm) buffer, a mix of D2O and H2O equalized to

the SLD of SiO2 (red curve).

For the X-ray data, the q-range was up to 0.7 Å-1 which allowed us to resolve thin layers

such as the lipid head groups, which are only a few Å sized. The four oscillations visible in
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Figure 5.11: Neutron and x-ray reflectometry data and fit of the neural cell attachment
film: the lower graph shows the same neutron data zoomed in for better visibility.

the X-ray curve mostly represented the lipid bilayer, as it provided the most contrast for

the X-rays. The additional protein layers were visible in the substructure of the oscillations.

The rapid oscillations in intensity in the neutron data and fit (lower graph as zoom in)

originated from the SiO2 layer and are not included in the SLD models shown in fig. 5.12.

There were two shoulders visible for both D2O and cm data, which were less broad than the

oscillations in the X-ray curve, as for neutrons there is also strong contrast in the protein

layers of the film.

Data of the neutron and X-ray measurement were fitted together using the “global fit”

option of Motofit. The SLD models from the fit are shown in fig. 5.12. The whole film

was visible from all three data sets, but neutrons provided much higher contrast for the

film than X-rays. Especially areas of high and low hydration could be easily distinguished

from the differences in the two neutron SLD models.
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Figure 5.12: SLD for the neural cell attachment surface: X-ray SLD in blue, neutron
SLD in D2O green, and neutron SLD in cm red

Fig. 5.13 shows the hydration of the different layers of the sample, extracted from the SLD

models of the neutron fit. Below the hydration curve is a sketch of the components. The

area where the biotin linkers in between lipids and streptavidin are located was highly

hydrated, since only 2% of lipids contained a biotin anchor. Therefore the surface covering

of the biotin layer is low and hydration in that region is high. Both hydrophilic head group

layers of the lipids also show a hydration of 55%. In contrast, the lipid chain region and

the protein layers, both streptavidin and AK-cyclo[RGDfC], do not contain much water.

This indicates a densely packed protein layer and is therefore promising for good neuron

attachment.

Figure 5.13: Hydration of the neural cell attachment system. Below the hydration curve,
the components are sketched.
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5.2.3 Microscopy of cells

The neural cell attachment surfaces were tested by analyzing the spreading behavior of

green fluorescent protein (GFP) expressing neural stem cells. The cells were exposed to

three different surfaces: a plain lipid bilayer (SOPC), a lipid bilayer covered with strepta-

vidin and the AK-cyclo[RGDfC] system. Microscopy images and sketches of the cell form

are shown in fig. 5.14. On both SOPC and streptavidin the cells were spherical shaped

and did not spread. On the AK-cyclo[RGDfC] surface on the other hand, rapid spreading

of the cells was observed.

Figure 5.14: Microscopy images of GFP expressing neural stem cells: cells round up on
a lipid bilayer (a) or a streptavidin layer (b), whereas they spread out and attach to the
AK-cyclo[RGDfC] coated surface (c).
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Conclusion

Neutron reflectometry measurements with contrast variation provided insight into the com-

position of different films on the solid-liquid interface. In this work, this technique was used

in combination with X-ray reflectometry, fluorescence microscopy and AFM to characterize

films built up of lipids, proteins and polymers on silicon oxide supports under water. For

neutrons, there is a big difference in the scattering length of normal hydrogen atoms and

deuterium atoms. Therefore, all neutron measurements were performed in D2O buffer and

in a mix of D2O and H2O buffer. The difference in the results of those two measurements

provided detailed depth information about hydration of the system. The same effect of

variation of contrast via deutration was used when lipid bilayers composed of two kind of

lipids were prepared with one species of partially deuterated lipids.

X-ray reflectometry complemented the neutrons measurements and provided higher res-

olution of thin films, with the drawback of low contrast for hydrated organic samples.

With AFM indentation, surfaces were probed mechanically measuring softness and deform-

ability. Whereas with reflectometry the signal is gathered from the whole macroscopic

sample surface, AFM investigates locally with a small tip. Fluorescence microscopy was

employed both for verification of sample quality before the reflectometry experiments and

for observation of cells on surfaces.

Lipid bilayers containing anionic lipids were shown to have asymmetric lipid distribution

across the two leaflets. In the half of the bilayer adjacent to the silicon oxide, only neu-

tral lipids were found, as anionic lipids are repulsed electro-statically from the negatively

charged surface. This asymmetry was also observed in a second project, where the deuter-

ated lipids were in the liquid ordered phase whereas the other lipids were in the fluid

phase.



62 Conclusion

Lipid bilayers were cushioned on a highly hydrated PEG polymer layer in the next project.

In that system, individual lipids of the lower leaflet anchored the bilayer to the substrate.

Diffusion of the lipids was only slightly reduced, as measured in a FRAP experiment.

The tethered lipid bilayer could be deformed with the tip of an AFM twice as much as

a bilayer directly sitting on the solid support before it ruptured. When the system was

exposed to carbonate buffer at pH 10, the PEG cushion decreased in thickness. Both those

results proved that the highly hydrated PEG cushion makes the bilayer flexible in respect

to deformation. This characteristic brings the tethered lipid bilayer closer to a natural

membrane as it allows for fluctuations and bending.

For many cell adhesion surfaces a fibronectin (FN) covering is employed. On the contrary,

PEG is often used to passivate surfaces and inhibit both protein adsorption and cell adhe-

sion. In this work, we showed that this inhibition depends strongly on the conformation of

the PEG: On PLL-PEG covered surfaces treated with FN cells could still attach and mi-

grate whereas on Pluronic cells do not attach. The reason for this, as revealed by neutron

reflectometry, was that the pancake conformation of the PEG in the Pluronic repulsed the

FN, whereas in the PLL-PEG FN adsorbed to the backbone of the copolymer.

Lipid bilayers were combined with protein layers to obtain more complex systems. The aim

was to provide neural cells with a dense mono-layer of a synthetic cell adhesion protein.

This was realized via covering the lipid bilayer with a streptavidin layer and settling the

cell adhesion protein on top of that. For both interlayer links biotin was used, in the form

of biotinylated lipids and biotin anchors attached to the cell adhesion protein. Thus a

smooth densely packed mono-layer of the cell adhesion protein was achieved.



Outlook

This work provides fundamental understanding of several films on the solid-liquid interface.

In future, such systems can be employed for a variety of biophysical applications.

Many of the cellular processes take place in the proximity of cell membranes, therefore,

artificial membrane systems are a prerequisite as model systems to study these complex

mechanisms. The proteins involved are often incorporated into or associated to the mem-

branes [75]. Due to their own amphiphilic nature, they need the lipid bilayers in order

to preserve their natural structure. In an artificial system, for transmembrane proteins,

hydration beneath the bilayer, as is the case for the TLBs, is essential [76].

For the study of single cells and their functions, a well defined matrix is indispensable [77].

The understanding of polymer, protein, and cell interactions gained in this work can be

employed to specially tune systems. As organisms react actively to their surrounding, this

tuning is necessary to archive the desired behavior.

Cell adhesion coatings are also employed on interfaces between living tissue and foreign

matter, as it is the case for medical implants, where protein adsorption depends on the

surface [78]. For longevity and to avoid immune rejection, such surfaces have to be specially

engineered [79].

The combination of neutron reflectometry measurements with a variety of other techniques

proved successful for many organic films on surfaces in hydrous environments. In future,

these techniques can also be applied to films produced by cells themselves in order to

observe living systems [80].
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B. Nickel, and J. O. Rädler. Cell Motility on Polyethylene Glycol Block Copolymers

Correlates to Fibronectin Surface Adsorption. Macromol. Biosci., 14 (12): 1755–63,

2014.

[4] M. Huth, S. Hertrich, G. Mezo, E. Madarasz, and B. Nickel. Neural stem cell spreading

on lipid based artificial cell surfaces, characterized by combined x-ray and neutron

reflectometry. Materials, 3 (11): 4994–5006, 2010.

[5] J. Howgate, S. J. Schoell, M. Hoeb, W. Steins, B. Baur, S. Hertrich, B. Nickel, I. D.

Sharp, M. Stutzmann, and M. Eickhoff. Photocatalytic cleavage of self-assembled

organic monolayers by uv-induced charge transfer from gan substrates. Advanced

Materials, 22 (24): 2632–2636, 2010.

[6] A. Guggenmos, R. Rauhut, M. Hofstetter, S. Hertrich, B. Nickel, J. Schmidt, E. M.

Gullikson, M. Seibald, W. Schnick, and U. Kleineberg. Aperiodic crsc multilayer

mirrors for attosecond water window pulses. Opt. Express, 21 (19): 21728–21740,

2013.

[7] S. Jaksch, F. Lipfert, A. Koutsioubas, S. Mattauch, O. Holderer, O. Ivanova, H. Friel-

inghaus, S. Hertrich, S. F. Fischer, and B. Nickel. Influence of ibuprofen on phospho-

lipid membranes. Phys. Rev. E, 91 (2): 022716, 2015.



66 Bibliography

[8] http://www.merriam-webster.com/dictionary/biophysics.

[9] G. M. Cooper. The Cell: A Molecular Approach. Sunderland (MA): Sinauer Asso-

ciates, 2000.

[10] R. W. Tsien, P. Hess, E. W. McCleskey, and R. L. Rosenberg. CALCIUM CHAN-

NELS: Mechanisms of Selectivity, Permeation, and Block. Ann. Rev. Biophys. Bio-

phys. Chem., 16: 265–290, 1987.

[11] D. Ungar and F. M. Hughson. SNARE protein structure and function. Annu. Rev.

Cell Dev. Biol., 19: 493–517, 2003.

[12] M. A. Lemmon and J. Schlessinger. NIH Public Access. Cell, 141 (7): 1117–1134,

2010.

[13] L. J. F. Jones, R. Carballido-Lopez, and J. Errington. Control of Cell Shape in

Bacteria: Helical, Actin-like Filaments in Bacillus subtilis. Cell, 104 (6): 913–922,

2001.

[14] M. Welte. Bidirectional transport along microtubules. Curr. Biol., 14 (13): R525–37,

2004.

[15] E. Sackmann. Supported membranes: scientific and practical applications. Science,

271 (5245): 43–48, 1996.

[16] J. A. Zasadzinski, R. Viswanathan, L. Madsen, J. Garnaes, and D. K. Schwartz.

Langmuir-Blodgett Films. Science, 263 (5154): 1726–1733, 1994.

[17] A. G. Lee. How lipids affect the activities of integral membrane proteins. Biochim.

Biophys. Acta, 1666 (1-2): 62–87, 2004.

[18] I. P. McCabe and M. B. Forstner. Polymer Supported Lipid Bialyers. Open J. Bio-

phys., 03 (1A): 59–69, 2013.

[19] T. Charitat, E. Bellet-Amalric, G. Fragneto, and F. Graner. Adsorbed and free lipid

bilayers at the solid-liquid interface. Eur. Phys. J. B, 8 (4): 583–593, 1999.

[20] S. Nirasay, A. Badia, G. Leclair, J. P. Claverie, and I. Marcotte. Polydopamine-

Supported Lipid Bilayers. Materials, 5 (12): 2621–2636, 2012.

[21] R. Michel, S. Pasche, M. Textor, and D. G. Castner. Influence of PEG architecture

on protein adsorption and conformation. Langmuir, 21 (26): 12327–32, 2005.



Bibliography 67

[22] E. Biazar, M. Heidari, A. Asefnejad, A. Asefnezhad, and N. Montazeri. The rela-

tionship between cellular adhesion and surface roughness in polystyrene modified by

microwave plasma radiation. Int. J. Nanomedicine, 6: 631–9, 2011.
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ABSTRACT: Lipid bilayers with a controlled content of
anionic lipids are a prerequisite for the quantitative study of
hydrophobic−electrostatic interactions of proteins with lipid
bilayers. Here, the asymmetric distribution of zwitterionic and
anionic lipids in supported lipid bilayers is studied by neutron
reflectometry. We prepare POPC/POPS (3:1) unilamellar
vesicles in a high-salt-concentration buffer. Initially, no fusion
of the vesicles to a SiO2 surface is observed over hours and
days. Once the isotonic buffer is exchanged with hypotonic
buffer, vesicle fusion and bilayer formation occur by osmotic shock. Neutron reflectivity on the bilayers formed this way reveals
the presence of anionic lipids (d31-POPS) in the outer bilayer leaflet only, and no POPS is observed in the leaflet facing the SiO2
substrate. We argue that this asymmetric distribution of POPS is induced by the electrostatic repulsion of the phosphatidylserines
from the negatively charged hydroxy surface groups of the silicon block. Such bilayers with controlled and high contents of
anionic lipids in the outer leaflet are versatile platforms for studying anionic lipid protein interactions that are key elements in
signal transduction pathways in the cytoplasmic leaflet of eukaryotic cells.

1. INTRODUCTION

Anionic lipids play a prominent role in mediating the coupling
of proteins to the cytoplasmic membrane. GTPases, for
example, interact with the membrane because of a combination
of direct electrostatic and hydrophobic forces.1 For annexins,
Ca ions act as a salt bridge binding the negatively charged
protein to an anionic membrane.2 Remarkably, the lipid
compositions of the two leaflets of eukaryotic plasma
membranes exhibit a high degree of asymmetry.3 Anionic
lipids such as phosphatidylserine (PS) occur only in the
cytoplasmic leaflet of eukaryotic plasma membranes under
normal conditions. The occurrence of PS lipids in the outer
layer of the plasma membrane of blood platelets leads to
coagulation, whereas PS in the outer surface of apoptotic cells
causes recognition by phagocytes.4 Therefore, PS-binding
proteins such as annexins2 are used as an apotosis marker.
Anionic phospholipids also trigger the formation of amyloid-
type fibers by several proapoptotic, cytotoxic, and antimicrobial
proteins and peptides.5−7

To study the interaction mechanism of proteins with anionic
lipids in supported bilayers,8,9 precise control of the anionic
lipid composition in the protein adjacent leaflet is mandatory.
On one hand, one may deposit asymmetric bilayers by
Langmuir−Schaf̈er transfer.10 On the other hand, one may
chose the lipid composition, substrate surface,11,12 and ionic
strength of the buffer accordingly to favor the formation of an
asymmetric membrane by self-organization (e.g., by vesicle
fusion13). In any case, a precise experimental readout is needed
to confirm the lipid distribution. Neutron reflectometry (NR) is

a unique interference technique that allows us to quantify the
lipid distribution between two leaflets. Here, we show that by
NR it is possible to determine the lipid content per leaflet in a
bilayer created by osmotic shock.

2. MATERIAL AND METHODS
2.1. Substrate and Sample Preparation for Lipid Bilayer

Deposition. A polished silicon block (100 mm × 50 mm × 10 mm,
Crystec, Berlin, Germany) was thermally oxidized; the 100 nm oxide
layer allows for fluorescence microscopy. Before the deposition of the
SLB, the block was cleaned by sonication in isopropanol and acetone
for 10 min each, followed by intensive rinsing with deionized (DI)
water. Afterward, a two-step chemical cleaning procedure was
applied.14 First, the substrate was boiled in H2O2/HCl/H2O (1:1:5
by volume) for 60 min and then in H2O2/NH4OH/H2O (1:1:5) for
another 60 min at 80 °C. After each step, the substrate was rinsed
thoroughly with DI water. Afterward, the surface of the silicon
substrate was hydrophilic. The block was kept in ethanol until further
use.

2.2. Vesicles and Supported Lipid Bilayer Formation. POPC,
d31-POPC, and d31-POPS, dissolved in a chloroform solution, were
purchased from Avanti Polar Lipids (Alabaster, AL) and used as
received. TR-DHPE was purchased from Invitrogen and dissolved in
chloroform. For the preparation of unilamellar vesicles, solutions of
first 99.5 mol % d31-POPC and 0.5 mol % TR-DHPE and second 74.6
mol % POPC, 24.9 mol % d31-POPS, and 0.5 mol % TR-DHPE were
mixed in a glass vial. In the following text, these mixtures are termed

Received: May 15, 2012
Revised: June 22, 2012
Published: July 12, 2012

Article

pubs.acs.org/Langmuir

© 2012 American Chemical Society 10818 dx.doi.org/10.1021/la3019887 | Langmuir 2012, 28, 10818−10821



d31-POPC and POPC/d31-POPS (3:1), respectively. The chloroform
was evaporated in a nitrogen stream followed by evacuation in vacuum.
The dry lipid film in the vial was suspended with high-salt-
concentration phosphate buffer I (1.1 M NaCl, 2.7 mM KCl, 10
mM Na2HPO4 and 2 mM KH2PO4 in D2O, pH 7.4) to a final
concentration of 1 mg/mL and heated to 40−45 °C for 2 h. The lipid
suspension was vortex mixed and passed through a polycarbonate filter
with 100 nm pores (Avanti Polar Lipids) 11 times.15 The vesicle
solution was injected into the sample chamber, which was previously
filled with high-salt-concentration phosphate buffer I, and incubated
for 3 h. This allowed the vesicles to adhere to the hydrophilic surface
of the SiO2 substrate.

16 To rupture the vesicles adhered to the surface,
medium-salt-concentration phosphate buffer II (138 mM NaCl, 2.7
mM KCl, 10 mM Na2HPO4, and 2 mM KH2PO4 in D2O, pH 7.4) was
slowly injected into the sample chamber. This buffer change induces
osmotic stress in the vesicles, which are now surrounded by hypotonic
buffer. The osmotic stress induces vesicle rupture and the formation of
a continuous bilayer on the SiO2 surface. After rupture, the samples
were flushed several times with DI water (D2O) to remove excess
material in the form of multilayers or aggregates. After being rinsed,
the chamber was again filled with medium salt buffer II to stabilize the
SLB on the SiO2 block against delamination with time. The
homogeneity and fluidity of the SLB were verified by fluorescence
microscopy.
2.3. Neutron Reflectivity Measurements. The measurements

were performed at the REFSANS neutron reflectometer at FRM II in
Munich. REFSANS is a time-of-flight (ToF) instrument for
reflectometry at the solid−liquid interface.17,18 We make use of
isotope labeling (i.e., deuteration of the lipid chains) and contrast
variation by exchanging D2O against a mixture of H2O/D2O. This
allows us to determine the volume fraction of the lipids (x1) and the
hydration water fraction (x2) as a function of depth as well as the
scattering length density (SLD) profile of the bilayer. The detailed
procedure is outlined in the Supporting Information.

3. EXPERIMENTS AND DISCUSSION
We start by confirming that the scattering length density profile
of a pure d31-POPC bilayer on SiO2 is symmetric. The bilayer is
evaluated by neutron reflectometry after equilibration for 24 h
at room temperature. The normalized reflected intensity of the
d31-POPC SLB sample in PBS buffer in D2O is shown in Figure
1a(i). The edge of total reflection occurs at q ≈ 0.015 Å−1, as
expected for a SiO2 interface in a D2O contrast. The
measurement of the d31-POPC SLB in a PBS buffer of D2O/
H2O is also shown in Figure 1a(ii). Here, the SLD of the D2O/
H2O solvent is matched to that of SiO2. Because of the reduced
contrast between solvent and Si, the total reflection edge is
further reduced to q ≈ 0.008 Å−1, as expected. The reflectivity
data in both measurements show rapid intensity oscillations
originating from the thick oxide layer (here dSiO2

≈ 650 Å) on
top of the silicon block and a broad shoulder originating from
the lipid bilayer. The intensities obtained from the modeling of
the experimental data using the Parratt formalism19,20 and the
Motofit program21 are shown as blue and red curves in Figure
1a(i),(ii). The respective SLD profiles of the two solvent
contrasts (SLDexp1 and SLDexp2) are shown in Figure 1a(iii).
Because of partial deuteration of the lipid chain, the scattering
contrast of the bilayer with respect to the Si/SiO2 substrate is
low.
Under the D2O contrast condition, an increase in SLD

between z ≈ 10 and 25 Å is observed (cf. Figure 1a(iii), blue
curve); we interpret this increase as due to the hydration of the
lipid headgroup.22 The hydration analysis outlined in the
Supporting Information indicates a water volume fraction of ca.
30% for the headgroup. As expected, no such increase is
observed under the D2O/H2O contrast condition (cf. Figure

1a(iii), red curve). The region of the d31-POPC chain is clearly
visible in the SLD profile in Figure 1b in the range of z ≈ 25−
55 Å. The solvent fraction of the hydrophobic chain region
observed here is approximately 10% (details in eq 2 in the
Supporting Information) and is most likely caused by
incomplete coverage of the silicon substrate by the lipid
bilayer. Such incomplete coverage has been observed before
and is well in the expected range;23 note that the measurement
averages an area of ca. 600 cm2. The SLD is distributed
symmetrically across the inner and outer leaflets of the
membrane (Figure 1b). From the analysis outlined in the
experimental section, we obtain SLDchain= SLDw/o solvent = 2.76
× 10−6 Å−2. The value for SLDchain estimated from the
molecular volume ranges from 3.3 × 10−6 to 2.6 × 10−6 Å−2,
equivalent to areal densities of 55 Å2/lipid and 70 Å2/lipid,
respectively, indicating that the SLB here is in the fluid, low-
density state. In summary, the experiment confirms that the
two leaflets in a deuterated POPC bilayer are identical in
density.
To study the distribution of the anionic lipids in a mixed

bilayer, we chose to deuterate the PS lipid this time. A mixture
of POPC/d31-POPS in a ratio of 3:1 is investigated. The
reflectivity measurement on this bilayer in D2O contrast is
shown in Figure 2a(i). Then, the solvent in the sample cell was
exchanged against the silicon oxide-matched D2O/H2O
contrast (Figure 2a(ii)). The colored lines in Figure 2a are
the corresponding intensity fits. The scattering length density
profile of the POPC/d31-POPS (3:1) SLB is shown in Figure
2b (SLD). Again, in D2O contrast a hydration layer between

Figure 1. Neutron reflectometry and analysis. (a) Reflectivity data
from a d31-POPC SLB. The corresponding modeling function is
represented by colored lines: (i) D2O contrast (blue line); (ii) a D2O/
H2O mixture with SLD equal to SiO2 (red line). (iii) an SLD profile as
extracted from the modeling. (b) SLD profile without solvent (dark-
brown line) and hydration fraction (blue area).
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the SiO2 substrate and the inner membrane leaflet is indicated
by an increase in the SLD profile close to the substrate.
Most remarkably, the region of the lipid chains in Figure 2b

exhibits two plateaus in the range between z ≈ 32−44 Å and z
≈ 48−60 Å (i.e., there is clear asymmetry between the inner
and outer leaflets). The SLD values clearly indicate an
enrichment of deuterated (d31-POPS) lipids in the outer leaflet
of the membrane. The water fraction of 1 to 2% in the
hydrophobic chain region observed here indicates a high
coverage of the silicon substrate by the lipid bilayer. From the
analysis of the experimental SLDs,24 we obtain SLDchain =
SLDw/o solvent = (−0.34 ± 0.20) × 10−6 Å−2 for the inner leaflet
and (+0.54 ± 0.23) × 10−6 Å−2 for the outer leaflet. A
comparison to estimated SLDs of a bare d31-POPS bilayer (+2.6
× 10−6 Å−2), a bare POPC bilayer (−0.23 × 10−6 Å−2), and a
mixed POPC/d31-POPS (3:1) bilayer (+0.47 × 10−6 Å−2)
allows for a clear-cut interpretation of this result. Namely, using
an areal density of 70 Å2/lipid, the PS concentration in the
outer bilayer leaflet is 27 ± 8% (i.e., very close to the
stoichiometric ratio of 25%). However, we do not see
contributions of PS at the inner, substrate facing leaflet,
which is purely POPC within the accuracy of the analysis (0 ±
3%). The observation that the stoichiometric ratio of the
vesicles is conserved in the outer bilayer sheet but that PS is
depleted in the leaflet adjacent to the substrate indicates that
this asymmetric distribution is apparently not due to a
redistribution of lipids between the inner and outer leaflets
(e.g., by flip-flop or edge diffusion) but is due to a different

mass-transfer efficiency upon vesicle fusion (i.e., some PS
fraction in the vesicles is lost upon transfer to the supported
bilayer.
Now we discuss how electrostatic interactions can explain the

experimental findings. The density of silanol groups at the silica
surface is up to 4.9 sites/nm2.25 At pH 7.4, about 18% of those
are deprotonated,25 yielding a negative surface charge density
(σ) on the order of σ = −0.14 C/m2. In a high salt buffer (i.e.,
at 1.1 M monovalent NaCl electrolyte), the Debye screening
length (κ−1) is approximately 3 Å. Therefore, the electrostatic
potential originating from the surface charge of the SiO2 surface
falls off rapidly (cf. Supporting Information). Thus, prior to
contact, only the anionic lipids facing SiO2 feel a repulsion.
Therefore, we assume that prior to vesicle fusion anionic d31-
POPS lipids in contact with the substrate diffuse out of the
contact area. After inducing vesicle rupture by changing from
an isotonic to a hypotonic condition, we assume that mainly the
upper parts of the ruptured unilamellar vesicles, representing
excess material, are removed from the surface. Thus, after
rinsing and allowing for self-healing, a uniform, defect-free lipid
bilayer is formed that originates mainly from the contact area of
the vesicles. After self-healing, the bilayer is stored in 0.15 M
(1:1) electrolyte NaCl. Therefore, the depletion of the anionic
d31-POPS lipids in the leaflet facing the silicon substrate is
further stabilized, in agreement with the experiments. A similar
observation has been made for POPC bilayers on silicon
supports, where a gradient in anionic Texas Red DHPE lipids
developed between proximal and distal leaflets at low salt
concentration (0.075 M).26 This suggests that the described
mechanism may be rather general.

4. CONCLUSIONS

We have shown that osmotic shock can be used to deposit
mixed SLBs of anionic and zwitterionic lipids on SiO2. With
this method, asymmetric lipid bilayers may be prepared and
quantified using neutron reflectometry and deuterium-labeled
lipids. Anionic lipids are depleted in the leaflet facing the
substrate, and their fraction in the buffer-facing leaflet is in
agreement with the initial stoichiometry of 3:1. The asymmetric
distribution can be rationalized by electrostatic effects prior to
vesicle fusion. Apparently, electrostatic repulsion suppresses the
transfer of PS, especially in the layer proximal to the negatively
charged substrate. Supported lipid bilayers with a controlled
anionic fraction in the outer membrane are versatile platforms
for studying the hydrophobic−electrostatic interaction of
proteins with the cytoplasmic leaflet, which is a key element
in many cellular signal pathways.
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Figure 2. Neutron reflectometry data and analysis. (a) Reflectivity data
from a mixed (POPC/d31-POPS 3:1) SLB. The corresponding
modeling function is represented by colored lines: (i) D2O contrast
(blue line); (ii) a D2O/H2O mixture with SLD equal to SiO2 (red
line); and (iii) an SLD profile, as extracted from the modeling. (b)
SLD profile without solvent (dark-brown line) and a hydration
fraction (blue area).
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■ ABBREVIATIONS

POPC = 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcho-
line
d31-POPC = 1-palmitoyl(d31)-2-oleoyl-sn-glycero-3-phospha-
tidylcholine
d31-POPS = 1-palmitoyl(d31)-2-oleoyl-sn-glycero-3-[phos-
phatidyl-L-serine]
TR-DHPE = Texas Red-labeled 1,2-dihexadecanoyl-sn-
glycerol-3-phosphatidylethanolamine
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ABSTRACT: The realization of a solid-supported lipid bilayer acting as a workbench for the study of membrane processes is a
difficult task. For robustness, the bilayer has to be tethered to the substrate. At the same time, diffusion of the lipids and plastic
deformations of the membrane should not be obstructed. Furthermore, a highly hydrated surrounding is mandatory. Here, we
show that grafting of a polyethylene glycol−lipid construct (PEG2000−DSPE) to a silicon oxide surface via multiple-step silane
chemistry and subsequent deposition of lipids by spin-coating result in a cushioned membrane that has the desired properties.
Neutron and X-ray reflectometry measurements are combined to access thickness, density, and hydration of the bilayer and the
PEG cushion. We observe a spacer of 55 Å thickness between lipid bilayer and silicon-oxide surface with a rather high hydration
of up to 90 ± 3% water. While 11.5 ± 3% of the lipids are grafted to the surface, as determined from the neutron data, the
diffusion constant of the lipids, as probed by diffusion of 0.5% Texas Red labeled lipids, remains rather large (D = 2.1 ±
0.1 μm2/s), which is a reduction of only 12% compared to a supported lipid bilayer reference without immobilized lipids. Finally,
AFM indentation confirms the plastic behavior of the membrane against deformation. We show that rupture of the bilayer does
not occur before the deformation exceeds 40 Å. Altogether, the presented PEG-tethered lipid bilayer mimics the deformability of
natural cell membranes much better than standard solid-supported lipid bilayers.

■ INTRODUCTION

The realization of biomimetic lipid membranes is a long-
standing task for facilitating the difficult study of processes
which involve membranes.1,2 Planar supported lipid bilayers are
well-known systems extensively used to mimic cell surfaces and
to develop biosensors.3,4 For solid-supported lipid bilayers, the
solid interface in close contact with the lipids proves
disadvantageous, as it does not reproduce the deformability
or natural fluctuation of the membrane,5,6 and incorporation of
transmembrane proteins without direct contact with the surface
is not possible in such systems.7 To achieve a more natural and
cell-like surrounding, a variety of interlayers separating the
lipids from the solid interface have been introduced.8 Lipids can
be deposited on these surfaces by different methods; the most

common are vesicle fusion and Langmuir−Blodgett.9 Examples
include covering the solid surface with a polymer layer,10

inclusion of a low percentage of polymer functionalized lipids
when preparing the bilayer,11 and placing a lipid bilayer on top
of another one.12 While those surface coatings were successfully
implemented in supported and tethered lipid bilayer systems,
many of the interlayers are very thick (100−1000 Å) promoting
uneven height when hydrated.13 On the other hand, if
individual lipids are tethered by short polymers (∼10 Å), the
bilayer elevation is not high enough to form a hydrous and
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deformable support.14,15 Here, we aim for a cushion thickness
comparable to the bilayer dimension. Note that on bare silicon
oxide, lipid bilayers show rather high diffusion rates,2 slowed
down only by about a factor of 2 with respect to lipids in
vesicles.16 In contrast, some polymer cushions, e.g., poly-
(allylamine hydrochloride), reduce the diffusion constant
drastically by 2 orders of magnitude, indicating a sticky
interaction of the amino groups of the polymer with the
lipids.17 A weakly interacting cushion material such as
polyethylene glycol (PEG), which is neither charged nor
hydrophobic, is more promising. However, on bare PEG, a lipid
bilayer does not form. The way out of this dilemma is to make
use of lipo-PEG, i.e., PEG molecules that have a lipid attached
at one end. If the PEG end is grafted to the surface, the lipid
end can anchor a lipid bilayer.18 Such tethered bilayers (TBL)
exhibit diffusion constants which are similar to those of lipid
bilayers on glass.18 However, if the lipo-PEG density is too
high, i.e., if more than 4−5% of the lipids are grafted to the
surface, a large immobile fraction develops.18 Here, we present
an improved tethered lipid bilayer protocol, which extends our
previous work substantially.19 A multistep chemical process is
used to modify the surface of silicon substrates covered with an
oxide layer. First, short alkanes are grafted and their free ends
are oxidized to carboxylic acid groups, and PEG2000 lipids (45
ethylene oxide units) are attached via a peptide bond. As the
last step of the grafting, the PEG layer is back-filled with
PEG750 to close remaining cavities in the cushion; see Figure
1. On this surface, the bilayer was formed via vesicle fusion,
which resulted in excess lipids included in the cushion and on
the surface of the bilayer. Now, instead, the lipids are spin-
coated in solvent and the tethered lipid bilayer (TLB) self-
assembles when the surface is hydrated. For noncharged lipids
such as 1-stearoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine
(SOPC) and 1-palmitoyl-d31-2-oleoyl-sn-glycero-3-phospho-
choline (D31-POPC) used in this study, the spin-coating
technique provided very nice results as outlined below, while
previous work using vesicle fusion produced lipid aggregates
inserted into the PEG layer.19

The structure of the TLBs is resolved by neutron and X-ray
reflectometry measurements. These techniques complement
each other, as neutrons offer the possibility to tune the
scattering length density (SLD) via deuteration of compo-
nents20 and X-rays provide high resolution to resolve the

individual layers of the sample.21 Additionally, fluorescence-
dyed lipids are mixed in to verify the homogeneity and fluidity
of the bilayer before the scattering experiments are performed.
The diffusion constants of the TLB are determined via
fluorescence recovery after photobleaching (FRAP).
To test the deformability of the TLB system, we used atomic

force microscopy (AFM). While free-standing lipid bilayers,
e.g., pore-spanning membranes, can be deformed for several
hundred nanometers,22 supported lipid bilayers rupture at
deformations beyond 2 nm.23,24 The softness of the supported
bilayer before rupture can be quantified by the Young’s
modulus, which was determined to be 20 MPa by us and
others;23,25 some authors also reported somewhat higher values,
e.g., 80 MPa.26 For polymer-supported or tethered lipid
bilayers, such indention measurements were not done yet.

■ MATERIALS AND METHODS
Materials. Silicon wafers from SiMat with a thermally grown oxide

layer of 1000 Å and a size of 15 × 20 × 0.7 mm3 were used for the X-
ray, fluorescence, and AFM experiments. For the neutron experiment a
thermally oxidized polished silicon block of size 100 × 50 × 10 mm3

from Crystec was used. Lipids and PEG−lipids were purchased from
Avanti Polar Lipids. PEG750 was purchased from Polymer Rapp.
Fluorescently labeled lipid, Texas Red−1,2-dihexadecanoyl-sn-glycero-
3-phosphoethanolamine (Texas Red−DHPE), was purchased from
Invitrogen.

Substrate Preparation and Lipid Deposition. The preparation
of PEG2000−lipid surface on a silicon oxide surface was done
according to the literature procedure.19 The lipids were deposited on
the surface via spin-coating. For X-ray samples prepared on the 20 ×
15 mm2 silicon wafers, 100 μL of a SOPC solution in 2-propanol (1.5
mg mL−1) containing 0.5% fluorescent lipids (Texas Red−DHPE) was
spin-coated with a two-step program, i.e., 2 s at 2000 rpm with the
following 90 s at 3000 rpm. For the neutron sample, spin-coating
speed had to be reduced due to the bigger sample size (silicon block,
100 × 50 × 10 mm3). They were prepared with a 2 mL solution in 2-
propanol (1.5 mg mL−1). Spin-coating was done in a two-step
program, i.e., 5 s at 700 rpm followed by 90 s at 1000 rpm. Residual
solvent was evaporated in vacuum for several hours. Afterward, the
wafers and the silicon block were inserted in specially designed fluidic
chambers.21 Each sample was flushed several times to remove excess
lipids. Before the reflectometry experiments, every sample was checked
with fluorescence microscopy for homogeneity and absence of excess
material.

Figure 1. Structure of the tethered lipid bilayer (TLB): (a) Chemical composition of the silane and PEG−lipid cushion. (b) Cartoon of the structure
of the TLB consisting of the silicon oxide surface, the PEG cushion, one tethered lipid (yellow head), and several lipids in the bilayer (red heads). On
the right side, the bulk water is represented in blue.

Langmuir Article

dx.doi.org/10.1021/la4045804 | Langmuir 2014, 30, 9442−94479443



Fluorescence Microscopy. Fluorescence microscopy and FRAP
were used to verify the homogeneity and diffusivity of the lipid
bilayers.27 The FRAP setup consists of an inverted Zeiss
Axiovert 100M microscope combined with a Toptica Photonics iPulse
488 laser. A spot of ∼10 μm diameter was bleached. The reappearance
of fluorescence in the bleached spot was analyzed to determine the
diffusion constant of lipids in the TLB using a diode with 530 nm light
(Thorlabs).28

X-ray Reflectivity Measurements. X-ray reflectivity measure-
ments were performed at the beamline D4 at HASYLAB/DESY in
Hamburg. At a photon energy of 19.9 keV, the reflectivity of the TLB
was recorded as a θ−2θ scan of sample and detector angle. These were
converted to momentum transfer according to q = 4π/λ sin(θ). The
background was determined by a second scan with an offset for the θ
angle by 0.05° and corrected for by subtraction. The effective sample
size due to overillumination at different angles was accounted for
according to simple geometric corrections. Finally, the intensity was
normalized to 1 at the critical edge. Fits for the SLD of the bilayer and
PEG cushion were performed with the Motofit program running on
IGOR.29

Neutron Reflectivity Measurements. Neutron reflectivity
measurements were performed at the N-REX+ instrument at FRM2
(Munich, Germany), a monochromatic reflectometer, with a wave-
length of 4.3 Å. The same sample was measured twice, once in D2O,
and once in a mix of 75% D2O and 25% H2O. In contrast to the X-ray
measurement, the neutron beam is incident through the silicon. As
with the X-ray data, the neutron data were normalized and fitted with
Motofit. The neutron data of both contrasts were fitted simultaneously
with the same model applying the same analysis as described in detail
before.20

AFM. AFM indentation was performed using an MFP-3D AFM
(Asylum Research, Santa Barbara, CA) with triangular silicon nitride
cantilevers (DNP-S, Bruker, Santa Barbara, CA) with a nominal tip
radius of 10 nm. The small radius was chosen to prevent bilayer
formation on the tip. Indentation measurements were performed by
vertically moving the AFM tip toward the TLB. When the tip is close
to the bilayer, it starts to interact with the surface, resulting in an
upward deflection of the cantilever. As the force rises, the TLB is
compressed by steric interaction between the tip and the bilayer until
the bilayer yields (breakthrough). For the next indentation curve, the
tip was retracted by about 500 nm, moved to a slightly different
location, and moved again toward the TLB. The tip was moved with a
vertical velocity of 500 nm/s. Plotting the force on the cantilever
versus its distance from the surface results in so-called force−distance
curves (see Figure 4). A detailed description of the method can be
found elsewhere.23

■ RESULTS

Diffusion of Lipids in the TLB. Initially, FRAP was used to
determine the diffusion constant of the Texas Red-labeled lipids
in the tethered bilayer sample. A solid-supported membrane
sample prepared and measured under the same conditions
acted as reference. The POPC reference bilayer on silicon oxide
surfaces without tethered lipids shows a diffusion constant of
2.4 ± 0.1 μm2/s. The TLB shows a diffusion constant of 2.1 ±
0.1 μm2/s, which is only 12% lower than that of the reference
bilayer without any grafted lipids as obstacles.
X-ray and Neutron Reflectivity. To access the structural

details, X-ray and neutron reflectometry measurements were
performed. In general, X-ray reflectometry offers superior
spatial resolution, but due to the low scattering contrast of
organic samples, it does not offer sufficient information about
the sample compositions. For example, PEG and water are not
distinguishable due to the resemblance of their electron
densities. For this reason, it is advantageous to combine X-
ray with neutron reflectivity measurements at different
deuteration contrasts. This combination proved successful as

the results of both neutron and X-ray reflectivity measurements
complement each other, which provided detailed information
on the TLB structure. Reflectivity data of the membrane and
least-squares fits to the data of both the neutron and the X-ray
experiment are shown in Figure 2a. The X-ray data (red curve)

ranges up to q = 0.4 Å−1. The data show five oscillations in
intensity originating from the TLB on the silicon oxide
substrate. The data from the neutron measurements are shown
in blue and green (measurement in D2O and in D2O/H2O,
respectively). Here, the q-range is limited to q = 0.15 Å−1 due
to the weaker intensity of the neutron instrument. Both sets of
neutron data show rapid oscillations caused by the 500 Å
silicon oxide layer covering the block. In contrast, the broad
shoulder in the D2O data is caused by the TLB, as confirmed by
the modeling of the intensity. In Figure 2b the models for the
SLD for all three reflectivities are shown. Since the incident
beam is directed through the silicon in the neutron measure-
ments and through the water in the X-ray measurements, the
SLD for the X-ray data fit in Figure 2b is shown on an inverted
z-scale for reasons of comparison to the neutron results. Due to
the higher q-range, the X-ray measurement provides higher
resolution and allows differentiating the sample structure into
four layers for the fit. The PEG cushion of 55 Å thickness is
located directly on the silicon oxide and has a SLD of (9.5 ±
0.2) × 10−6 Å−2. Note that, for X-rays, this SLD matches both

Figure 2. (a) Normalized neutron and X-ray reflectivity data and fit.
Neutron data in D2O are shown in blue, in D2O/H2O mix in green,
and X-ray data in red. Neutron data are scaled with a factor 0.1 and
0.01 for clarity. (b) SLD model for the fit of X-ray (red) and neutron
data at both contrasts (blue, green). Silicon oxide is on the left side of
the model, adjacent to the PEG layer, then the lipid bilayer, and on the
right side of the model the water.
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the density of PEG and water; thus, it is not possible to extract
the hydration at this point from the X-ray data alone. The lipid
head groups of both halves of the bilayer show up in X-ray
measurements with a higher SLD of (10.5 ± 0.15) × 10−6 Å−2

due to the phosphate. The fit determines the head thickness to
be 11 ± 0.5 Å. The chain region in between is represented by a
thickness of 25.5 ± 0.5 Å and a lower SLD of (8.0 ± 0.2) ×
10−6 Å−2, in agreement with the expected values for alkane
chains. Thus, the whole bilayer thickness is about 47 Å and
matches the structure of lipid bilayers cited in the literature.30

The silicon oxide layer of 1000 Å was not included in the
model, since its oscillations are too narrow to be resolved by
the step size. In Figure 3a the electron density of all layers,
calculated from the SLD of the X-ray model, is illustrated.

A three-layer model consisting of silicon oxide layer, PEG
layer, and lipid chain region is used to fit the neutron
measurements. The thicknesses for the PEG layer and the lipid
bilayer, as determined from the neutron fits, are consistent with
those from the X-ray measurements. Since the silicon oxide
layer of 500 Å gives rise to small oscillations of the signal, it is
included in the fit. The lipid bilayer for the neutron
measurement was prepared with lipids that have one deuterated
alkane chain (D31-POPC). Therefore, the SLD of the lipid
bilayer region is found at (2.5 ± 0.2) × 10−6 Å−2, which is the
expected value for the mix of deuterated and hydrogenated
alkane chains, when taking into account the nondeuterated

tethered lipids.20 The headgroups are not distinguishable from
the adjoining layers in the neutron data fit. Due to their small
size, the headgroups do not give rise to a separate SLD layer.
They are included in the roughness of the chain and water
interface. The hydrated PEG has a SLD of (4.94 ± 0.11) ×
10−6 Å−2 in D2O and (3.15 ± 0.07) × 10−6 Å−2 in the D2O/
H2O mix. This difference in SLD indicates a hydration of 90 ±
3% of this region. In contrast, the lipid chain region shows no
hydration; i.e., the SLD did not change with the change of
contrast in the water. In Figure 3b the hydration of the sample
as calculated from the two models for the neutron fits is shown.
Altogether, the X-ray and neutron measurements confirm the
presence of a well-defined bilayer separated by a highly
hydrated cushion from the substrate.

AFM Indentation. To investigate the nanomechanical
response of the TLBs, we performed indentation experiments.
More than 50 force−distance curves of an AFM tip indenting
and eventually puncturing the TLB are superposed in Figure 4.

When the tip approaches the bilayer, a repulsive force is
observed starting at a distance of 120 Å from the silicon surface.
The repulsive force increases up to a distance of about 80 Å.
After that point, the resistive force collapses and the tip
approaches the silicon surface. This can be compared to
puncture experiments on solid-supported membranes, which
lack the cushion.23 There, a repulsive force was observed
starting at around 65 Å, and the collapse occurred at around
45 Å. In other words, for TLBs, the membrane can be
deformed by 40 Å, i.e., twice as much as the supported lipid
bilayer (SLB) before puncture. For comparison, the blue
compression curve in Fig 4 represents the analytical solution to
the mechanical Hertz model assuming a tip radius of 20 nm, a
Poisson ratio of 0.5, and 20 MPa for the Young modulus.

■ DISCUSSION
Layer Thickness and Hydration. From the neutron data,

we can directly extract the hydration and film thickness of the
PEG layer. Since pure PEG2000 has a density of 1.1 g cm−3 and
thus a molecular volume of 3020 Å3, a hydration of 90 ± 3%
implies that the volume per PEG2000 group is 30 200 ± 7000
Å3. This value is in good agreement with the volume of
hydrated, weakly overlapping PEG2000 chains.31 Indeed, the
thickness of the PEG layer (55 Å) is already larger than the

Figure 3. (a) Electron density of the different layers of the system,
extracted from the X-ray measurement. The silicon substrate is on the
left side (gray) and the bulk water on the right (blue). PEG has the
same electron density as water (purple), and the lipid headgroups
show up with higher e− density (red) and the lipid chains with lower
(green). (b) Hydration (volume water fraction) of lipid bilayer and
PEG cushion extracted from the difference of the neutron models at
different contrasts (D2O and D2O/H2O mix with SLD 4.0 × 10−6

Å−2).

Figure 4. AFM measurements: Superposition of indention curves of
an AFM tip into the TLB. Upon approach to the surface, first the TLB
is deformed (compressed) from about 120 Å until at ∼80 Å from the
silicon surface the tip breaks through the lipid bilayer (puncture). The
Hertz model curve with a Young modulus of 20 MPa is shown in blue.

Langmuir Article

dx.doi.org/10.1021/la4045804 | Langmuir 2014, 30, 9442−94479445



Flory radius (35 Å),31 indicating the onset of brush
formation.32 A typical area per lipid molecule for SOPC and
POPC bilayers is 63 Å.2,33 From this value and the hydrated
PEG density, the fraction of lipids in the lower bilayer leaflet,
which are tethered to the surface, can be estimated to be 11.5 ±
3%; the actual number of grafted lipids may be less, since we
neglect the contribution of PEG750, which is only a minor
fraction of the grafting layer filling in the voids not accessible to
PEG2000.
Diffusion of TLBs. In previous work, using lipo-PEG

molecules with 77 EO subunits in TLBs gave rise to a large
immobile fraction of up to 50% once the PEG layer reached the
brush state.18 In our work, the diffusion constant of the Texas
Red-labeled lipids in the bilayer is only slightly reduced
compared to that in a supported lipid bilayer, from 2.4 ± 0.1 to
2.1 ± 0.1 μm2/s. The SLB was chosen as a reference,21 since
diffusion constants determined by different methods or under
different conditions vary.34 In the obstructed diffusion model, a
reduction of the diffusion rate as observed here (ca. 12%) is
expected for an immobile obstacle density of 4−5%.35,36 Here,
we estimate from the structural analysis that 11.5 ± 3% of the
lipids are grafted; however, these lipids are not fully
immobilized, as the PEG chain allows for restricted movement
of the lipid bound to the end of the polymer in the lipid bilayer
plane. Roughly speaking, a tethered lipid can still perform
restricted movements, since thermal energy fluctuations change
the end-to-end distance of the PEG chain. For PEG2000, this
end-to-end length change can be estimated to about 3 Å,37

which allows for lateral displacements of more than the
diameter of lipids in a bilayer (ca. 8 Å). Thus, it is plausible that
the grafted lipids behave not as fully immobilized obstacles.
Note that due to electrostatic repulsion of the anionic dye from
the DSPE−PEG lipids, we expect that the Texas Red probes
mainly the distal, water-facing leaflet. Although the tethered
lipids are only present in the lower half of the bilayer, a
reduction of diffusion in one leaflet applies to both halves, as
their mobility is strongly coupled.38,39

AFM Indentation. Once an AFM tip pushes on a SLB, the
membrane has to restructure, initially by thinning and finally by
rupturing.40 In case of a TLB, one may expect that part of the
overall deformation can be attributed to a deformation of the
PEG layer. Indeed, the TLB ruptures only after a deformation
of about 40 Å compared to 20 Å for a SLB. This indicates that
the PEG cushion underneath the lipid bilayer is compressible,
and external deformations are distributed among the cushion
and the membrane. Furthermore, our AFM data are in
agreement with a net Young modulus of ∼20 MPa, which is
similar to values reported by us and others for SLBs using the
same analysis,23,25 while some authors found somewhat larger
values (80 MPa).26 This confirms that the elastic properties of
the PEG layer match the SLB properties quite well.

■ CONCLUSION
In this work, we have employed several techniques to
characterize a new TLB system in detail. We have shown that
it is possible to prepare a tethered lipid bilayer on silicon oxide
with a soft interlayer, cushioning the lipids against the solid
surface. The PEG interlayer of the TLB is highly hydrated, with
a water content of 90 ± 3%, as determined by neutron
reflectometry. Diffusion in the system was reduced by only
12%. The AFM indentation measurements prove the softness
of the PEG layer perpendicular to the surface. Possible
applications of such elevated lipid bilayers are, for example,

the study of membrane-perforating proteins or binding studies
of membrane-associated proteins. Here the PEG layer is
expected to behave as a mattress, allowing for membrane
deformation, which is a prerequisite for functional binding of
many membrane-associated proteins.41,42 Furthermore, we
expect the PEG to suppress unspecific protein adsorption to
the Si wafer. Additionally, the application of TLBs as a surface
for cell growth and attachment is perceivable, as they provide a
more natural and cell-like surrounding than solid surfaces.

■ ASSOCIATED CONTENT
*S Supporting Information
FRAP micrographs of (a) tethered lipid bilayer and (b)
supported lipid bilayer. This material is available free of charge
via the Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: nickel@lmu.de.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by the DFG Excellence Cluster
Nanosystems Initiative Munich (NIM). It is based upon
experiments performed at the N-REX+ instrument operated by
the MPG at the Heinz Maier-Leibnitz Zentrum (MLZ),
Garching, Germany. We acknowledge financial support from
BMBF-05KN10WM1 and 05KN13WM1. F.S. and T.H. thank
the Hanns-Seidel-Stiftung and the ESF EuroMEMBRANE CRP
OXPL (Hu 997/7-1) for financial support.

■ REFERENCES
(1) Sackmann, E. Supported Membranes: Scientific and Practical
Applications. Science 1996, 271, 43−48.
(2) Tamm, L. K.; McConnell, H. M. Supported Phospholipid
Bilayers. Biophys. J. 1985, 47, 105−113.
(3) Lee, D.-C.; Chang, B.-J.; Yu, L.; Frey, S. L.; Lee, K. Y. C.;
Patchipulusu, S.; Hall, C. Polymer Cushions Functionalized with Lipid
Molecules. Langmuir 2004, 20, 11297−11300.
(4) Castellana, E. T.; Cremer, P. S. Solid Supported Lipid Bilayers:
From Biophysical Studies to Sensor Design. Surf. Sci. Rep. 2006, 61,
429−444.
(5) Groves, J. T. Bending Mechanics and Molecular Organization in
Biological Membranes. Annu. Rev. Phys. Chem. 2007, 58, 697−717.
(6) Watson, M. C.; Penev, E. S.; Welch, P. M.; Brown, F. L. H.
Thermal Fluctuations in Shape, Thickness, and Molecular Orientation
in Lipid Bilayers. J. Chem. Phys. 2011, 135, 24470101−24470122.
(7) Salafsky, J.; Groves, J. T.; Boxer, S. G. Architecture and Function
of Membrane Proteins in Planar Supported Bilayers: A Study with
Photosynthetic Reaction Centers. Biochemistry 1996, 35, 14773−
14781.
(8) McCabe, I. P.; Forstner, M. B. Polymer Supported Lipid Bialyers.
Open J. Biophys. 2013, 03, 59−69.
(9) Wacklin, H. P. Composition and Asymmetry in Supported
Membranes Formed by Vesicle Fusion. Langmuir 2011, 27, 7698−
7707.
(10) Nirasay, S.; Badia, A.; Leclair, G.; Claverie, J. P.; Marcotte, I.
Polydopamine-Supported Lipid Bilayers. Materials (Basel) 2012, 5,
2621−2636.
(11) Watkins, E. B.; El-khouri, R. J.; Miller, C. E.; Seaby, B. G.;
Majewski, J.; Marques, C. M.; Kuhl, T. L. Structure and
Thermodynamics of Lipid Bilayers on Polyethylene Glycol Cushions:
Fact and Fiction of PEG Cushioned Membranes. Langmuir 2011, 27,
13618−28.

Langmuir Article

dx.doi.org/10.1021/la4045804 | Langmuir 2014, 30, 9442−94479446



(12) Fragneto, G.; Charitat, T.; Daillant, J. Floating Lipid Bilayers:
Models for Physics and Biology. Eur. Biophys. J. 2012, 41, 863−74.
(13) Smith, H. L.; Jablin, M. S.; Vidyasagar, A.; Saiz, J.; Watkins, E.;
Toomey, R.; Hurd, A. J.; Majewski, J. Model Lipid Membranes on a
Tunable Polymer Cushion. Phys. Rev. Lett. 2009, 102, 2281021−
2281024.
(14) Atanasov, V.; Knorr, N.; Duran, R. S.; Ingebrandt, S.;
Offenhaüsser, A.; Knoll, W.; Köper, I. Membrane on a Chip: A
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(16) Przybylo, M.; Syḱora, J.; Humpolíckova, J.; Benda, A.; Zan, A.;
Hof, M. Lipid Diffusion in Giant Unilamellar Vesicles Is More than 2
Times Faster than in Supported Phospholipid Bilayers under Identical
Conditions. Langmuir 2006, 22, 9096−9.
(17) Fischlechner, M.; Zaulig, M.; Meyer, S.; Estrela-Lopis, I.;
Cueĺlar, L.; Irigoyen, J.; Pescador, P.; Brumen, M.; Messner, P.; Moya,
S.; et al. Lipid Layers on Polyelectrolyte Multilayer Supports. Soft
Matter 2008, 4, 2245−2258.
(18) Wagner, M. L.; Tamm, L. K. Tethered Polymer-Supported
Planar Lipid Bilayers for Reconstitution of Integral Membrane
Proteins: Silane−Polyethyleneglycol−Lipid as a Cushion and Covalent
Linker. Biophys. J. 2000, 79, 1400−14.
(19) Daniel, C.; Sohn, K. E.; Mates, T. E.; Kramer, E. J.; Rad̈ler, J. O.;
Sackmann, E.; Nickel, B.; Andruzzi, L. Structural Characterization of
an Elevated Lipid Bilayer Obtained by Stepwise Functionalization of a
Self-Assembled Alkenyl Silane Film. Biointerphases 2007, 2, 109−118.
(20) Stanglmaier, S.; Hertrich, S.; Fritz, K.; Moulin, J.-F.; Haese-
Seiller, M.; Rad̈ler, J. O.; Nickel, B. Asymmetric Distribution of
Anionic Phospholipids in Supported Lipid Bilayers. Langmuir 2012,
28, 10818−10821.
(21) Reich, C.; Hochrein, M. B.; Krause, B.; Nickel, B. A Microfluidic
Setup for Studies of Solid−Liquid Interfaces Using X-Ray Reflectivity
and Fluorescence Microscopy. Rev. Sci. Instrum. 2005, 76, 0951031−
0951037.
(22) Steltenkamp, S.; Müller, M. M.; Deserno, M.; Hennesthal, C.;
Steinem, C.; Janshoff, A. Mechanical Properties of Pore-Spanning
Lipid Bilayers Probed by Atomic Force Microscopy. Biophys. J. 2006,
91, 217−26.
(23) Stetter, F. W. S.; Hugel, T. The Nanomechanical Properties of
Lipid Membranes Are Significantly Influenced by the Presence of
Ethanol. Biophys. J. 2013, 104, 1049−1055.
(24) Franz, V.; Loi, S.; Müller, H.; Bamberg, E.; Butt, H.-J. Tip
Penetration through Lipid Bilayers in Atomic Force Microscopy.
Colloids Surf. B. Biointerfaces 2002, 23, 191−200.
(25) Picas, L.; Rico, F.; Scheuring, S. Direct Measurement of the
Mechanical Properties of Lipid Phases in Supported Bilayers. Biophys.
J. 2012, 102, L01−3.
(26) Sullan, R. M. A.; Li, J. K.; Zou, S. Direct Correlation of
Structures and Nanomechanical Properties of Multicomponent Lipid
Bilayers. Langmuir 2009, 25, 7471−7477.
(27) Axelrod, D.; Koppel, D. E.; Schlessinger, J.; Elson, E.; Webb, W.
W. Mobility Measurement by Analysis of Fluorescence Photobleaching
Recovery Kinetics. Biophys. J. 1976, 16, 1055−1069.
(28) Hennig, M.; Wolff, M.; Neumann, J.; Wixforth, A.; Schneider,
M. F.; Rad̈ler, J. O. DNA Concentration Modulation on Supported
Lipid Bilayers Switched by Surface Acoustic Waves. Langmuir 2011,
27, 14721−14725.
(29) Nelson, A. Co-Refinement of Multiple-Contrast neutron/X-ray
Reflectivity Data Using MOTOFIT. J. Appl. Crystallogr. 2006, 39,
273−276.
(30) Kucerka, N.; Tristram-Nagle, S.; Nagle, J. F. Structure of Fully
Hydrated Fluid Phase Lipid Bilayers with Monounsaturated Chains. J.
Membr. Biol. 2006, 208, 193−202.

(31) Kuhl, T. L.; Leckband, D. E.; Lasic, D. D.; Israelachvili, J. N.
Modulation of Interaction Forces between Bilayers Exposing Short-
Chained Ethylene Oxide Headgroups. Biophys. J. 1994, 66, 1479−88.
(32) Allen, C.; Dos Santos, N.; Gallagher, R.; Chiu, G. N. C.; Shu, Y.;
Li, W. M.; Johnstone, S. a; Janoff, A. S.; Mayer, L. D.; Webb, M. S.;
et al. Controlling the Physical Behavior and Biological Performance of
Liposome Formulations through Use of Surface Grafted Poly(ethylene
Glycol). Biosci. Rep. 2002, 22, 225−250.
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Cell Motility on Polyethylene Glycol Block
Copolymers Correlates to Fibronectin
Surface Adsorption

Peter J. F. R€ottgermann,a Samira Hertrich,a Ida Berts, Max Albert,
Felix J. Segerer, Jean-François Moulin, Bert Nickel, Joachim O. R€adler*

Adhesion and motility of cells on polyethylene glycol (PEG) engineered surfaces are of
fundamental interest for the development of biotechnological devices. Here, the structure of
PEG block copolymers physisorbed to surfaces by polyLlysine (PLL) or polypropylene oxide
(PPO) is studied. Cell behavior on such surfaces incubated with fibronectin (FN) is analyzed via
time-lapse microscopy, the amount and the location of FN is determined via neutron
reflectivity. While FN does not adsorb onto PPOPEG, 0.4–0.7mgm�2 of FN is found in the
vicinity of the PLL moiety of PLLPEG. Cells exhibit 21% increasedmotility on PLLPEG (5 kDa PEG
chains) compared to pure FN layers, and 12% decreased motility for PLLPEG (2 kDa PEG chains).
These findings suggest that by design of
PEGylated surfaces cell migration can be
controlled. Pluronic F-127 PLL-g(3.5)-PEG(2) pure fibronectinPLL-g(3.5)-PEG(5)

1. Introduction

In biomedical engineering and biotechnology, cell adhesion

and motility on artificially engineered surfaces are of great

importance. In a natural environment, cells interact with

the extracellular matrix which determines cell shape and

collective motion.[1] On artificial substrates, cells are solely

confrontedwith themechanical and chemical properties of

the underlying surface. For example, stiffness as well as

roughness of surfaces increases the spreading of cells.[2–4]

Over thepast fewyears, the functionalization of engineered

polymer surfaces has advanced significantly. Lithographic

techniques have been developed to generate micropat-

terned surfaces for protein immobilization and controlled

cellular growth.[5–7] In these approaches, the attachment

and movement of cells is controlled by patterning the

surface with cell adhesion promoting proteins on the one

hand and cell repellent polymers on the other hand. In

particular, the protein fibronectin (FN) and the polymer

polyethylene glycol (PEG) are commonly used.[8–10] FN is

an adhesive glycoprotein of the extracellularmatrix[11] and

itsprimary function is tomediate cell attachment.[12–14] PEG

is amultifacetedneutral polymer, soluble both inwater and

manyorganic solvents. It iswell known for itsnon-adhesive

properties with regard to protein adsorption as well as

attachment of microorganisms. This protein repellence of

surface grafted PEG has been the subject of many studies

investigating the influenceof chain length, graftingdensity,

and chain mobility.[15–18] Grafting of PEG to solid surfaces

can be achieved by various chemical linkages, e.g., thiols or

silanes for gold and oxide surfaces, yielding highly stable

and well defined monolayers.[19,20] Alternatively, PEG

block copolymers are used to form stable monolayers by

physisorption from solution.[21] In particular, electrostatic
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surface anchoring via poly-L-lysine-

grafted PEG (PLL–PEG) has found wide-

spread application in cell patterning.[7,22]

There is a remarkable difference in

protein resistance between differently

designed PEG polymers both for grafted

and self-assembled monolayers.[19,20,23,24]

For example, for PEG covalently and

densely bound on silicon, both proteins

and cells are found to be strongly

repelled.[25] In contrast, we have showed

in previous work that cells are capable

of migrating from PLL–PEG passivated

areas to adhesion sites coated with FN

and thus self-organize into ordered

arrays.[7] In this case, however, the last

step in the surface preparation involves

the incubation of the PLL–PEG with

FN. It is hypothesized that the exposure

of the PLL–PEG layer to FN renders the

PLL–PEG coating partially cell adhesive.

It is therefore important to probe

whether FN adsorbs to PLL–PEG coatings and if so,

where it is located. Experimental access to localize FN

within the PEG is difficult. Thus, we employ neutron

reflectometry[26] to analyze the structure of different PEG

layers and to determine the amount and distribution of

FN in these PEG layers.We focus our study on two polymer

constructs: first, the PEG grafted to a hydrophobic polymer

anchor PPO and second, the PLL–PEG with PEG chains of

both 2 and 5 kDa length. The structural information is

then correlated with cell morphology and cell motility

on these surfaces.

2. Results

2.1. Surface Passivation

Cellular adhesion and motility properties are studied

on three different PEG surfaces and on an unpassivated

surface as reference. The PEG layers are formed using

two different polymer coatings, Pluronic, and PLL–PEG.

Pluronic (F-127) is a PEG–PPO–PEG triblock-copolymer,

consisting of two end-attached PEG (4.4 kDa) polymers

on a 65-mer PPO. The PPO chain is hydrophobic; thus

in water it physisorbs readily on hydrophobic surfaces.

In contrast, the PLL chain of the PLL–PEG construct is

positively charged, which results in a spontaneous

adsorption on clean silicon oxide surfaces. In summary,

both surface passivations are based on a physisorbed

polymer coating. All experiments were performed at

physiological salt concentration andpH. Figure 1 illustrates

the chemical structure of the samples. Two different

chain lengths of PEG (2 and 5 kDa) on PLL are compared,

herein denoted as PLL–PEG (2) and PLL–PEG (5). Finally, all

substrates are incubated with FN.

2.2. Cell Morphology on Different Polymer Layers

To evaluate themorphology and spreading behavior on the

different surfaces, cell contour areas were analyzed. Note

that themicroscopy images only show the projection areas

of the cells, however, the cell contact area might be even

smaller. Cell morphology and area give a first indication of

how cells attach to the underlying surface, i.e., strong

adhesion is commonly identified by flat cell shape while

round cells indicate weak or no adhesion. Figure 2A shows

fluorescence micrographs of plasma membrane stained

adeno carcinoma cells (A549) on the different surfaces after

24h. OnPluronic, all cells occupy a small area and are round

shaped, i.e., cells do not spread. On PLL–PEG (2), cells

partially adhere as their shape is more elongated. For PLL–

PEG (5) and for FN (on the unpassivated culture dish), the

spread out cell shape is evenmore distinct. Here, hardly any

round shaped cells canbe observed except for dividing cells.

Furthermore, cells form filopodia on both substrates, and

also start to proliferate during the first 24h. This prolifera-

tion can be identified by cell junctions of several neighbor-

ing cells (Figure 2A).

In Figure 2B, the distributions of the contour area per cell

for the different surfaces are plotted. One hour after

seeding, the distributions are already distinguishable from

each other. On Pluronic, the mean contour area is 225mm2

witha relatively small standarddeviationof50mm2.Onthe

other coatings, the contour area is higher. This observation

CH3

OO

65

O

O

O

O

O
O

O
O

O
O

O

O
O

O

O
O

m

O

O

O

O

O
O

O
O

O
O

O

O
O

O

O
O

m PEG

PPO

PEG(2&5 kDa)

PLL

NH3
+

N
H

HN

H
N

O

O

Oj k

O

O

O

O

O

O

O

O
O

O

O
O

m

hydrophobic

A B

Pluronic PLL-PEGPLL-PEG

Figure 1. Schematics of the polymer architecture of Pluronic and PLL–PEG. A) Two PEG
chains of 4.4 kDa (m¼99) are linked to a 65-mer of polypropylene oxide. B) On a PLL
chain of 20 kDa, PEG chains of various lengths (2 and 5 kDa,m¼45 and 114) are linked in
a grafting ratio of k/j¼ 3.5 (lysine units/PEG chain).

www.mbs-journal.de

P. J. F. R€ottgermann et al.

Macromol. Biosci. 2014, 14, 1755–1763

� 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1756 www.MaterialsViews.com



becomes more obvious after 24h. The contour area per cell

reaches values of 365� 100mm2 (mean� standard devia-

tion) for PLL–PEG (2), 510� 200mm2 for PLL–PEG (5), and

500� 240mm2 for FN (see Figure 2C). Only on Pluronic, the

contour area stays low with 250� 65mm2 indicating that

cells are still not adherent.

2.3. Cell Motility

To access cell motility on the different surfaces, cell

trajectories were extracted from fluorescence time-lapse

microscopy images. Figure 3A shows several exemplary

cell trajectories on Pluronic, on both PLL–PEG, and on pure

FN surfaces over a period of 24h. No cell migration was

observedon the Pluronic surface,while onall other surfaces

cells did migrate. Different populations of resting and

persistentlymigratingcellswerenotobserved, as cellswere

moving continuously. One way to quantify migration is to

evaluate the mean squared displacement (MSD) with

respect to the initial position. On PLL–PEG (2), the MSD is

125mm, i.e., less than the 200mm on PLL–PEG (5) after 1 d.

The displacement on FN is similar, but slightly lower

than on PLL–PEG (5).

To assess motility in a quantitative way the time

evolution of the MSD is calculated by taking the ensemble

average over all cells, as illustrated in Figure 3B. Typical

cell migration can be described by a persistent random

walk.[27] Initially, cells on PLL–PEG (2 and 5) and FN

show indications of directed motion (shown with green

dotted lines). On the longer time scale, the MSD data

in Figure 3B approach a diffusive migration (random

walk), shown with red dashed lines. A common way to

determine cell speed is to calculate the contour lengthof the

trajectory for all cells and divide this by the overall tracking

24h 1h

Figure 2. A) Fluorescence micrographs of plasma membrane
stained A549 cells on Pluronic, PLL–PEG (2), PLL–PEG (5), and
unpassivated surface, all incubated with FN, after 24 h. Scale
bar 100mm. B) Distribution of the cell contour area for Pluronic
(blue), PLL–PEG (2) (red), PLL–PEG (5) (orange), and FN (green) at
24 and 1 h (inset) after seeding. C) Mean contour area per cell
of A549 cells after 24 h. Error bars represent the standard
deviation of three experiments.
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time, see Figure 3C. Using this procedure, the lowest cell

speed of 1.2mmh�1 is obtained for Pluronic surface; this

is at the detection limit of our setup. For the other surfaces,

cell velocities are 21.2� 2.5mmh�1 for PLL–PEG (2),

29.1� 0.7mmh�1 for PLL–PEG (5), and 24.1� 2mmh�1

for FN.

2.4. Neutron Reflectivity on Polymer Layers

Neutron reflectometry measurements provide detailed

information regarding the amount and distribution of

protein in the different polymer layers. Two sets of

measurements were performed on each system, first

in D2O and second in a mix of D2O and H2O with the

scattering length density (SLD) matched to that of SiO2.

From the combination of these two measurements,

we obtain hydration and composition of the films. Experi-

ments were carried out on SiO2 film to enhance contrast.

Fresnel corrected neutron reflectivity R(q)q4 are shown

in the inset of Figure 4A–C. All reflectivity curves show

oscillations in the intensity caused by the oxide layer on

the silicon block. Silicon substrate with an oxide layer

thickness of d¼ 580� 4 Å was used for both the Pluronic

and the PLL–PEG (2) samples. The oscillations of the

intensity are narrower for samples containing PLL–PEG (5)

due to the much thicker SiO2 layer (1 090� 5 Å). The

signal caused by the film is visible as the broad fringe

at about q¼ 0.1 Å�1.

The neutron data are fitted using different models.

Starting from a one-layer model, the number of layers

is increased plus their thickness and roughness adjusted

until the calculated reflectivity of the models fits best the

measured data. The minimum model necessary to repro-

duce the data is always chosen. The Pluronic data, could

be fitted with one 28 Å layer and a SLD of 3.3� 10�6 Å�2 in

D2O and 2.0� 10�6 Å�2 in the D2O/H2O mix, indicating

a hydration of 45%. The dry SLD for the Pluronic

layer is at the expected value of �0.45� 10�6 Å�2, the

theoretical values for pure PEG and PPO are 0.6� 10�6 and

0.35� 10�6 Å�2, respectively. After incubation with FN,

no significant change was observed for the neutron

reflectivity data of the Pluronic sample measured in D2O,

see Figure 4A. Therefore, the protein causes no change

for the Pluronic surface.

A two-layermodel is needed for the interpretation of the

PLL–PEG samples. Here, the layer adjacent to the SiO2 has a

SLD of 4.4� 10�6 Å�2 (in D2O) and 3.5� 10�6 Å�2 (D2O/H2O

mix) for PLL–PEG (2), and 4.5� 10�6 and 3.42� 10�6 Å�2 for

PLL–PEG (5). This layer represents the PLL and increases in

thickness after addition of FN. The hydrated PEG layer on

tophasaSLDof5.7� 10�6and3.1� 10�6 Å�2 forPLL–PEG(2),

and 5.73� 10�6 and 3.3� 10�6 Å�2 for PLL–PEG (5). The

PLL–PEG (2) system shows a highly hydrated PEG

layer with 90% water and a thickness of about 50 Å,
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Figure 4. SLD profiles with the corresponding reflectivity data and
fits (insets) for Pluronic A), PLL–PEG (2) B), and PLL–PEG (5) C). The
samples before the addition of FN are shown in light red for
theD2O contrast and light blue for theD2O/H2Omix contrast. After
the addition of FN, the data are shown in dark red for the D2O
contrast and dark blue for the D2O/H2O mix contrast. The
measurements in the D2O/H2O mix buffer are offset by a factor
0.1 for clarity. The effect of the FN is visible in the change in
thickness indicated by the green area shown in B) and C). The
x-axis in C) is differently scaled for improved visualization. The
much longer PEG chains decay exponentially towards the bulk.
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and underneath a PLL layer with hydration of 31% and

a thickness of about 20 Å. The PLL–PEG (5) also shows

a hydrated PEG layer (84% water) with the polymer

density that can be fitted with an exponentially decreasing

profile towards the bulk. The homogeneous part of the

layer has a thickness of 68 Å, above, the PEG density

decreases with a decay length of 33 Å. Its total length is

almost double the thickness of PLL–PEG (2). The underlying

PLL layer is20 Å thickandcontains37%water, i.e., the layer is

slightly less dense compared to PLL–PEG (2). After the

incubation with FN, the reflectivity signal deviates for PLL–

PEG (2) (Figure 4B dark red and dark blue) between q¼ 0.08

Å�1 and q¼ 0.15 Å�1 from the signal before (Figure 4B light

red and light blue), indicating that FN changed the overall

system. The same trend was observed for PLL–PEG (5), see

Figure 4C.

Table 1 shows thickness, hydration and surface

coverage extracted from the SLD model. While the SLD of

both PLL and PEG layers remained unchanged, the

underlying PLL layer increases in thickness by 4 Å for

the shorter PEG. We conclude that the amount of material

adsorbed to the surface increased after addition of FN.

We evaluated the change in thickness to determine the

amount of FN to be 0.4mgm�2. FN is affecting the PLL

layer by an increase of 8 Å in layer thickness for the

PLL–PEG (5). The amount of FN in this case is 0.7mgm�2.

3. Discussion

3.1. Description of Grafted PEG Layers

In our neutron reflectivity study, we showed that we

can measure thickness, mass coverage, and thus PEG

grafting density. Those values can be compared with

theoretical descriptions. The relation of polymer height L
and grafting density s is L¼Na(a2s)1/3 with monomer size

a¼ 0.35 nm[28] for PEG, and the polymerization degree N
as described by Alexander and de Gennes (AdG).[29,30] The

AdG theory is valid for polymers in a brush conformation,

i.e., the product of the grafting density and the squared

Flory radius RF¼ aN3/5 is less than 1. The values predicted

by this model are compared to our data in Table 2.

Both PLL–PEG copolymers are clearly in the brush regime

(s�1 (RF)�2¼ 0.55 and 0.14). In case of the PLL–PEG (2),

the thickness of the PEG layer is 16% higher than predicted

by the model. Nevertheless, the thickness of PEG is

Table 2. Comparison of AdG theory and neutron data with Nmonomer units, measured surface density sexp, measured and calculated PEG
layer thickness Lexp and Ltheory, Flory radius RF, relation of s�1 (RF)�2, and type of conformation.

Surface N

sexp
10�3 [Å�2]

Lexp
[Å]

Ltheory
[Å]

RF

[Å] s�1 (RF)
�2 Conformation

PLL-g (3.5)–PEG (2) 45 1.54 51 42 34 0.55 Brush

PLL-g (3.5)–PEG (5) 114 1.99 68þ 33 116 60 0.14 Brush

PPO-g (32.5)–PEG (4.4) 99 1.72 <28 96 55 0.19 Pancake

Table 1. Fit parameters of Pluronic and PLL–PEG with calculated surface coverage from the neutron reflectivity experiment.

Sample

Layer

description

Thickness

[Å]

% Water

in layer

Surface coverage

[mg �m�2]

Pluronic PPOþ PEG 28� 1 45� 1 1.8� 0.1

After FN incubation PPOþ PEG 28� 1 45� 1 1.8� 0.1

PLL–PEG (2)
PLL 19� 1 31� 2 1.8� 0.1

PEG 51� 1 90� 1 0.51� 0.02

After FN incubation
PLLþ FN 23� 1 31� 5 2.2� 0.1

PEG 53� 1 90� 3 0.53� 0.03

PLL–PEG (5)
PLL 20� 1 37� 3 1.76� 0.1

PEG 68� 3 84� 1 1.65� 0.04

After FN incubation PLLþ FN 28� 1 37� 2 2.47� 0.1

PEG 68� 3 84� 1 1.65� 0.04

Cell Motility on Polyethylene Glycol Block Copolymers . . .
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consistentwithpreviousmeasurementsofPEGcushions[31]

and PEG-tethered lipid bilayers.[32] In case of the PLL–PEG

(5), the theoretical thickness of 116 Å is also in good

agreementwith the data fit, that produced a homogeneous

layer of 68 Å and on top an exponential layer with a decay

length of 33 Å. For the Pluronic film, the AdG model is not

valid, as in that case the polymer extension is ruled by

hydrophobic interactionwith the surface. Thus, PEG adopts

a much thinner pancake structure and shields the

hydrophobic surface from the water.[33]

3.2. Surface Passivation and Protein Interaction

The anchor polymers, PLL and PPO, as well as the PEG chain

length and density affect the degree of surface passivation.

The Pluronic coating consists of 4.4 kDa PEG chains while

the PLL–PEG film consists of 2 and 5 kDa PEG chains,

respectively. Despite the long PEG chains of the Pluronic

coating, the overall polymer layer is thinner and less

hydrated (45% water), shown by the reflectivity data in

Figure 4. The lowwater content andhigh PEGdensity in the

Pluronic film does not allow for FN intercalation within

the sensitivity of the neutron reflectometry experiment.

This is in line with the above-described shielding effect

of the PEG for the underlying hydrophobic PPO layer,

blocking the adsorption sites to the protein. Similar

behaviorwas also observed experimentally byO’Connor[17]

and McPherson.[33]

On the contrary, the PEG layers of both PLL–PEG films

containmore than 80%water and are not dense enough for

complete protein repellence. In our work, we can specify

both the location and the amount of protein by neutron

reflectometry: FN was found in small amounts in the

vicinity of the PLL layer. This indicates primary adsorption,

which is the adsorption of proteins at the substrate surface

of a polymer brush. The SLD of FN, with the majority of

the exchangeable protons replaced with

the ones from the solvent, is very close to

the one of PLL (FN fully exchanged in D2O

is 3.12� 10�6 Å�2 compared to 3.4� 10�6

Å�2 for PLL in D2O). Due to this fact, it is

not possible to distinguish between the

PLL and the FN in the layer. Adsorption

of FN in the PLL region is driven by

electrostatics, in contrast to the theoreti-

cal prediction of protein adsorption into

polymers by Halperin.[34] The adsorbed

PLL on the silicon oxide leaves a net

positive charge[35] and FN is negatively

charged in physiological solution (iso-

electric point 5.2).[36] Despite the big

protein size, FN in the unfolded state is

flexible and rod-like with a diameter

(20 Å) comparable to a small protein.[37]

Hence, it can penetrate the brushes and absorb primarily to

a surface. Comparable results were presented by Pasche

et al.[38] where the incubation of serum in a systematic

series of PLL–PEG coatings with varying PEG molecular

weights and grafting ratios revealed protein adsorption.

Moreover, a studyof theadsorptionofmyoglobin (diameter

of 40 Å) onto PEGbrushesusingneutron scattering revealed

similarbehavior.[39] Theprotein layer closest to thepolymer

surface has a low thickness compared to the protein

dimensions, which is interpreted as denaturation of the

protein. In our case, we suggest that this effect is combined

with a mixing of the FN with the PLL, thus resulting in the

small layer thickness assigned to the FN.

Figure 5 illustrates the surfaces and their respective

interactionwithFN. LongerPEGchainsof5 kDadidnot form

a uniform layer butwere rather stretched out. A disordered

configuration may offer less protection compared to well

ordered chains allowing more FN to diffuse through to the

PLL.[38] This may be the reason why the 2 kDa PEG chains

show better FN repellence compared to 5 kDa chains.

3.3. PEG Interface and Cell Behavior

In the following, we compare the surface properties with

cell behavior. Firstly, cells do not adhere to Pluronic, as

indicated by the round shape of the cells. This is caused by

the absence or in sufficient accessibility of FN binding sites

in the Pluronic film. In contrast, cells spread on PLL–PEG

where FNadsorptionwas observed. Thus, small amounts of

surface bound FN seem to be essential for cell spreading.

Indeed, Massia and Hubbell[40] showed that 1 fmol cm�2 is

already sufficient for complete spreading of cells on a bare

surface, which corresponds to a ligand spacing of 440nm.

Our data for the FN underneath a PEG moiety reveal

amounts of 72 fmol cm�2 for PLL–PEG (2), 127 fmol cm�2 for

PLL–PEG (5) and none for Pluronic (detection limit of

5 kD
a

PLL-PEG(5)

2 kD
a

PLL-PEG(2)

Protein PEG PPO PLL

4.4 kD
a

Pluronic

Figure 5. Interpretation based on the neutron SLD profiles of the adsorption of FN in
the three different polymer coatings Pluronic, PLL–PEG (2), and PLL–PEG (5). In the
first case, FN is not adsorbed on the pancake-like Pluronic layer, while on the PLL–PEG
samples small amounts of FN penetrate the extended brushed PEG layers to attach to
underlying PLL. The higher PEG density leads to non-ordered chains and therefore
to higher protein adsorption.
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18 fmol cm�2). All these values are considerably above

the predictedminimal ligand densitymost likely due to the

fact that FN is bound primarily to the PLL and shielded by

the PEG layer. Cells have to form protrusions through the

PEG layer to bind to the FN. In addition, the conformation

of FN in our system plays a role as it exists probably in the

unfolded rod-like state which minimizes the accessibility

of the RGD binding site.[41] Aggregates might further

increase the average spacing of two binding sites for cells

and also favor the formation of focal adhesions.

Apart from the different spreading, also cell migration

correlateswith the different surface properties. The longest

persistence time is observed for the pure FN surface

whereas the highest velocity is observed on PLL–PEG (5).

As cells polarize in onedirection (mostly random inabsence

of a chemo-attractant) they have a higher probability to

move forward in the same direction instead of turning

towards any other direction.[42–44] The protein on the pure

FN surface is isotropically distributed and the process of

the directed motion is only interrupted by intracellular

processes resulting in the highest persistent time of

motion. PLL–PEG (5) exhibits fewer adhesion points which

leads on the one hand to more frequent interruption in

the migration and on the other hand to faster movement,

possibly due to faster detachment.[45] PLL–PEG (2) exhibits

even fewer anchor points, the amount of FN is further

decreased, and the cell movement cannot be sustained at

such high speed. It seems the cells have to repolarize more

often, which is time consuming and results in a much

slower movement. A similar behavior with a maximum in

the velocity distribution has been observed before.[43,46]

These findings indicate that there is an optimal FN

density with regard to the maximal covered distance. This

is best met by the PLL–PEG (5) layer. If the density is lower,

e.g., on PLL–PEG (2), cells may not find anchor points to

advance as fast. On the other hand, a too high anchor point

density as for the pure FN surface slows the cells due to

detachment time. It is likely that cell attachment to PEG

could alter the underlying brush structure. The average

distance of cell membrane and solid substrate is also likely

to be tuned by FN and the PEG molecular weight and

could be measured by neutron reflectivity.[47]

4. Conclusion

In this work, we have correlated the amount of FN

adsorption into different PEG layers with cell adhesion

and motility. PEG grafted to a hydrophobic PPO anchor

suppresses cell adhesion andmigration almost completely

and shows no FN adsorption. This is most likely due to the

shielding effect of the PEG from the hydrophobic moiety.

For PLL–PEG layers, we find that the brush-like structure of

the PEG layer still allows for adsorption of FN underneath

the PEG layer, i.e., in close proximity to the PLL anchor.

Cells exhibit faster speed on the PLL–PEG (5) compared to

that of pure FN surface. These findings suggest that the

combination of partial adsorption of cell adhesive proteins

and the cell repellent properties of PEG are suited to elevate

cell motility. Thus, artificially designed surfaces of PEG

block copolymers and proteins could fine-tune cell motility

properties.

5. Experimental Section

5.1. Sample Preparation

For the reflectometrymeasurements, siliconblockswere cleaned in

an ultrasonic bath for 10min in ethanol, 10min in purified water

(MiliQ,Millipore Corporation), and driedwith nitrogen. The silicon

blocks and the topas substrate (m-dishes ibidi GmbH) for the cell

experimentswere thenexposed toO2plasma (3minat40W,Femto

Diener). The sampleswerepassivatedwithPLL (20 kDa)-g (3.5)–PEG

(2 or 5 kDa) (SuSoS AG) at a 1mgml�1 aqueous buffer solution

(10mM HEPES and 150mM NaCl at pH 7.4) for 30min at room

temperature (RT). For Pluronic-F127 (Sigma–Aldrich), the silicon

blocks were pre-coated with octadecyltrichlorosilane (Sigma–

Aldrich) and/or untreated m-dishes were taken, and passivated

with 10mgml�1 buffer aqueous solution for 1h at RT. The

samples were washed thrice with phosphate buffered saline

(PBS). Subsequently, all samples were exposed to a 50mgml�1

solution of FN (YoProteins) for at least 1h. The pure protein

coating was adsorbed on unpassivated m-dishes for 1 h.

5.2. Neutron Reflectivity Measurements

Neutron reflectivity measurements were performed at the

REFSANS horizontal time of flight reflectometer operated by the

Helmholtz Zentrum Geesthacht at the Heinz Maier-Leibnitz

Zentrum in Munich.[48] For this experiment, the relative q
resolution was set to dq/q¼0.06 and the incident wavelength

spectrum ranged from l¼2–10 Å. By combining the reflected

intensities measured for five incident angles (u¼ 0.158, 0.38, 0.68,
1.48, and 2.88) the reflectivity R(q)¼ I(l,u)/I0(l) was obtained up to

a scattering vector q¼4p/l sin(u)¼0.2 Å�1 where I0 denotes the

primary beam intensity, and I the reflected intensity.

In neutronmeasurements, the SLD can be adjusted by choosing

different isotopes. Here, contrast variation of PBS buffer solution

was used to determine the hydration of the film. Therefore, two

reflectivitymeasurements on each samplewere performed: one in

D2O buffer, then the second in amixture of 61% D2O and 39%H2O,

i.e., matched to the SLD of silicon oxide. From the difference in the

SLD profile, the hydration and the SLD without the contribution

of D2O or H2O (SLD dry) were calculated.[49] Finally, the protein

was added to both the D2O buffer and the contrast matched buffer

for a second set of measurements. Twomeasurements at different

contrasts for each system ensure that changes in conformation

or hydration can be differentiated from adsorption of new

material on the surface.

The data for Pluronic and PLL–PEG (2) were analyzed with the

MOTOFIT program.[50] The program allows us to define thin layers

Cell Motility on Polyethylene Glycol Block Copolymers . . .
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on top of the substrate, which add up to the film. By matching the

theoretical and measured reflectivity, the layer thickness and SLD

can be determined. The data fromPLL–PEG (5)were analyzed using

CPROF.[51] This program fits multiple contrasts of data for a single

sample in a similar way as the MOTOFIT program. In addition, it

uses a model with smoothly varying density profiles appropriate

for polymers and gels at interfaces.[52] The PEG layer of PLL–PEG (2)

could also be fitted with a parabolic profile [53,54] without altering

the agreement using a simpler box model with a low roughness.

Parabolicand linearprofileswere testedfor thePLL–PEG(5)databut

theagreementwasnotasgoodas for theexponentialprofile. This is

due to either lower grafting density or higher polydispersity.[52,55]

For the graphical representation of the data, the reflectivity was

multiplied by q4 to correct for the Fresnel decay at higher q values.

This allows for a better visualization of the small changes to the

reflected intensity by ultrathin layers.

5.3. Cell Culture

The A549 cell line (ATCC)was cultured inmodified Eagle’smedium

with Earle’s salts (c-c-pro), 2mM L-glutamine, and 10% fetal calf

serum. Cells were grown to 70–80% confluence, trypsinized and

centrifugedat 1 000 rpmfor 3min. Cell pelletswere resuspended in

either cell medium or, for the experiments in Leibovitz’s L15

medium with GlutaMAX (Gibco) and 10% fetal calf serum. Equal

cell densities were seeded on each surface. Cells were stained with

CellMask Orange Plasma membrane Stain (Life Technologies) by

adding 5mM dye for 5min to highlight the contour of the cells or

with the permeable fluorescent dye Hoechst 33342 (Life Technolo-

gies) byadding25nMdye to the suspension (incubationat 37 8C for
20min) to track the nuclei. Samples were not washed to avoid an

influence on weakly adherent cells.

5.4. Time-Resolved Fluorescence Microscopy

Images were taken with an iMIC digital microscope with phase

contrast (TILL Photonics) and an oligochrome fluorescent light

source (TILL Photonics) in combination with a single-band long-

pass DAPI HC filter set and a dualband GFP/mCherry ET filterset

(AHF Analysetechnik). Samples were kept at a constant tempera-

ture of 37 8C with an ibidi heating system (ibidi GmbH).

5.5. Image and Data Analysis

Raw images were preprocessed in ImageJ: the background was

subtracted with a built-in function. To highlight the nuclei or the

contour of the cells, a band-pass filter was applied (colliding cells

were excluded from analysis). Images were binarized by setting

a global threshold. Binarized images were clustered and tracked

with Cell Evaluator.[56] Coordinates of the center of mass and the

area of the nuclei were extracted and analyzed in MATLAB.

5.6. Cell Motility and Morphology Analysis

The mean square displacement was calculated as MSD ðtÞ ¼
Xiðtþ t0Þ � Xiðt0Þð Þ2

D E
t0

� �
i
where Xi(t) denotes the center of cell

nucleus i at time t. h�it0 designates the average over all times t
with starting time t0. h�ii is the average over all tracked cells.

Dead cells, as well as nuclei exceeding a maximal area (indication

of two fused cells), were excluded from analysis. At least 200

tracks were analyzed for each experiment. All experiments have

been repeated thrice. The MSD data were fitted on the short

time scale for the first 40min with the function MSD(t)¼4Dt2
and for the long-term behavior with MSD(t)¼4Dt.

For the evaluation of the spreading area, only single cells have

been taken into account. The frequency distributions of the

spreading area have been fitted to Gaussian functions.

The single cell speed was calculated by dividing the contour

lengthby the tracking time for a single cell and thenaveragingover

all tracked cells. The contour length is determined by summing

the nucleus displacement for each frame.
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Abstract: We developed a bioadhesive coating based on a synthetic peptide-conjugate 

(AK-cyclo[RGDfC]) which contains multiples of the arginyl-glycyl-aspartic acid (RGD) 

amino acid sequence. Biotinylated AK-cyclo[RGDfC] is bound to a supported lipid bilayer 

via a streptavidin interlayer. Layering, hydration and packing of the coating is quantified 

by X-ray and neutron reflectometry experiments. AK-cyclo[RGDfC] binds to the 

streptavidin interlayer in a stretched-out on edge configuration. The highly packed 

configuration with only 12% water content maximizes the number of accessible adhesion 

sites. Enhanced cell spreading of neural stem cells was observed for AK-cyclo[RGDfC] 

functionalized bilayers. Due to the large variety of surfaces which can be coated by 

physisorption of lipid bilayers, this approach is of general interest for the fabrication of 

biocompatible surfaces. 
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1. Introduction 

Control of cell attachment on surfaces is a fundamental requirement in biophysical situations where 

close contact between cells and a technical surface is required, such as in sensing applications or tissue 

engineering. The natural environment of a cell is composed of extracellular matrix (ECM) and the 

surfaces of other cells; therefore, an artificial surface coating has to mimic these conditions. Without 

proper attachment, cells sustain a special apoptotic fate called anoikis [1].  

Here, cell attachment is promoted by a synthetic peptide-conjugate AK-cyclo[RGDfC].  

AK-cyclo[RGDfC] is a novel, synthetic cell-adhesive peptide [2] comprising a poly-L-lysine backbone 

with oligo-D/L alanine side chains (AK, see Figure 1c) composed of both D- and L-enantiomers of 

alanine and carrying the adhesive end-motif cyclo[RGDfC] at the N-termini. As it was shown 

previously by CD analyses [3,4], the spacer built from raceme alanine residues results in  

non-structured peptide side-chains with increased sterical flexibility for the adhesive end-motif and 

improves the solubility of the carrier [5]. As a biologically active, cell adhesive moiety, the 

cyclo[RGDfC] cyclic pentapeptide (see Figure 1b) was chosen due to the strong affinity of cyclic RGD 

pentapeptides to selected types of cell surface integrins [6]. The Cys residue provided sites for 

conjugation and the introduction of a D-enantiomer phenyalanine into the peptide ring was thought to 

result in a rigid RGD motif [7] easily recognized by v3/v5/51 integrins known to be present on 

the surface of a number of neural [8,9] and non-neural stem-like cells [2]. The resulting adhesive 

peptide conjugate was shown to support adhesion-based selection and serum-free propagation of 

neural stem cells[10]. This selectivity for adhering neural stem-like cells prompted us to functionalize 

lipid bilayers with AK-c(RGDfC) rather than peptides carrying linear RGD sequences [11] or  

laminin-motifs [12]. The cyclic RGD peptide was conjugated to a branched chain polypeptide AK 

through thioether linkage, which is an efficient tool for the preparation of polypeptide  

conjugates [13,14]. The RGD sequence is present in many extracellular matrix proteins (fibronectin, 

vitronectin, tenascin-C, etc.). It is responsible for the binding of ECM proteins to their receptors on 

cell surfaces. Previous studies of cells grown on AK-cyclo[RGDfC] adsorbed on SiO2 used 

biotinylated AK-cyclo[RGDfC] (see Figure 1c and Experimental), which is bound to streptavidin 

template on a biotinylated lipid bilayer (Figure 1a) [15]. Supported lipid bilayers (SLB) have proven to 

be an excellent experimental platform [16] to mimic functions of cell membranes. Since bare 

phospholipid bilayers are resistant to cell attachment in the first place, they are very well suited to 

study the amplification of cell attachment by functionalization with an adhesion promoter [12]. Using 

microscopy techniques, diffusion and protein binding can be studied [17]. For the characterization of 

the composition and layering of native or artificial membranes, a variety of surface techniques are 

available [18]. Structural properties can be accessed using reflection techniques [19-21]. Recently,  

X-ray experiments have revealed the structure of biotinylated phospholipid bilayers [15] decorated 

with streptavidin. This two-dimensional lipid-protein template is of special interest because of its 

biotin-binding properties, since biotin (vitamin B6, a cofactor of many enzymes) can be covalently 

bound to many proteins. The possibility to coat various surfaces with SLB [15,22-26] by 

physisorption, i.e., without the need for surface chemistry, is a strong point of this concept. 

Phospholipid membranes exist in different conformations, i.e., as monolayer, bilayer [22], and on some 

substrates as interdigitated bilayers [23]. Proteins can be embedded into the membrane or associated  
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externally [15,27]. Note that SLBs can also be patterned by surface treatments [28-30], stamping [31] 

and optical post procession [32]. Dynamic patterning of SLB has been achieved using surface acoustic 

waves [33]. A sensor array coated with lipid bilayers was recently envisioned by Kumar et al. [34] and 

patterned attachment of human epithelial cells to SLB as a function of lipid composition was recently 

reported by Oliver et al. [35]. Here we study neural stem cell attaching to a synthetic cell surface based 

on a trilayer structure of adhesion protein, streptavidin interlayer and lipid bilayer. The nanostructure 

of this bioselective surface was investigated with X-ray and neutron diffraction experiments. 

Figure 1. Schematics. (a) Sample structure. The lipid bilayer containing 2% of biotinylated 

lipids (1) is covered by a layer of streptavidin (2) which is bound to the lipid membrane by 

biotin anchors. A biotinylated adhesion peptide (AK-cyclo[RGDfC]) is bound on top of the 

streptavidin layer (3); (b) Chemical structure of the cyclic RGD-containing binding 

residue; (c) Architecture of the adhesion peptide. (b) and (c) are adapted from [2]. 

 
 

2. Results 

2.1. Coating structure and arrangement 

The structural analysis combines X-ray and neutron reflectometry. The resolution [Å] in a 

reflectometry experiment can be estimated by π/qz and is therefore limited by the maximum 

momentum transfer qz that still yields a reflectometry signal. The momentum transfer qz is given by  

qz = 4π/·sin(2/2). Here, 2 is the diffraction angle and  is the wavelength. For X-ray, we achieve a  
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qz = 0.7 Å−1 (Figure 2a), thus the internal structure of the layers can be determined with a resolution of 

= 5 Å. The intrinsic weak scattering contrast of proteins and water for X-rays can be improved using 

neutron beams [36]. For neutrons, the scattering length density (sld) of the solvent can be adjusted 

from −0.5·10−6 Å−2 [100% H2O] [37] to 6.36·10−6 Å−2 [100% D2O] [37] by using a mixture of water 

and heavy water. The sld of biomolecules are typically in between. The total sld of a layer is a 

combination of the sld of the molecules in the layer and the sld from hydration water. Thus, measuring 

in two different water mixtures allows separating the molecular density and layer hydration: 

)]/([][)1(][ 222 ODOHODsldhmoleculesldhlayersld   (1) 

Here h is the hydration of a layer in [%]. Therefore, in addition to the X-ray reflectometry 

experiment, we performed neutron reflectometry measurements in two different contrasts. One 

measurement was performed in 100% D2O [D2O], and one using a mixture which was contrast 

matched to the sld of SiO2 [57% D2O + 43% H2O, cm] (Figure 2). The value for the sld of the contrast 

matched medium was allowed to change between 3.3·10−6 Å−2 and 4·10−6 Å−2 to allow for small 

deviations in the mixing ratio in case that the previous medium might not have been exchanged 

completely. The fit yielded for the mixture a sld value of 3.9·10−6 Å−2, indicating a 7.5% higher D2O 

fraction in the mixture. Combined fitting was performed using the Motofit [38] package in Igor®. A 

single set of structural parameters reproduces the neutron and X-ray reflectometry data.  

In detail, first the thickness of the layers was determined from the X-ray data. The second step was 

to evaluate the hydration of the layers from the two neutron measurements. To estimate the hydration 

level, the molecular slds of lipids and streptavidin have been fixed according to the literature  

values [37,39] (Table 1). The neutron scattering length density of the AK-cyclo[RGDfC] was also 

fixed to the value of streptavidin. In an iterative process, the hydration values from the neutron 

measurements were used to refine the X-ray measurement. The X-ray sld of the AK-cyclo[RGDfC] 

was allowed to vary by 5% around the sld of streptavidin. The data (open circles) and final best fits 

(lines) are shown in (Figure 2). The scattering length density profiles are summarized in (Figure 3b). 

The hydration (Equation 1) of the layered system and a sketch of the constituents are illustrated in 

(Figure 3a). The parameters of the slab model are summarized in (Table 1). 

Table 1. Parameters obtained from neutron and X-ray reflectometry data. The values 

describe the slab model of the sld and hydration profiles depicted in Figure 3. 

 Neutron sld  
[10−6 Å−2] [f] 

X-ray sld  
[10−6 Å−2] [f] 

Thickness 
[Å] 

hydration  
[%] 

lipid heads 1.78 13.8 11 54 (lower) /  
63 (upper) 

lipid chains −0.2 8 18 17 

hydrated region 6.36 [a] / 3.9 [b] 9.45 26 100 

streptavidin 1.2 10.5 38 0 

AK-cyclo[RGDfC] 1.2 10.2 [b] 30 12 

[a] D2O [b] fitted value, see text [f] fixed values 
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Figure 2. Reflectometry data and best fits of the SLB/streptavidin /AK-cyclo[RGD] 

trilayer in liquid environment (Figure 1a). (a) The reflected intensity is plotted against the 

momentum transfer qz. Intensity scale is logarithmic and normalized to a total reflection 

signal of 1. The reflectometry data are represented by open symbols, curves represent best 

fits. The neutron measurements are shown in green [D2O] and red [cm], the X-ray 

measurement is shown in blue; (b) Expanded view of the neutron data and best fits. Colors 

and symbols are as in (a). 

 
 

The head to head distance dhh of the membrane of 36 Å (Figure 3a) is in agreement with values 

previously published [23]. A highly hydrated interlayer of 26 Å between the membrane and the 

streptavidin layer is observed. It contains the biotin anchor of the lipids (2% are biotinylated). 

Orthorhombic crystals of biotin yielded a unit cell with a long axis of 21 Å [40]. Structure 

determination of crystallized streptavidin-biotin complexes indicates that biotin can extend the 

dimension of streptavidin by 20% [41] which is in the order of 10 Å. The thickness of the close packed 

streptavidin layer (38 Å, no hydration) is in good agreement with the thickness of 40 Å found by  

Horton et al. [15]. 

For the AK-cyclo[RGDfC] layer, we obtain a thickness of 30 Å and a water content of 12%. In 

order to address the packing and configuration of the AK-cyclo[RGDfC] peptide on the streptavidin 

interlayer, we first estimated the length of the molecule in stretched conformation to 510 Å (Figure 1c) 

by multiplying the length of a lysine compartment (8.5 Å) [42] with the degree of polymerization  

DPn =60 [2]. The width of the molecule is estimated to 32 Å by adding the length of two side chains,  

i.e., twice the sum of oligo-alanine (7 Å), the thioether linkage (2 Å) and the diameter of the 
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cyclo[RGDfC] compound (7 Å). A schematic of the dimensions is given in Figure 1(c). From the 

comparison of the observed thickness of 30 Å with the estimated width of 32 Å, and the observation 

that the hydration of the layer is only 12%, we infer a configuration where the AK-cyclo[RGDfC] 

molecule is bound in an on edge configuration to the streptavidin surface. This implies an  

AK-cyclo[RGDfC] packing efficiency of 88%. Because of its length of 510 Å, the AK-cyclo[RGDfC] 

molecule in on edge configuration binds to several streptavidin molecules. A simplified 2D sketch of 

the arrangement is shown in Figure 3(c).  

Figure 3. Scattering length density and hydration profile. (a) Hydration profile of the 

layers including a schematic of the layer components. dhh indicates the head to head 

distance of the lipid bilayer; (b) Sld profiles of layers. Colored arrows indicate the 

respective y-axis; (c) Schematic of the synthetic peptide on top of the streptavidin 

interlayer. Red hooks depict the biotin residues, blue circles indicate the positions of a 

cyclo(RGDfC) residue. The bilayer-streptavidin interlayer is omitted. The table compares 

experimental findings and literature values. 
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2.2. Stem cell growth experiments 

Neural stem cells carry a high density of integrins able to bind to the cyclo[RGDfC] domain of the 

synthetic adhesion molecule. In turn, the binding properties of the AK-cyclo[RGDfC] were evaluated 

by the binding of avidin to biotinylated and not-biotinylated AK-cyclo[RGDfC] (offered as cell 

surface receptors; Figure 4). Decoration of the stem cells with biotinylated or not-biotinylated  

AK-cyclo[RGDfC] was verified by subsequent binding of fluorescently labeled avidin to the cells after 

exposure to AK-cyclo[RGDfC]. In detail, the cells were suspended in artificial liquor solution (ACSF) 

and were incubated with AK-cyclo[RGDfC] (biotinylated or not-biotinylated) for 30 min at 37 °C, in 

suspension. After removing the excess peptides by three washes in ACSF, avidin-coupled 

fluorochrome (Alexa488-Avidin; Molecular Probes) was added to both preparations for 20 min. After 

rinsing, the binding of avidin to the biotinylated peptide was verified by fluorescence microscopic 

observations (Figure 4). 

Figure 4. Phase-contrast and fluorescence microscopy (FM). (a) Neural stem cells are 

imaged by phase-contrast microscopy. Cells are first exposed to non-biotinylated  

AK-cyclo[RGDfC] peptides, and secondly to fluorescently labeled avidin, and finally 

imaged by FM. (b) Cell exposure to biotinylated AK-cyclo[RGDfC] enhances avidin 

absorption to cells. The insets illustrate the surface of a cell decorated with  

AK-cyclo[RGDfC] (shown in blue) or the biotinylated AK-cyclo[RGDfC] (shown in blue 

with red bars) and the binding to fluorescently labeled avidin (shown in orange, label 

shown in turquoise). 

 
 

The spreading of green fluorescent protein (GFP) expressing neural stem cells upon exposure to 

different surface-coatings was investigated by fluorescence microscopy (Figure 5). For the plain SOPC 

membrane, a non-spreading, spheroid cell morphology and enhanced formation of cell aggregates 

indicated poor attachment of the cells to the surface (Figure 5a). Also, the lipid layers functionalized 

with avidin only did not support the attachment of neural stem cells (Figure 5b). Control experiments 

using non-biotinylated AK-cyclo[RGDfC], or biotinylated AK-cyclo[RGDfC] without an avidin 

interlayer, indicated some enhancement of cell attachment. Previous studies showed that  

AK-cyclo[RGDfC] adsorbs on SiO2 in loose-packed films [2], therefore we refer this enhancement to 

unspecific adsorption of AK-cyclo[RGDfC] to membrane defects or bare surface parts. For the 



Materials 2010, 3                    

 

 

5001

biotinylated AK-cyclo[RGDfC], templated by an avidin-SLB support, improved and rapid spreading of 

the cells was observed (Figure 5c). The cell morphology indicates cell attachment to the RGD motives. 

Figure 5. Fluorescence microscopy (FM) images of GFP expressing (fluorescent) radial 

glial cells. The FM images were recorded 4 h after cell seeding. (a) Radial glial cells 

attached to SOPC coated surfaces show a spheroid shape; (b) Cell attachment to an avidin 

functionalized biotinylated membrane is largely suppressed; (c) Rapid spreading of glial 

cells is observed for the biotin-AK-c[RGDfC] functionalized membrane. Schematics 

illustrate the conformation of the cells on the surface. 

 
 

3. Discussion 

Combining neutron and x-ray reflectometry allowed us to resolve the trilayer structure of the 

SLB/streptavidin/AK-cyclo[RGDfC] system with a resolution of ca. 5 Å. The thickness of the 

individual layers is within the range expected from the molecular dimensions of the respective layers. 

In this sense, Figure 3c is a structure model rather than a cartoon. The analysis of the hydration level of 

the individual layers is a strong point of this approach. The hydration of the lipid bilayer chain part 

(17%) indicates that the bilayers contain some defects, which may be the origin of the stem cells 

attaching, but not spreading, to the SLB, cf. Figure 5a. Apparently, the subsequent avidin 

functionalization closes these defects, since attachment to this layer is largely reduced compared to the 

bare SLB. Here, the reflectometry measurements indicate a rather tight and homogeneous layer 

without water, in line with the observation that under these conditions a dense crystalline layer  

forms [15]. In this context, one should note that contrast variation allows only to measure excess water 

which can be exchanged by changing the buffer. Furthermore, the water in contact with the lipid 

headgroups has been separated from the streptavidin layer.  

The most interesting finding is the low hydration (12%) and close packing of the cyclo-RGD 

containing layer, which matches typical values for lipid bilayer chains determined by neutron 
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reflectometry. This value suggests that the hydrophobic character of the peptide backbone and side 

chains, in combination with the specific binding to streptavidin and the hydrophilic binding motif 

exposed to the buffer solution, results in a dense and oriented packing, (see Figure 5c). This could be 

an advantage compared to e.g., direct binding of the RGD motif to a hydrophilic high energy surface 

such as SiO2. In agreement with high structural homogeneity, we have observed cells spreading on this 

surface, indicating a proper attachment to the exposed RGD motifs.  

4. Experimental Section 

Commercially available silicon wafers with a thermally grown oxide layer of 100 nm thickness, 

purchased from SiMat, Germany, were used as substrates for the X-ray reflectometry and the cell 

adhesion experiments. The neutron reflectometry measurement was performed using a polished silicon 

block (10 × 5 × 1 cm) with a 60 nm thermally grown oxide layer. Substrates were cleaned by standard 

solvents and wet chemistry steps. In detail, wafer pieces were immersed in acetone and isopropanol, 

followed by sonication in deionized water (DI), followed by an alkaline step (NH4OH:H2O2:DI mixed 

1:1:5 at 80 °C, 20 min), an acidic step (HCl:H2O2:DI mixed 1:1:5 at 80 °C, 15 min), and again the 

alkaline step. Lipid solutions were produced by mixing SOPC (1-stearoyl-2-oleoyl-sn-glycero-3-

phosphocholine) lipids with 0.5 mol% of DHPE (1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine) 

lipids labeled with a fluorescent dye (Oregon Green) and alternatively adding 2 mol% biotin-X-DHPE 

(N-((6-(biotinoyl)amino)hexanoyl)-DHPE, triethylammonium salt). The lipids were mixed in 

chloroform and dried with nitrogen. The supported lipid bilayers were produced by spincoating. The 

appropriate lipid solution was dissolved in isopropanol (1.5 mg/mL) and spincoated on the bare 

substrate with a BLE delta spincoater, using maximum acceleration and a ramp with 3 sec at 2,000 

rpm followed by 60 sec at 3,000 rpm. To minimize solvent residues, the samples were kept in vacuum 

at room temperature for at least 4 h. Sterile tissue culture plates were used for transport and storage of 

the samples to prevent bacterial contamination. Mounting of the samples in the microfluidic chamber 

[43], as well as the change of buffer-solutions or DI water was done in a sterile environment. To form 

the supported lipid bilayer, the fluidic chamber embedding the lipid coated wafer was filled with 

deionized water and kept in the dark overnight at ambient temperature. After extensive rinsing, excess 

lipids in solution and multilayers forming on the surface were removed, using fluorescence microscopy 

to control. The DI water was first replaced by PBS buffer (pH = 7.4). Then 200 µL of streptavidin  

(Sigma-Aldrich) dissolved in PBS buffer (40 µg/ml) was injected into the fluidic chamber, which was 

stored in the dark overnight at ambient temperature. Finally, the Streptavidin solution was replaced by 

DI water and extensively rinsed. The AK-cyclo[RGDfC] peptide-conjugate was synthesized according 

to [2] (Research Group of Peptide Chemistry, HAS, Budapest) using the following protocol (see [2, 

13,14] for details). The peptides (1 µg/µL) were biotinylated by overnight incubation with SNHS-

biotin (2 µg/µL; Sigma) in 1 M phosphate buffer (pH = 7.6). The excess biotin and salts were removed 

by 24-hour dialyzation (3500 kDa dialyzing membrane; Serva) against distilled water with three fluid 

changes. After dialyzation, the protein content was determined and the preparation was occasionally 

concentrated by vacuum dialyzation. Biotinylated AK-cyclo[RGDfC] molecules  

(10 µg/mL in DI water) were injected into the microfluidic chamber and were let to bind overnight in 

the dark. After incubation, the chamber was rinsed with DI water to remove excess AK-cyclo[RGDfC] 
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molecules, which were not bound to the streptavidin layer. Samples were freshly prepared for  

each experiment. 

The X-ray scattering experiments have been carried out at the Hamburger 

Synchrotronstrahlungslabor (Hasylab) in Hamburg, Germany (beamline D4). The wavelength was  

= 0.62 Å and measurements on samples representing subsequent steps of the sample preparation 

series were carried out at different positions of the sample surface to avoid beam damage effects. 

Neutron experiments were performed at the NREX experiment at the FRM II in Garching, Munich, 

Germany. The neutron wavelength used was = 4.26 Å. 

GFP-expressing sub-clone of NE-4C embryonic neuroectodermal stem cells [44] (GFP-4C; ATTC 

CRL-2926) were propagated on poly-L-lysine coated culture dishes in Minimum Essential Medium 

(MEM, Sigma, Hungary) supplemented with 5% fetal calf serum, while radial glia-like (RG-1) cells 

cloned from GFP-expressing fetal mouse forebrain [10] were cultivated on AK-c(RGDfC)-coated 

dishes in DMEM/F12 (1:1; Sigma Hungary) supplemented with B-27 (Invitrogen, Hungary) and 

10 ng/ml EGF. After harvesting by trypsinization, the cells were suspended in artificial cerebrospinal 

fluid (ACSF). After 20 min recovery at 37 °C in a gas atmosphere containing 5% CO2, the cells (at a 

density of 105 cells/mL) were introduced into lipid-coated chambers or were treated with plain or 

biotinylated AK-cyclo[RGDfC] (0.25 µg/mL) for 30 min, in suspension at mild agitation in a  

CO2-incubator.[44] 

4. Conclusions 

The combination of x-ray and neutron reflectometry experiments allows quantifying the layered 

structure of the AK-cyclo[RGDfC]/streptavidin/SLB system in terms of layer thickness, hydration, and 

packing. AK-cyclo[RGDfC] binds to the streptavidin template in a stretched on edge orientation. The 

high molecular packing efficiency of 88% provides a dense layer containing the RGD adhesion 

motive. Neural stem cells readily spread on such surfaces, while the bare SLB does not support the 

attachment of neural stem-like cells. A large variety of surfaces can be coated by lipid bilayers using 

physisorption and various techniques for bilayer patterning are available. Using this approach, the 

preparation of highly effective coatings for stem cells growth on various chemically inert surfaces  

is possible. 
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Photocatalytic Cleavage of Self-Assembled Organic
Monolayers by UV-Induced Charge Transfer from GaN
Substrates

By John Howgate, Sebastian J. Schoell, Marco Hoeb, Wiebke Steins,

Barbara Baur, Samira Hertrich, Bert Nickel, Ian D. Sharp, Martin Stutzmann,

and Martin Eickhoff*

Wide-bandgap semiconductors such as gallium nitride (GaN) and
silicon carbide (SiC) have received increasing attention as
potential components in advanced organic/inorganic hybrid
systems. In both of these materials, the Fermi level can be varied
over a wide energy range by controlled impurity incorporation.
Moreover, they exhibit excellent characteristics for bio-electronic
applications; they are categorized as biocompatible,[1,2] they have
possibilities for bandgap engineering,[3,4] and they can be used
both for chemical sensors[5] and to analyze biochemical systems
on their surfaces.[6] So far, such semiconductors have largely been
used as passive bio-electronic elements.[6] However, many
organic systems possess energetic levels whose occupations
can be altered by direct electronic charge transfer to or from a
semiconductor substrate. Detailed understanding of such
charge-transfer mechanisms between inorganic semiconductors
and organic molecules is of fundamental importance in the
emerging field of molecular and biomolecular electronics. Here,
we study the impact of illumination on n- and p-type GaN and SiC
with covalently bound self-assembledmonolayers (SAMs) formed
from octadecyltrimethoxysilane (ODTMS). The use of simple
aliphatic chains provides a model system for study of charge-
transfer processes which can be extended to complex biological
and hybrid systems in the future. For n-type GaN we demonstrate
the occurrence of low energy photo-induced charge-transfer
ionization of the alkyl chains well below the energy normally
required for molecular cleavage. By exploiting the large energetic
window spanned by the valence and conduction bands of n- and

p-type GaN and SiC, we determine the alignment required to
accommodate such a transfer and assess the stability of SAMs in
the presence and absence of such photocatalytic states.

There exist various proven routes to covalently immobilize self
assembled monolayers on semiconductor surfaces. One of the
best studied is the silanization process, in which organosilane
molecules react with hydroxyl-terminated surfaces in the
presence of water to yield organic monolayers bound over a
crosslinked Si–O–Si network.[7] Although these reactions are
typically performed on thin hydroxyl-terminated silica films on Si,
both GaN and SiC surfaces can be readily hydroxyl-activated. The
covalent functionalization of both materials with silane mono-
layers has recently been demonstrated[8,9] and has been exploited
for applications in enzyme-modified AlGaN/GaN field-effect
transistors.[6] In the present work, silanization was performed
using ODTMS to create self-assembled monolayers of octade-
cylsilane (ODS) on OH-terminated n- and p-type GaN as well as n-
and p-type 6H-SiC. Although alkyl chain molecules radically
decompose when subjected to high energy UV irradiation,[10] they
remain stable when the wavelength is well below the molecular
ionization energy. However, this stability can be compromised if a
level is present to accept an ionization charge transferred under
lower energy excitation. For the current investigation, filtered
light from a low pressure Hg lamp with a wavelength of 254 nm,
corresponding to an energy higher than the bandgap of both GaN
and 6H-SiC but below the threshold required for direct ionization
or generation of ozone, atomic oxygen, and hydroxyl radicals from
air,[11,12] was used. The effect of UV irradiation, and the resulting
UV-generated charge carriers in the substrates, on the structural
and chemical properties of self-assembled ODS monolayers is
comparatively analyzed using static water contact angle measure-
ments (SWCA), contact potential difference/surface photovoltage
(CPD/SPV), attenuated total reflection Fourier transform infrared
spectroscopy (ATR-FTIR), X-ray reflectivity (XRR), X-ray photo-
electron spectroscopy (XPS), and transient UV desorption
spectroscopy (TUVDS). We find that significant and rapid
photocatalytic degradation of the organic layer occurs only for
the case of n-type GaN, while the monolayers are stable on all
other investigated substrates. This demonstrates that the
charge-transfer processes between semiconductors and organic
systems depend on the positions of the conduction and valence
band edges and can be tailored by appropriate choice of the
semiconductor Fermi level (i.e., the direction of the surface band
bending).
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Primary characterization of the self-assembled alkylsilane
monolayers was performed by thermal desorption spectroscopy
(TDS) and SWCA measurements. TDS confirmed previous
analyses performed on ODS functionalized GaN and SiC: the
desorption enthalpies of hydrocarbon fragments leaving the
surfaces indicated strong covalent attachment of molecules[8,9]

and essentially no desorption of physisorbed contaminants was
observed after moderate heating. Assessment of the hydro-
phobicity was carried out both before and after functionalization
by SWCAmeasurements. After hydroxylation, all samples exhibit
contact angles of less than 108. Following ODS functionalization,
all contact angles exceeded 1008. In comparison, contact angles of
up to 1108 have been reported for high quality, dense ODS
monolayers on oxidized Si surfaces.[13]

Following illumination at 254 nm a substantial reduction of the
contact angle, from the initial value of>1008 to a saturation value
of 258 after 30min of illumination, was observed on ODS
functionalized n-type GaN, whereas no significant changes were
observed on the surfaces of p-type GaN, n- or p-type SiC. The
illumination time required for the contact angle reduction on
n-type GaN could be accelerated to approximately 1min by
illumination through a water droplet covering the sample surface.
Wavelength dependent measurements were performed on n-type
GaN, and showed that above bandgap illumination (energies
larger than �3.4 eV) is sufficient for the contact angle to saturate
at �258 within the aforementioned timeframe. No significant
change of the contact angle was observed upon illumination with
sub-bandgap light. We note that the presence of low intensity
near-UV light from the laboratory ambient, which contains
wavelengths shorter than �365 nm, was enough to slightly
degrade the contact angle of n-type GaN, saturating at a value of
908. For practical reasons, the remaining experiments were
performed using laboratory light exposed samples.

The hydrophobic/hydrophilic contrast between as-prepared
and illuminated surfaces is highlighted in Figure 1, in which an
ODS-modified n-type GaN surface was selectively illuminated at
254 nm through a shadow mask and subsequently subjected to
water vapor. The retention of the pattern fidelity after illumination
demonstrates the potential utility of UV-induced SAM degrada-
tion for selective spatial modification of surface properties.[14]

To more specifically understand the process of UV-induced
changes in the SWCAs, we studied the impact of irradiation on
the chemical and structural properties of the organic films.

Figure 2a,b show ATR-FTIR spectra from n- and p-type SiC and
GaN before and after UV illumination. All of the samples exhibit
modes corresponding to symmetric (sym) CH2, anti-symmetric
(a-sym) CH2, and anti-symmetric CH3 stretching vibrations, as
indicated in the figure. The CH2 line positions for n- and p-type
SiC and p-type GaN samples are red-shifted by �2 cm�1 relative
to the liquid state, indicating partial ordering of the SAMs, since
red-shifts of 4–5 cm�1 are typically observed for highly ordered
monolayers on Si.[15] However, the anti-symmetric and sym-
metric CH2 line positions for monolayers on n-type GaN are not
shifted relative to those of liquid alkyl chains, indicating
significant disorder within the SAM and in agreement with
the relatively low SWCA in ambient light.

Quantitative analysis of the calibrated ATR-FTIR spectral
intensities provides a relative measure of the quantities of
hydrocarbons remaining on the surfaces after illumination. The
largest spectral intensities are observed immediately after
functionalization of n- and p-type SiC and p-type GaN and very
little change is observed upon illumination. In contrast, the
absorbance of the as-prepared ODS SAM on n-type GaN is
significantly reduced relative to that of the p-type sample due to
stray ambient near-UV light contamination during sample
preparation. Following 254 nm UV illumination, a significant
reduction of the total hydrocarbon absorption is observed along
with an almost complete disappearance of the CH3 vibrational
mode from the endgroups of the alkyl chain molecules.

Complementary chemical analysis was performed using XPS.
The C1S core level signals originating from the organic SAMs on
n- and p-type SiC (Fig. 2c) and p-type GaN (Fig. 2d), are unaffected
by UV illumination. In contrast, the non-UV-exposed n-type GaN
exhibited a reduced signal intensity due to the ambient light
effects described above and the UV-exposed sample exhibited

Figure 1. UV illumination through a standard shadow mask consisting of
4mm dots with a pitch of 3mm produces a hydrophobicity pattern that can
be observed by water condensation.

Figure 2. ATR-FTIR spectra in the region of hydrocarbon stretching modes
from n- and p-type a) SiC and b) GaN before and after UV illumination. XPS
spectra of the C1S core level of n- and p-type c) SiC and d) GaN before and
after UV irradiation. Both measurement techniques reveal significant
degradation of the monolayer following UV illumination for the case of
n-type GaN only.
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significant additional degradation (Fig. 2d), consistent with
the observations from ATR-FTIR measurements. A correspond-
ing increase of the substrate core level intensities is also observed
(not shown). We note that, following
UV degradation, the C1s peak of the
n-type GaN sample retains its width
despite the significant intensity reduc-
tion, indicating that the change is due
to hydrocarbons leaving the surface
rather than chemical state-induced
shifting of the binding energies. The
energetic shifts between the n- and
p-type samples are due to the changes
of the Fermi levels with doping but
have reduced magnitudes arising from
the oppositely directed surface band
bending

Since SWCA, XPS and ATR-FTIR
show the fundamental stability of
n-, p-type SiC and p-type GaN we
chose to focus the remaining measure-
ments on a comparison of n- and
p-type GaN. Quantification of the
monolayer thicknesses on all GaN
samples was achieved by XRR mea-
surements (Fig. 3a,b), which showed
monolayer thicknesses of 24 Å on
p-type samples both before and after
illumination, in excellent agreement
with the known molecular length.[16]

Immediately following preparation, the SAM thickness on n-type
GaN was 17 Å and decreased to 11 Å following UV illumination.

Transient measurements of the partial pressures of specific
masses under high vacuum during UV illumination of n-type
GaN were performed. The temporal evolution of the partial
pressuremass spectrum of themost prominent ODS fragments[8]

from a functionalized n-type GaN sample upon exposure to UV
illumination were recorded; for one of those (41 amu, corre-
sponding to C3H5) the result is shown in Figure 3c. We note that,
owing to the pronounced sensitivity of the desorption rate on the
presence of residual water on the surface, quantitatively
reproducible TUVDS data are currently not available.
Nevertheless, the modulation in magnitude of the partial
pressure is synchronous with that of the UV source and only
occurs in the presence of functionalized n-type GaN samples,
proving the direct relationship between UV illumination and
degradation of the covalently bound organic monolayer.
Furthermore, the sensitivity of the measurement to residual
water is consistent with the water acceleration effect observed
during SWCA measurements. As summarized in Figure 3d, for
all samples there exists a strong correlation between the
observations from all measurement techniques. Among the four
different ODS functionalized samples, only n-type GaN showed a
large degradation of the covalently bound SAM layer upon
exposure to above bandgap light.

As depicted in Figure 4a,b the surface-bound and cross-linked
ODS molecules possess CH3 terminal groups. The combined
observations of the CH2 degradation and almost complete loss of
CH3 fromATR-FTIR spectra, the approximate halving of the layer
thickness from XRR, and the change of the hydrocarbon intensity
from XPS, demonstrate that the remaining (fully degraded)
organic film is comprised of the remnants of the ODS molecules

Figure 3. X-ray reflectivity spectra of n-type GaN (a) and p-type GaN (b)
before and after UV illumination. The obtained fitting parameters for the
ODS film thickness are 24, 24, 17, and 11 Å for p-GaN, p-GaN UV, n-GaN,
n-GaN UV, respectively. c) TUVDS measurements show the temporal
partial pressure mass spectrum (41 amu, corresponding to C3H5) from
functionalized n-type GaN along with the on/off times of UV illumination.
d) Summary of the normalized changes of SWCA, XPS C 1s core level
intensity, ATR-FTIR spectral intensity, and XRR SAM thickness on n- and
p-type GaN before and after illumination. Values are normalized to those
found on p-type GaN prior to illumination (SWCA: 1018, XRR: 24 Å).

Figure 4. a) An ODTMS molecule prior to functionalization. b) The ODTMS is covalently bound to an
n-type GaN surface, creating a Si–O–Si network. c) The sample is exposed to above-bandgap light and
electron-hole pairs are generated. d) Photo-assisted recombination cleaves the chain of a previously stable
molecule. e) n-type SiC band alignment does not allow the transition to take place. f) n-type GaN has the
correct band positions to allow the recombination.
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after degradation and that UV illumination does not simply
reduce the aerial molecular density. Furthermore, the absence of
UV-induced degradation on p-type GaN as well as on n- and p-type
SiC proves that the observed process is not inherent to the ODS
monolayer itself but requires electronic interaction with the
underlying substrate material.

Degradation of organic monolayers on solid surfaces under
UV illumination has been well studied and widely exploited for
patterning of SAMs.[14] A range of radiation energies and
materials systems have been used. Under UHV conditions, high
energy UV illumination originating from HeI and HeII emission
introduces defects into monolayers by formation of C¼C bonds,
but with no pronounced loss of hydrocarbons from the surface.[17]

Under ambient conditions, vacuum ultraviolet (VUV) radiation at
185 nm (7.2 eV) can be sufficient for generation of highly reactive
atomic oxygen or hydroxyl radicals from air which oxidize
surface-bound organic molecules.[11,12] It has also been demon-
strated that VUV radiation is sufficient for ionization or direct
cracking of the C�C backbone of molecular monolayers.[10]

However, the filtered UV source used in the present work, at
254 nm (4.9 eV), intentionally does not have the energy required
for either direct generation of oxidizing radicals from air or for
direct ionization of aliphatic chains, as evidenced by the stability
of monolayers on p-type GaN and n- and p-type SiC. Indeed, we
observe that monolayer degradation on n-type GaN occurs under
illumination by supra bandgap light with energies as small as
3.4 eV. Degradation of alkanethiol SAMs by near-UV illumination
has also been observed and was primarily attributed to
photo-oxidation of the thiol headgroup rather than the aliphatic
chain;[18,19] in the present case the silicate interfacial binding
structure is insensitive to similar processes. In the special case of
TiO2, rapid degradation of SAMs has also been extensively
studied and is due to photocatalytic generation of hydroxyl
radicals on the surface followed by rapid oxidation of organic
monolayers.[20–22] However, it has been shown that these radicals
are highlymobile on the surface and can yield remote oxidation as
far as 20mmaway from the generation site.[21,22] As demonstrated
in Figure 1 no loss of pattern fidelity is observed following
selective illumination through a shadow mask consisting of a dot
array with 4mm feature sizes, proving that an analogous process
does not play a significant role in the degradation mechanism.

In light of these observations, we propose a mechanism for
photocatalytic degradation of ODS monolayers on n-type GaN
based upon charge transfer between the molecular HOMO layer
and the semiconductor valence band. Figure 4a–f show schematic
diagrams of the ODS molecular binding configuration to the
surface of the sample along with the proposed mechanism and
corresponding energy level diagrams for n-type 6H-SiC and GaN.
CPD/SPVmeasurements, calibrated using freshly exposed highly
oriented pyrolytic graphite (HOPG), reveal the surface valence
band positions of GaN and 6H-SiC to be at �7.5 and �7.0 eV
below the vacuum level, respectively. The upward surface band
bending of n-type GaN and 6H-SiC, which is measured by SPV to
be in the range of 0.4–0.5 eV for both materials, results in hole
drift to the surface under UV illumination. The GaN valence band
position, at –7.5 eV, is much lower than that of 6H-SiC, at�7.0 eV,
and is in close alignment with reported values for alkyl chain
HOMO levels.[23,24] This energetic alignment allows for
UV-assisted electron transfer from the alkyl HOMO and

recombination with a surface-accumulated hole in the semi-
conductor substrate; the loss of a bonding electron from the C�C
backbone is analogous to excitation above the ionization energy and
causes themolecule to crack or become very reactive, leading to the
observed degradation. As a consequence, the energy threshold for
this process is reduced to the GaN bandgap energy.[25]

It is, however, evident that an alternate model may explain the
experimental findings. It has recently been reported that midgap
states in n-GaN facilitate water splitting.[26] Although a dominant
role of these states in the UV-induced charge transfer is
considered unlikely due to their comparably low concentration,
the acceleration of the degradation process in the presence of
water could indicate an indirect involvement that catalyzes the
UV-induced degradation.[27] The proposed degradation mechanism
describes the charge-transfer-induced destabilization of SAMs on
n-type GaN; subsequent oxidation of this reactive intermediate state
under ambient conditions is reasonable to expect and may be
accelerated in the presence of water. A detailed description of such a
multistep reaction is beyond the scope of the present work and
further experiments will be required to determine the specific
contribution of water to the suggested reaction mechanism.

In this work, we have demonstrated UV-induced photocatalytic
cleavage of ODS SAMs covalently bound to n-type GaN surfaces
and we have identified an energetic window for charge transfer
between an organic SAM and an inorganic semiconductor
substrate. For the case of aliphatic molecules, such charge
transfer leads to photocatalytic degradation of the layer due to
removal of bonding orbital electrons. We have proposed a model
by which UV illumination of n-type GaN leads to surface
accumulation of holes at an energetically favorable position for
recombination with an electron abstracted from the HOMO of
ODS. Furthermore, we have shown that either an upward shift of
the valence band maximum (as is the case for n-type 6H-SiC) or
an opposite direction of surface band bending (p-type GaN) leads
to a suppression of the charge transfer. This work demonstrates
that the charge transfer can significantly reduce the ionization
energy threshold for the removal of bonding orbital electrons
from organic SAMs. The demonstrated charge transfer and
identification of the energetic window within which it is
favorable, could allow a selection of organic systems to be
actively charged or discharged by direct interaction with the
semiconductor substrate. Understanding such charge-transfer
phenomena will be vital in the emerging fields of molecular and
biomolecular electronics. Furthermore, the demonstrated photo-
catalytic reduction of molecular ionization levels could be
exploited for driving chemical reactions on surfaces.

Experimental

Samples: The GaN samples used were (0001) oriented, 3.5mm thin
films grown by metal organic chemical vapor deposition (MOCVD) on
330mm thick sapphire substrates (Lumilog, Vallauris, France). The films
were silicon-doped with a net carrier concentration of n � 1018 cm�3. The
p-type GaN samples were also grown by MOCVD (TopGaN, Warsaw,
Poland) on sapphire substrates and consisted of the following film stack:
1.5mm undoped GaN, 1.5mm silicon-doped GaN, 0.5mm magnesium
dopedGaN, and 10nmof adjustedmagnesiumdopedGaN to p� 1018 cm�3.

The SiC samples used were cut from 350mm thick single-crystalline,
(0001) oriented 6H-SiCwafers. The n-type wafer was nitrogen doped with n
�1018 cm�3 (CrysTec GmbH, Berlin, Germany) and the p-type wafer was
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aluminum doped with p� 1018 cm�3 (Cree, Inc. Durham, NC, USA). Prior
to use, all SiC wafers were polished to a surface rms roughness of�0.3 nm
(NovaSiC, Le Bourget du Lac Cedex, France).

Sample Preparation: All samples were prepared according to a standard
procedure consisting of room temperature ultrasonic (US) cleaning in DI
water (18MV/cm, Millipore), acetone, and isopropanol room temperature
for 10min each. OH-terminated GaN was achieved by treating the sample
for 10min in hot 3:1 H2SO4:H2O2 followed by10min in an oxygen plasma
at 200W. Confirmation of this process was accomplished by XPS analysis
and SWCA, not shown here.

OH-terminated SiC was achieved by 5min oxygen plasma treatment
followed by etching for 5min in 5% HF, and then repeating the process.
This has previously been reported to lead to surface hydroxylation [28–30]
and was confirmed by XPS, FTIR and SWCA.

Formation of self-assembled ODS layers on OH-terminated surfaces
was performed according to a method presented elsewhere [8,9]. The
hydroxylated samples were immersed in a solution of 5% ODTMS in
toluene with 0.5% butylamine as catalyst for 150min at 14 8C, followed by
US in toluene andmethanol in order to remove any physisorbedmolecules.

All samples in a series were treated simultaneously, therefore they were
all functionalized under identical conditions. The sample series could often
not be measured simultaneously. Several series of the same experiment
were, therefore, always performed, each time in a different order.

Instruments: Plasma oxidation was performed using a Technics Plasma
100-E, operated at 200W with an oxygen pressure of 1.4 mbar. SWCA
measurements were made using a home-built setup with 1.5mL drops of
ultrapure deionized water (>18 MV � cm, Millipore). Saturation measure-
ments were performed in 5min intervals of UV exposure with each interval
followed by a SWCA measurement. TDS/UVDS measurements were
conducted using a custom built high vacuum system (HV) (<10�7 mbar)
consisting of a quartz tube, external heating/UV source, and a Hiden
analytical RC IV mass spectrometer (MS) system with a Hal 201 detector.
Measurements were always performed after an 800 8C bake-out of the
quartz tube and 120 8C bake-out of the HV and MS components. XPS data
were collected using custom built UHV system (2� 10�10 mbar), equipped
with Mg and Al Ka X-ray sources operated at 5 kV and 5mA (Specs, Berlin,
Germany). The 120mm radius hemispherical analyzer was operated at
constant pass energy (40 eV) with variable retardation voltage. ATR-FTIR
was performed using a Bruker Vertex 70 v spectrometer under vacuum and
a Pike Technologies MIRacle ATR-unit equipped with a single reflection Ge
ATR crystal. All spectra were background-referenced to the clean ATR
crystal measured against vacuumwith a resolution of 3 cm�1 and with 1200
scans for each measurement. Light mechanical pressure was used to
obtain good contact between samples and the Ge ATR crystal. X-ray
reflectivity measurements were conducted using a custom-built system
consisting of a Mo Ka x-ray tube (17.4 keV), at standard temperature and
pressure. CPD/SPV measurements were performed using an oscillating
Kelvin Probe S Au reference electrode (Besocke Delta Phi, Jülich, Germany)
accompanied by Kelvin Control 07 electronics. Illumination was achieved
using a 250W Xe lamp through a range of neutral density filters to ensure
saturation of the surface photovoltage.
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1. Introduction 

Multilayer XUV/soft X-ray mirrors are key components for steering attosecond pulses from 
high harmonic radiation [1]. These pulses pave the way towards the observation of electron 
dynamics in atoms, molecules or solid surfaces/nanostructures with an unprecedented 
temporal precision [2–4]. Aperiodic multilayer mirrors exhibit the required degree of 
freedom for the tailored shaping of attosecond pulses in the XUV/soft X-ray range [5,6]. 
Extending the current attosecond technology [7] to the so called ‘water window’ spectral 
range between the carbon 1s (284 eV) and oxygen 1s (543 eV) states may enable not only the 
generation of ever shorter isolated pulses [8], but could allow to access deeper electron core 
levels which may facilitate the investigation of electron dynamics in bio-molecules [9,10]. 
The material combination of chromium (Cr) and scandium (Sc) is the most appropriate 
choice for multilayer mirrors in the 250-400 eV photon energy range [11,12], where a 
maximum normal incidence reflectivity up to 32.1% (in the vicinity of the Sc 2p-edge at 
398.7 eV) and a typical interface roughness down to 0.32 nm has been realized for periodic 
small-bandwidth multilayer by magnetron sputtering technique [13]. Up to now broad-
bandwidth aperiodic CrSc multilayer mirrors have been investigated only theoretically for the 
‘water window’ [14,15] or have been realized at grazing angles for the keV range [16]. 
Previous experiments have shown that aperiodic multilayer mirrors can control the 
attosecond pulse dispersion around 100 eV [5,6,17] being used for resonant excitation of 
distinct atomic core states [18]. Extending this control, into the ‘water window’ spectral 
range, requires multilayer optics of sub-angstrom layer precision as their spectral amplitude 
and phase are extremely sensitive to even the smallest thickness errors of only a fraction of 
the nominal layer thickness [19] being typically around 1 nm [20]. Here we present one 
periodic and two aperiodic chirped CrSc multilayer mirrors, designed via numerical 
algorithms [21], fabricated by ion beam deposition, and characterized by hard- and soft X-ray 
reflectometry. We show excellent agreement between the simulated reflectivity (based on the 
ideal multilayer design) and the measured reflectivity, which allows for a retrieval of the 
experimentally realized multilayer stack structure. By using the measured reflectivity and 
calculated spectral phase data (derived from the experimental multilayer structure) the 
temporal response to a chirped single attosecond pulse at ~320 eV has been calculated. 

2. Ion beam deposition methodology 

2.1 Deposition procedure of the multilayer 

Periodic small bandwidth CrSc multilayer mirrors, as well as aperiodic broadband multilayer 
mirrors, have been fabricated using a load-locked dual ion beam deposition machine, 
utilizing (neutralized) 600 eV krypton ions at a background pressure of 10−7 Pa, sketched in 
Fig. 1. 
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Fig. 1. Schematic setup of the dual ion beam deposition system with load locked sample 
transfer, four target assemblies, beam shaper and rotating substrate holder. 

Each layer thickness has been controlled via its deposition time. Typical sputter rates for 
both materials are below 0.1 nm per second and have been calibrated using surface 
profilometry as well as in situ spectral ellipsometry. Sputter time calculations are based on a 
numerical model, to compensate both for inter-diffusion losses and systematic deposition 
variations, e.g. shutter response times. The deposition system contains an automatic sample 
load lock for substrates up to 6 inch, two filament-less radio frequency ion beam sources for 
target material sputtering (deposition source), as well as ion-assisted deposition (assist 
source) and four target wheels (400 mm). The substrate holder is spinning during deposition 
with a spinning frequency of 40 rpm and a R/θ shaper is being used for shaping the particle 
flux laterally for graded multilayer growth or high lateral homogeneity film thickness growth. 

2.2 Lateral homogeneity and vertical precision 

A shaper has been designed to improve the lateral homogeneity as displayed in Fig. 2(a). 
Deposition rates with and without the shaper have been determined by surface profilometry 
and XUV reflectivity measurements (comparing the central energy) on a set of molybdenum 
and silicon (MoSi) multilayer mirrors at various radial positions on the substrate holder. The 
lateral homogeneity could be improved from about ± 5% to less than ± 0.5% across the full 
diameter of the substrate holder. For typical 1 inch substrates the maximum homogeneity 
deviation is less than 0.2%. The shaper is routinely used for the CrSc multilayer deposition 
results described in the following. 
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Fig. 2. (a) Lateral (radial) homogeneity of the deposition rates with (red) and without shaper 
(blue). (b) Rate dependence on the sample height. A quadratic fit coincides quite well with the 
measured data, since the tapered surface is quadratic dependent on the distance. 

Besides lateral homogeneity, the deposition rate depends as well on the sample height and 
has to be understood and taken into account for a correct mirror design implementation. This 
pure geometrical dependence can be retrieved analytically from the distance D between the 
imaginary target point of divergence and the substrate holder as the tapered surface of the 
ablated material beam scales quadratic with the distance. The relation of the sputter rate 
dependent on the sample height reads like: 

 
2 2

2 1 1 1

1 2 2 2

,
1

A d D hN

A s A d D h

   Γ −Γ = ⇔ = = =   ⋅ Γ −   
 (1) 

where Γ indicates the rate, N the number of particles, A the area, h the sample height and d is 
the distance from the sample surface to the extended target focus as imaginary point source 
(1: reference norm level, 2: various sample heights). The target rates have been calibrated by 
a lift-off procedure and consecutive surface profilometry. Figure 2(b) shows the measured 
deposition rate normalized to a 525 µm thick standard silicon wafer. The deposition rate of a 
standard 1 inch substrate deviates from this silicon wafer by ~3.5% and would manifest itself 
in an equal shift in the central energy. 

3. Multilayer deposition precision 

3.1 Study of the top layer oxidation 

Detailed analysis of the top layer of a multilayer mirror is essential to correctly model its 
reflectivity as it influences the superposition of the incident and reflected radiation. Many 
materials oxidize when being brought to atmosphere, where sputtered material is lost to build 
the ‘natural’ oxide layer. We use spectral ellipsometry in situ and ex-situ within a wavelength 
range of 380-1800 nm to study such oxidation processes [22]. Spectral ellipsometry allows 
one to retrieve both the optical constants and the layer thicknesses of simple structures from 
the measured ellipsometry parameters 

 tan / and - ,p s p sr rψ ϕ ϕ= Δ =            (2) 

where rp,s are the reflection coefficients and φp,s indicates the phase of the p and s 
polarization, as a function of the spectral wavelength. An about 8 nm thick single layer of the 
material (Cr, Sc) was deposited on silicon wafers. The natural SiO2-layer thickness of the 
wafer was retrieved by ellipsometry before the coating and the grown material thickness was 
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analyzed directly after the coating process without bringing samples to air. We fitted the 
measured data with a three layer (Si, SiO2, Cr/Sc) model, displayed in Fig. 3. 

 

Fig. 3. Ellipsometry parameters psi (red) and delta (green) and the corresponding fitted model 
(dashed black). Data is taken from samples with pure 8 nm thick layers of (a) chromium and 
of (c) scandium, and is compared to data measured after 24h oxidation (b) Cr/Cr2O3, and of (d) 
Sc/Sc2O3, respectively. In (b) additional data after one year of oxidation is included, showing 
no measurable change and indicating that chromium is well suited as passivation layer. 

After analysis, the samples have been brought to air for 24 hours, before being analyzed 
again to study the built up oxide layers and the thickness loss of the material layer from 
which it is built. The optical constants of chromium and scandium have been measured 
previously from optically thick bulk samples. The optical constants for chromium oxide were 
taken from the Woolam database whereas scandium oxide was approximated with a Cauchy-
layer [23] (with the Cauchy parameters A = 1.163, B = 0.01493, C = 0.0065) since it is 
impossible to measure the optical constants of such thin dielectric layers directly. As result, 
we found that a loss of 0.31 ± 0.04 nm of chromium forms a 1.40 ± 0.46 nm thick Cr2O3 
layer and 2.92 ± 0.29 nm pure scandium forms a 6.72 ± 0.24 nm thick Sc2O3 layer. This is in 
full agreement with profilometry which showed a gain of 1.3 ± 0.7 nm for Cr/Cr2O3 and 3.9 ± 
0.8 nm for Sc/Sc2O3 compared to a pure 200 nm bulk. Throughout the following chapters 
reflectivity simulations and designs take into account the built up oxide. 

3.2 Mirror design implementation 

Beside systematic deviations of the sputter machine and analyses of the top layer oxidation, 
last but not least, detailed knowledge about the interface losses of each distinct material 
combination is important to ensure a correct simulation and implementation of a multilayer. 
The interface loss of our CrSc multilayer system has been analyzed in comparative studies of 
single layer and multilayer stacks using again surface profilometry. Our measurements 
showed no interface loss for our ion beam sputtered CrSc multilayer system in contrast to 
magnetron sputtered systems [13]. 
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3.3 Characterization by soft/hard X-ray reflectometry 

We have evaluated the vertical periodicity accuracy [24] with respect to systematic and 
random layer thickness deviations inside the CrSc multilayer system, by fabricating a 
periodic CrSc multilayer mirror with an intended period thickness of d = 1.953 nm and a 
period number of N = 400 on a Si (100) substrate. The mirror design was chosen according to 
a near normal incidence (5 degree off normal) peak reflectivity at a photon energy of 320 eV. 
The total deposition time of this multilayer system was about 5 h. The periodic CrSc 
multilayer has been analyzed by soft X-ray reflectometry at the reflectometry beamline 6.3.2 
at the Advanced Light Source [25]. The results are depicted in Fig. 4(a). Figure 4(b) shows 
additionally the witness sample, measured now by Mo-Kα grazing incidence reflectometry 
using a laboratory X-ray diffractometer. Both measurements have been evaluated with 
respect to the period thickness d, the γ-factor, representing the ratio of the scandium layer 
thickness to the multilayer period, and the Nevot-Croce [26] interface roughness factor σ. 
Reflectivity simulations and reflectivity fits have been performed using a self-written 
multilayer Fresnel code. Throughout this paper, the tabulated values of the atomic scattering 
factors from Henke and Gullikson [27] for Cr and Sc have been used and bulk layer densities 
have been assumed. 

 

Fig. 4. Characterization of a periodic CrSc multilayer stack, containing 400 periods, by (a) soft 
X-ray reflectometry and (b) hard X-ray Mo-Kα reflectometry. Simulation results are shown for 
comparison (blue solid lines). 

Soft X-ray reflectometry measurement performed at 5 degree off normal reveals a peak 
photon energy of 319.6 eV and a peak reflectivity of 3.9%. The average period thickness is 
1.955 nm and the interface roughness can be estimated to 0.502 nm. The measured 
reflectivity bandwidth is only slightly larger than expected from the simulation. This 
indicates a very high vertical periodicity of the deposited multilayer stack with almost 
negligible random thickness errors. This is confirmed by hard X-ray grazing incidence 
reflectometry. It reveals a period thickness of 1.956 nm with a multilayer interface roughness 
of only 0.235 nm, again with very sharp and high contrast Bragg peaks due to the high 
periodicity of the multilayer stack. While the period thickness and the γ-ratio of both 
measurements almost perfectly agree, the deviation in the evaluated interface roughness 
parameter (0.502 nm to 0.235 nm) can be attributed to contamination of the Sc layers. An 
energy dispersive X-ray spectroscopy measurement indicates ~13% Cu contamination 
stemming from the target backing plate, which severely affects the soft X-ray peak 
reflectivity, while it has only minor influence to the hard X-ray reflectometry measurement. 
For the aperiodic multilayer results described in chapter 4, we have suppressed the 
contamination of the Sc layers by mounting a larger Sc sputtering target, which diminishes 
the spill-out of the ion beam on the backing plate. Furthermore, the different penetration 
depth of the soft and hard X-ray radiation may reveal different roughness values, because 
accumulating roughness as well as the interface Power Spectral Density [28] is weighted 
differently. 
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3.4 Characterization by surface profilometry 

As third measurement, the total multilayer stack thickness has been measured by surface 
profilometry. A set of 24 line scans across different positions of a shadowed deposition edge 
has been performed. The measured overall thickness together with the mean value and the 
targeted total stack thickness, based on the calibrated single layer deposition rates of Cr and 
Sc, is plotted in Fig. 5. The average total stack thickness of 782.959 nm, with a standard 
deviation of SD = 0.703 nm, differs from the target value (782.3 nm) only by about 0.6 nm 
(after the deposition of 400 periods). 

 

Fig. 5. Total CrSc multilayer stack thickness (same multilayer as in Fig. 4) evaluated from 24 
thickness measurements by surface profilometry. Also shown are the mean value and the 
target stack thickness from calibrated deposition rates. 

3.5 Comparison of the methods 

In summary the retrieved data from different measurement techniques shows a remarkable 
agreement with the design based on the model in section 3.2, listed in Table 1. The absolute 
period (layer) deviation is 0.15%. This is the necessary prerequisite for the fabrication of 
aperiodic chirped multilayer coatings as will be proven in the following. Both the spectral 
reflectivity amplitude and the phase respond very sensitively to even the smallest layer 
thickness deviations on an atomic 0.1 nm scale. 

Table 1. Comparison of the evaluated total stack thickness, multilayer period d, interface 
roughness σ, thickness ratio γ and the period deviation from the target. 

Method Total [nm] d [nm] σ [nm] γ Deviation[%] 

Target 782.3 1.953  0.6 

Profilometry 782.959 1.9546   0.08

XRR 783.5 1.956 0.235 0.602 0.15

XUV 783.1 1.955 0.502 0.6 0.10

4. Chirped multilayers 

Based on the layer accuracy achieved on the periodic CrSc multilayer results, as presented in 
chapter 3, we have simulated and optimized a set of two different aperiodic broadband CrSc 
multilayer mirrors aiming for the reflection of single attosecond pulses from the high 
harmonic plateau in the ‘water window’ spectral range around a photon energy of 326 eV. 
High Harmonic Generation (HHG) sources producing single isolated attosecond pulses, with 
pulse durations of 80 as [8] or trains of 63 as pulses [29], are possible based on few cycle 
intense near-infrared (NIR) laser pulses from carrier envelope phase stabilized Ti:sapphire 
amplifiers, which are converted into a high harmonic spectrum ranging into the XUV spectral 
range by non-linear frequency conversion in a rare gas medium (e.g. Ar, Ne, He) [3,30] or 
solid [31–33]. In the past XUV optics have been used to filter and shape these single 
attosecond pulses from the almost unmodulated plateau region of the high harmonic spectrum 
[34,35] and compress these pulses down to its Fourier limit by dispersion correction [36]. 
While time resolved attosecond experiments have been achieved in the sub 100 eV XUV 
photon energy range [3,37], very recently, with improved laser sources and multilayer optics, 
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this time resolution has been extended to the 100-150 eV photon energy range [4]. With ever 
improving few cycle laser development towards higher pulse energies, this regime will soon 
be extended into the ‘water window’ soft X-ray spectral range, making new exciting time 
resolved attosecond experiments on e.g. charge transfer dynamics in bio-molecules possible. 
Using thin filters for attosecond pulse shaping in this energy regime is limited to fixed 
opening and absorption edges of the used material and thus restricts the degree of freedom. 
This leaves multilayer mirrors as the only components for tailor-made spectral filtering and 
shaping an attosecond ‘water window’ pulse. For that reason, we have developed a chirped 
aperiodic CrSc multilayer optimized for reflecting sub-70 as pulses from HHG at central 
photon energy of 326.3 eV (Ar L1-edge) with a bandwidth of about 30 eV for future resonant 
attosecond photo ionization experiments. 

4.1 Characteristics of the chirped CrSc multilayer mirrors 

The two different aperiodic CrSc multilayer mirrors have been optimized by the thin film 
program Optilayer, a Fresnel code coupled to a needle optimization algorithm [21,38]. While 
one multilayer has been designed for introducing an averaged negative chirp (within this 
paper, the group delay dispersion is the negative second derivative of the spectral phase, 
GDD = -d2φ/dω2) of approximately −8000 as2 to compress a possible positive chirp of the 
high harmonic plateau, a second mirror with similar parameters has been designed to 
introduce an averaged positive chirp of approximately + 8000 as2. Both mirrors have been 
designed such that their central energy coincides with the L1-edge of Argon (326.3 eV) at an 
angle of incidence of 45 degree. The optimized stack design for the negatively (a) and 
positively (b) chirped CrSc multilayer is shown in Fig. 6, each of them containing around 95 
individual layers. The design has been chosen according to their robustness of GDD against 
small layer thickness errors, which will be proven at the end of this section. Typical layer 
thicknesses are between 1 and 2 nm, with thinnest layers going down to 0.5 nm. For both 
designs a top layer of 1.4 nm Cr2O3 out of 0.3 nm Cr has been included in the model. These 
designs principally prove the large degree of freedom in customizing ‘water window’ 
attosecond pulses both in space and time using CrSc multilayer mirrors. 

 

Fig. 6. Multilayer stack designs of the aperiodic CrSc multilayers for the (a) negative and (b) 
positive chirp. For comparison reasons an arbitrary line with a layer thickness of d = 1.5 nm is 
depicted (dashed). 

After the experimental realization of both designs, we first checked the accuracy by 
surface profilometry. The total stack height, including the oxide layer, for the negative one 
was calculated to be 131.2 nm and for the positive one 130.9 nm. Out of the profilometry 
data we retrieved a measured total stack height of (131.4 ± 0.6) nm for the negative and 
(131.1 ± 0.7) nm for the positive mirror which is in well agreement with the target stack 
height. The second accuracy check was done by Mo-Kα grazing incidence reflectometry, 
since this method is well known to be sensitive especially to aperiodic multilayer systems. 
The measured and fitted data is plotted in Fig. 7. 

#188195 - $15.00 USD Received 2 Apr 2013; revised 29 Aug 2013; accepted 29 Aug 2013; published 9 Sep 2013
(C) 2013 OSA 23 September 2013 | Vol. 21,  No. 19 | DOI:10.1364/OE.21.021728 | OPTICS EXPRESS  21736



 

Fig. 7. XRR measurement (green) and the fit (blue) for the negative multilayer mirror in (a) 
and for the positive one in (b), respectively. The negative mirror has been fitted with a 
roughness parameter of σ = 0.22 nm whereas the positive shows a slightly lower value of σ = 
0.206 nm. The noise level of the XRR measurement is on the order of approximately 3.5x10−7. 
Therefore the measurement data for the negative mirror is clipped at around Θ≈2.5° whereas 
the positive mirror extends up to Θ≈3°. 

For the fitting procedure, we assumed a perfect implementation of the start design of Fig. 
6, thus no thickness errors were included in the fit. The only fitting parameters we have 
optimized for the agreement with the measurement data were the roughness parameter and 
the chromium oxide layer thickness (together with the necessary chromium loss) within the 
error range which has been determined ellipsometrically in section 3.1. Although there are 
only these fitting parameters allowed, we find a nearly perfect agreement between the 
simulated aperiodic systems and the XRR measurement. Together with the profilometry data, 
this is a strong indication of an accurate implementation of the chirped multilayer systems. 
XUV reflectometry measurements of both chirped multilayer systems are presented and 
discussed in chapter 4.2. 

The introduction of chirp upon reflection can be visualized by standing wave simulations. 
The electrical field intensity (electrical field squared), normalized to the incoming intensity, 
has been calculated from the design at the surface and inside both multilayers and is 
displayed in Fig. 8. It is clearly shown, that the standing wave peak position decreases in 
photon energy in case of the negatively chirped system shown in Fig. 8(a), while it increases 
with increasing depth for the positively chirped multilayer in Fig. 8(b). The negatively 
chirped mirror thus delays the lower energy pulse spectrum with respect to the higher energy 
pulse spectrum. The second mirror shows the opposite dispersion effect and was designed for 
comparison. 

 

Fig. 8. Calculated field intensity distribution (normalized to incoming intensity) of the 
standing wave field inside the (a) negatively and (b) positively chirped aperiodic CrSc 
multilayer. Both multilayer systems have been optimized for an averaged Group Delay 
Dispersion of approximately ± 8000 as2. 
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4.2 Soft X-ray reflectometry and layer errors 

A comparison of the simulated and measured soft X-ray reflectivity for the negatively and 
positively chirped multilayer mirror is shown in Fig. 9. The measurements were performed 
by soft X-ray reflectometry at the beamline 6.3.2 of the Advanced Light Source at an 
incidence angle of 45 degree [25]. The design simulations were performed using a self-
written algorithm and the start designs from Optilayer [21]. An average Nevot-Croce 
roughness factor of σ = 0.49 nm has been retrieved from simulations to account for interfacial 
imperfections. 

 

Fig. 9. Soft X-ray reflectivity measurement (brown) and simulation (blue) for the (a) 
negatively and (b) positively chirped CrSc multilayer together with the corresponding 
simulated GDD (dashed red). 

Both the central energy and the side peaks of the measurements and the designs coincide 
very well and indicate a nearly perfect experimental implementation of the simulated 
multilayer stack designs of Fig. 6. Also shown is the calculated evolution of the GDD within 
the reflectivity bandwidth of both multilayer, indicating an averaged GDD of ± 8000 as2. 
Both multilayers are very similar in terms of peak energy, spectral bandwidth and peak 
reflectivity and only differ by the sign of their group delay dispersion. Note that the spectral 
multilayer phase (and thus the GDD) is not accessible by simple reflectivity measurements. 
Measurements of the spectral phase in soft X-ray reflectometry have been reported by 
detecting the standing-wave assisted total electron yield from the multilayer surface as a 
function of the photon energy around the Bragg peak [39,40]. While this method is very 
suitable for periodic multilayer systems, its accuracy is limited when applied to aperiodic 
systems with a weak standing wave. On the other hand one can characterize the spectral 
phase with two attosecond methods, the RABBITT-technique (Reconstruction of Attosecond 
harmonic Beating By Interference of Two-photon Transitions) [41,42] or by attosecond 
photoelectron streaking spectroscopy providing access to a full characterization of the 
reflected attosecond pulse in amplitude and phase [5,8]. However, for the ‘water window’ 
spectral range the implementation of both attosecond techniques has not been established yet 
due to a lack of sufficient photon flux from HHG attosecond sources in this spectral range. 
Here we analyze and estimate the influence of the layer errors on the reflectivity and the 
GDD via simulations. The rather perfect match of the designed and the measured reflectivity 
curves in Fig. 9 proofs the correct elimination of systematic deposition errors and leaves only 
random errors to be analyzed. Here we compare both the simulated reflectivity and the GDD 
of the original design of the negatively chirped multilayer with that of slightly modified 
designs. The designs have been chosen randomly by joggling each layer thickness within 
predefined limits and we have calculated the merit function (MF) of the reflectivity as well as 
the corresponding averaged GDD value to analyze the quality of reflectivity and GDD 
simulations: 
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where N is the total number of wavelength sampling with an integer i representing the 
position of the sampling equally spaced. 100 designs have been averaged per allowed error 
and both the reflectivity and the GDD deviations have been calculated. Designs with an 
overall stack height deviation of more than 0.8% have been left out due to inconstancy with 
profilometry investigations. From Fig. 10(a) can be deduced, that the average random 
thickness error is less than 0.5%, corresponding to an average layer thickness error of 
approximately 0.05 angstrom. Figure 10(b) shows, that the mean GDD value stays nearly 
constant independently of the layer errors. The upper limit of the layer errors of 0.5% 
corresponds to a maximum mean GDD error of approximately ± 150 as2. To summarize the 
results, we have a standard deviation of ~0.024% in the XUV reflectivity and a mean GDD of 
−8090 ± 150 as2 for our aperiodic negatively chirped CrSc multilayer mirror. 

 

Fig. 10. (a) Merit function for the simulated reflectivity and the XUV measurement for 
different layer thickness errors. (b) Mean GDD for different layer errors. 

4.3 Time domain simulation 

An attosecond pulse from the high harmonic plateau regime, with a positive GDD of + 8000 
as2 in the energy range of the mirror, has been assumed, which is reflected off the negatively 
chirped mirror. The resulting pulse after reflection is displayed both in the spectral and in the 
temporal domain in Fig. 11. As a result, the pulse is compressed to a single 69 as pulse with 
an almost symmetric temporal pulse form and very minor pre and post pulse contributions. 
The pulse is almost compressed to a Gaussian Fourier limit of 66 as given by the spectral 
bandwidth of the multilayer of 27.5 eV. Please note, that the assumed positive GDD of 8000 
as2 of the HHG plateau at 326 eV probably exaggerates the real GDD in the harmonic 
spectrum in this photon energy range by a factor of four [43]. However, the development, 
optimization and fabrication of negatively chirped multilayer mirrors with less GDD in the 
−1000 as2 to −2000 as2 range is even easier to achieve. In this respect, the current results 
display the high dispersion scenario possible to achieve with a single multilayer reflection. 

 

Fig. 11. (a) Intensity of the mirror (blue line) together with the phase for the mirror (dashed 
blue), HHG (dashed black) and the sum (dashed brown). (b) Simulated temporal pulse 
response of a positively chirped attosecond pulse from the high harmonic plateau after 
compression by the negatively chirped CrSc multilayer mirror. 
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5. Conclusion 

We have shown the ability to realize multilayer structures by ion beam deposition with sub-
angstrom precision, by compensating all systematic errors which arise from the deposition 
procedure. Based on that, we have realized two chirped CrSc multilayer mirrors for the 
‘water window’ photon energy range with an averaged group delay dispersion of 
approximately ± 8000 as2. Such chirped mirrors can be used in the near future to e.g. 
compress single attosecond pulses from the HHG cutoff region to its Fourier limit below 70 
as pulse duration. A good agreement between the targeted and measured reflectivity was 
found and the desired spectral phase was derived from simulations. Direct temporal 
attosecond pulse measurements by attosecond electron streaking will be a task for the near 
future, when HHG sources with sufficient photon flux in the cut-off region, applicable to 
generate single attosecond pulses, reach up to approximately 350 eV. 
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A basic understanding of biological membranes is of paramount importance as these membranes comprise the
very building blocks of life itself. Cells depend in their function on a range of properties of the membrane, which
are important for the stability and function of the cell, information and nutrient transport, waste disposal, and
finally the admission of drugs into the cell and also the deflection of bacteria and viruses. We have investigated
the influence of ibuprofen on the structure and dynamics of L-α-phosphatidylcholine (SoyPC) membranes by
means of grazing incidence small-angle neutron scattering, neutron reflectometry, and grazing incidence neutron
spin echo spectroscopy. From the results of these experiments, we were able to determine that ibuprofen induces
a two-step structuring behavior in the SoyPC films, where the structure evolves from the purely lamellar phase for
pure SoyPC over a superposition of two hexagonal phases to a purely hexagonal phase at high concentrations. A
relaxation, which is visible when no ibuprofen is present in the membrane, vanishes upon addition of ibuprofen.
This we attribute to a stiffening of the membrane. This behavior may be instrumental in explaining the toxic
behavior of ibuprofen in long-term application.

DOI: 10.1103/PhysRevE.91.022716 PACS number(s): 87.80.Dj, 61.05.fg

I. INTRODUCTION

Phospholipid membranes are widely used as model sys-
tems for the study of the more complicated biological cell
membranes. Via these investigations, information about the
structure and behavior of these membranes is gained, which
in turn is indispensable in today’s medical and biological
science. Aeffner et al. [1,2] have reported stalk formation
in lipid membranes for a variety of phospholipids. In that
case, the structural ordering in the membranes was induced by
different relative humidities. Another possible way to induce
ordering in phospholipid membranes is by electric fields as
done by Tronin et al. [3]. Here, however, we want to maintain
near-physiological conditions while inducing ordering into a
lipid membrane. To do so, we use ibuprofen, which is known
to decrease the elasticity of phospholipid membranes [4] and is
moreover a common nonsteroidal anti-inflammatory (NSAID)
drug with a wide range of possible applications, ranging from
the treatment of cancer [5], Alzheimer’s [6], and inflammations
to use as a painkiller. SoyPC is a phospholipid with two
hydrocarbon tails that will facilitate the description of the
membrane during the data evaluation process, if assumed as a
pure hydrocarbon layer.

However, ibuprofen is also reported to be cytotoxic in oral
long-term application [7], leading to sometimes-fatal ulcers
and other gastrointestinal complications such as stomach
bleeding. Investigating the influence of the ibuprofen concen-
tration on structure formation within a phospholipid film may
help elucidate the cause of this toxicity. Previous studies found
that the increased permeability of the cell membrane and thus
the viability of the cell was linked to the NSAID content [8,9].

*s.jaksch@fz-juelich.de

Studies with chemically similar local anesthetics have been
conducted by Malheiros et al. [10].

In the present system of ibuprofen and SoyPC, we observe
a structural evolution from lamellar over bihexagonal to
single hexagonal lattices. A similar hexagonal near-surface
structure in soft matter systems has also been reported for
CmEn surfactant-water systems [11]. In addition to these
structural studies with grazing incidence neutron scattering
(GISANS) and neutron reflectometry, we also performed
a kinetic study with grazing incidence neutron spin echo
spectroscopy (GINSES). With this technique, it is possible
to detect kinetics of the film strictly perpendicular to the film
surface on the nanometer scale.

II. EXPERIMENT

A. Materials and sample preparation

The SoyPC was obtained in powder form from Avantilipids
(Alabaster/AL, USA), the ibuprofen from Sigma Aldrich
(München, Germany), solvent was in all cases isopropanol
pA (Roth, Karlsruhe, Germany), and structures are given in
Fig. 1. Standard solutions of SoyPC in isopropanol were
prepared with a molar ratio of 1.77 mol % between SoyPC
and isopropanol. The mixing ratio was chosen in a way to
ensure homogeneous mixing and easy handling during the
preparation, but it has no discernible impact on the final
sample as the sample is dried completely after the preparation.
The resulting solutions were stirred for at least 20 min each.
Subsequently, the appropriate amounts of ibuprofen were
added as given in Table I and stirred again for at least 20 min,
which resulted in clear solutions.

The silicon blocks (2 × 5 × 12 cm3) were prepared for
deposition of these solutions by an RCA (Radio Corporation of
America) treatment [14] after being cleaned in an ultrasonic

1539-3755/2015/91(2)/022716(9) 022716-1 ©2015 American Physical Society
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FIG. 1. Structures of (a) SoyPC [12] and (b) ibuprofen [13].

bath until all optical impurities were removed. One side of
the blocks was polished to a roughness of less than 5 Å. All
solvents were obtained from Roth. The first cleaning bath
consisted of 280 mL Millipore filtered and deionized water,
70 mL H2O2 (30%) and 70 mL HCl (37%). Treatment time
was 1 h at a temperature of 28 ◦C. The second bath was 280 mL
Millipore filtered and deionized water, 70 mL H2O2 (30%) and
70 mL NH3 (28%). Treatment time was again 1 h at 33 ◦C.

After cleaning of the silicon, 12 mL of the prepared solution
was deposited on the blocks and dried at room temperature
(22 ◦C) at a pressure of 250 mbar. This pressure had to be
maintained, otherwise superheating and bubbling of the film
occurred. An o-ring in a custom-made scaffold made sure the
solution stayed on top of the silicon block, and the silicon
block was adjusted using a spirit level. After 24 h of drying,
no remaining isopropanol could be detected either visually
or by smell. This resulted in SoyPC layers of macroscopic
dimensions (about 2 mm in thickness).

Immediately after preparation, the coated silicon blocks
were mounted into the sample cell. The sample cell was
then filled with D2O (99.8%) and mounted in the respective
instrument. In the instruments, the sample cells were kept
at 35 ◦C using a water thermostat. The sample cell allowed
for visual inspection after filling and after performing the
measurement. During this time, no deterioration of the film
coverage on the silicon block was detected.

B. Sample cell

The sample cell was designed to allow for GISANS, neutron
reflectometry, and GINSES consecutively, so the sample could
be measured in all experiments in the same sample cell. A
sketch of the sample cell is shown in Fig. 2. Neutrons can
enter the silicon block at the flat surface on the long side of
the block (2 × 5 cm2). Due to the low scattering length density
(SLD) of silicon, it has a high absorption length, which is of
the same order as the length of the block (52.7% transmission
at a wavelength of λ = 7 Å along the long axis of the block).
This geometry allows for a good control of the sample/silicon
interface, where the scattering takes place, as opposed to the
sample air interface where evaporation or scattering at the
cover glass would take place. Also, this setup was designed to
achieve a system that is oriented parallel to the surface of the
silicon due to the hydrophobicity of the surface. At the same
time, neutrons are not unduly blocked by the silicon. Only in

TABLE I. Mixing weights of SoyPC and ibuprofen.

0 13.6 25.0 34.5 43.1 50.2 53.3
mol % mol % mol % mol % mol % mol % mol %

Ibuprofen (mg) 0 138 290 458 658 679 3112
SoyPC (mg) 2610 3229 3189 3189 3189 2479 10030

FIG. 2. (Color online) Sketch of the sample cell used to mount
the silicon block. The two black stripes on the sample are cadmium
spacers to keep the cover glass from touching the sample. Additional
o-rings (not shown) ensure that the sample cell does not leak. Various
drill holes (not shown) allow for attaching the sample cell to a water
thermostat, as well as filling the space between sample and cover
glass with D2O.

this setup is it possible to provide an initial orientation of the
lipid layers along the block surface, so they can be investigated
by reflectometry and GISANS. The hydrophilic surface of the
silicon block keeps the lamellae aligned. In addition to these
reasons, at the solid-liquid interface there is no total external
reflection as opposed to the air/liquid interface.

C. Methods

1. GISANS

Grazing incidence small-angle neutron scattering
(GISANS) was performed at MARIA at MLZ (Maier-Leibnitz
Zentrum), Garching, Germany. The wavelength of the neutrons
was set to λ = 5 Å at a wavelength spread of �λ/λ = 0.1.

GISANS is a technique comparable to conventional small-
angle neutron scattering (SANS) as the scattered intensity is
the Fourier transform of the irradiated structure [15]. However,
instead of the beam impinging on the sample head-on (zero
degree incident angle), the sample is irradiated under a
shallow angle below the critical angle of total reflection.
This way, instead of investigating the directly reflected
beam under reflective conditions (incoming angle equal to
outgoing angle) as reflectometry, scattered intensity over the
complete detector is investigated. In GISANS, measurements
are mostly performed below the critical angle of total in-
ternal reflection αc = λ

√
�ρ/π , where �ρ = ρfilm − ρsubstrate

is the scattering length density contrast between the film
and the substrate. At these conditions, an evanescent wave
with an exponentially decaying penetration depth of �eva =
[Re

√
4π�ρ(1 − α2

in/α
2
c )]−1 is propagating into the sample, so

information over the complete surface region down to the depth
of the evanescent wave is averaged by the scattering [16]. The
geometry is shown in Fig. 3. In our case, �eva can be estimated
to �eva ≈ 350 Å � Dlam ≈ 50 Å, with Dlam the thickness
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FIG. 3. (Color online) Geometry of a GISANS experiment. In
the case of reflectometry, only intensity for αi = αf is evaluated. The
path of the neutrons is in green.

of the observed lamellae. The dominant layer signal is thus
scattered from ≈7 layers of the multilamellar system.

In the case investigated here, we find two features we want
to analyze: distinct peaks and rings of near uniform intensity.
The peaks can be described by classical crystallography and
were indexed using TREOR90 [17]. As the primitive tetragonal
lattice that was found was not oriented parallel to the surface,
the orientation was determined by comparison with simulated
scattering images created by XRAYVIEW4.0 [18]. The peaks
with a hexagonal symmetry can be explained by a hexagonal
symmetry in the sample itself [11].

The rings can be described as diffuse Debye-Scherrer rings
around the direct beam and the specular reflected beam [19].
Since the thickness of these layers is already determined
by reflectometry, we will concentrate mainly on the relative
intensity contribution to calculate the volume fractions of
ordered and lamellar phases.

2. Neutron reflectometry

Neutron reflectometry was performed at MARIA at MLZ,
Garching, Germany. Reflectometry probes the sample compo-
sition on the nanometer scale perpendicular to the surface of
the sample and is thus an ideal tool for the investigation of
layered materials. A wavelength of λ = 10 Å at a wavelength
spread of �λ/λ = 0.1 was used. Data acquisition time for
each reflectometry point was 60 s.

To evaluate the data, the Parrat algorithm [20] was used.
This algorithm describes the SLD distribution by describing
it as a stack of discrete layers. The reflective properties of
each layer j in the multilayer stack can be described by the
transition matrix Mj [21],

Mj =
(

cos φj −(1/kzj ) sin φj

kzj sin φj cos φj

)
. (1)

Here the phase difference φj is given by the incident angle
θ , the refractive index n, the wavelength of the neutrons λ, and

the thickness of the j th layer tj via

φj = 2π

λ
nj sin θj tj = kzj tj . (2)

The matrix Mj describes the amplitude of a wave propagat-
ing through layer j to the layer boundary (j,j + 1) in relation
to the behavior at the boundary (j − 1,j ). As the amplitude and
its derivation have to be continuous, it is possible to construct a
transition matrix M for the whole stack of N − 1 layers on the
substrate, which is medium N and infinitely thick (therefore
giving boundary conditions of a zero amplitude):

M =
(

m11 m12

m21 m22

)
= MN−1MN−2MN−3 · · · M2M1. (3)

The reflective coefficient R of the (0,1) interface is the
given by

R = (kz0kzNm12 + m21) − i(kzNm11 − kz0m22)

(kz0kzNm12 − m21) + i(kzNm11 + kz0m22)
. (4)

A set of matrices is found numerically, which minimizes the
difference between the experimental data and the calculated
reflected intensity. This allows us to determine the scattering
length density ρ of each layer j by

n = 1 − λ2ρ

2π
. (5)

These calculations have been implemented in the GENX

software [22].

3. GINSES

Grazing incidence neutron spin-echo spectroscopy
(GINSES) was developed at the J-NSE at the MLZ, Garching,
Germany. The same sample cell and geometry as for the
reflectometry and GISANS measurements were used. The
wavelength was set to 8 Å, while the incoming angle was
set to 0.21◦. The detector was placed at a Q value of Q =
0.12 Å−1. This resulted in counting rates of ≈1 cps. These low
counting rates can be explained by the fact that in contrast to
conventional NSE experiments [23,24], the scattering volume
only comprises the volume covered by the evanescent wave.
However, this is only about 400 Å in thickness. A detailed
description of the data analysis for the result can be found in
Frielinghaus et al. [16]. Due to the low count rates, however,
here we limit the analysis to a qualitative interpretation.

D. Results

In this section, we first present the results of the single
GISANS, neutron reflectometry, and GINSES separately.
Afterward, the results will be compared and discussed in
context among each other.

1. GISANS

An overview over the scattering images obtained by the
GISANS measurements at all investigated concentrations is
shown in Fig. 4. These images show a clear evolution from
a lamellar-based scattering over a scattering where several
different structures contribute to a hexagonal structure with
additional disordered lamellae, as can be seen by the persisting
Debye-Scherrer ring.
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0mol% 13.6mol%

25.0mol% 34.5mol%

43.1mol% 50.2mol%

53.3mol%

FIG. 4. (Color) GISANS images at an incident angle of 0.2◦.
Concentrations of ibuprofen are (a) 0 mol %, (b) 13.6 mol %,
(c) 25.0 mol %, (d) 34.5 mol %, (e) 43.1 mol %, (f) 50.2 mol %, and
(g) 53.3 mol %. Scattering with a hexagonal symmetry is shown
by yellow and red lines; colored labels show the angles between
the respective lines. Indexed peaks are shown by red (hexagonal
lattice with parallel axis to the surface), yellow (hexagonal lattice
with perpendicular axis to the surface), and black(primitive tetragonal
lattice) circles, where labels show the indexes.

At low concentrations, one single main maximum from
lamellar scattering is visible. While hardly visible at 0 mol %,
a Debye-Scherrer ring starts to appear at 13.6 and 25.0 mol %,
which is indicative of an increasing amount of still lamellar,
yet disordered, scattering. This can be described as a powder of
lamellar regions in the scattering volume. While alternatively
also an increased curviness instead of tilted lamellae could

be the reason for the Debye-Scherrer rings, in this case we
consider tilted lamellae to be the probable cause for them.
In the case of increased curviness of the lamellae, the peak
position in GISANS and reflectometry would remain constant,
while the width of the rings and the peaks would have to
increase significantly. As this is not the case, we assume the
reason for the Debye-Scherrer rings to be tilted lamellae. The
second order peak can be found only in a linecut [25]. It is
three orders of magnitude smaller than the primary peak and
thus not visible with the bare eye.

Hexagonal structures start to emerge at 34.5 mol %. We find
two simultaneously appearing hexagonal structures, where one
exhibits a parallel axis to the substrate while the other one is
standing on an edge. There are also additional maxima, but they
can only be indexed in the case of the 43.1 mol % GISANS
image, because for all other concentrations the peaks from the
hexagonal lattice are so strong they hide the exact location of
these peaks. In the 43.1 mol % GISANS image, these peaks
were indexed as the (110), (111), and (210) peaks of a primitive
tetragonal lattice. The lattice parameters are a = 74.6 Å, b =
74.6 Å, and c = 64.9 Å. All angles are α = β = γ = 90◦. The
inclination of the unit cell was determined by comparison with
simulated scattering images from XRAYVIEW 4.0 to be 77.3◦.
They are quite weak, which also means that the primitive
tetragonal lattice only occupies a small volume fraction of the
sample.

Only a single hexagonal lattice is retained at 50.2 mol %
and above. In these instances, the hexagonal lattice with an
axis parallel to the substrate is still present.

The relative scattering contributions of the respective
lattices, lamellae, and Debye-Scherrer rings are shown in
Fig. 5. These relative intensities have been calculated using
regions of interest (ROI) in the images and integrating over all
intensity in the respective areas of the scattering image. We find
that the lamellar structure parallel to the surface of the substrate

1.0
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0.2

0.0

re
l. 

in
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ns
ity

50403020100

mol% ibuprofen

lamellar double parallel
hexagonal hexagonal

FIG. 5. (Color online) Relative scattering contributions from
lamellae parallel to the surface (red solid circles), disordered lamellae
(open red circles), primitive tetragonal lattice (black open squares),
hexagonal lattice with a parallel axis to the surface (open blue
hexagons), and hexagonal lattice standing on an edge on the surface
(blue solid hexagons). The vertical dashed lines mark the boundaries
of the different regimes where lamellar scattering, scattering from two
superimposed hexagonal lattices, and scattering from a hexagonal
lattice with an axis parallel to the substrate dominate.

022716-4



INFLUENCE OF IBUPROFEN ON PHOSPHOLIPID MEMBRANES PHYSICAL REVIEW E 91, 022716 (2015)

(a) (b)

Q (Å-1)

re
f.

 (
ar

b.
 u

ni
ts

)

FIG. 6. (Color) (a) Representative reflectometry data with fits. Data sets are shifted for better visibility. Concentrations of ibuprofen (bottom
to top) are 0, 13.6, and 25.0 mol %. (b) Depiction of the layer model used by the Parratt algorithm. For better visibility, the hydrophobic parts
of SoyPC are in red, and those of ibuprofen are in black.

is always present, but decreasing in volume with increasing
ibuprofen content. For pure SoyPC and low concentrations
of ibuprofen, nearly the complete volume is made up from
lamellae parallel to the surface. The disordered lamellae start
appearing at 13.6 mol % of ibuprofen and increase to a relative
scattering contribution of about 0.35 at 34.5 mol %. They
scatter around this value for all higher concentrations. All
three lattices, both hexagonal and the primitive tetragonal
lattice, appear simultaneously at 34.5 mol %. After this, at
higher ibuprofen concentrations, the volume fraction of the
hexagonal lattice standing on edge decreases together with the
volume fraction of the primitive tetragonal lattice. This can be
understood if you regard the primitive tetragonal lattice as a
filler between the two hexagonal lattices, which is necessary
wherever these two meet. As the hexagonal lattice standing on
edge vanishes, this filler is no longer needed, and the favored
hexagonal lattice with a parallel axis to the surface is the only
lattice remaining at high concentrations.

2. Neutron reflectometry

Representative results with fits according to the Parratt
algorithm are shown in Fig. 6(a). All major features of the
reflectivity curves could be reproduced. The initially assumed
distribution of the layers is depicted in Fig. 6(b). In all systems,
about 35–40 repetitions of these layers were found. In addition
to these repeating units, a water layer directly on the substrate
with a thickness of ≈2−15 Å was found that corresponds with
similar systems [26]. The existence of this water layer was
corroborated by the fits. The critical angle vanishes in these
systems. MARIA uses an elliptically curved focusing guide
on the vertical direction, which ensures a vertical beam size of
about 1 cm on the sample position. In the horizontal direction,
the opening of the two collimation slits (S1,S2), which are 4 m
apart, was equal to 1 mm for S1 and 1 mm S2, resulting in a
collimated beam of 0.5 mrad (θ = 2 tan−1([S1 + S2]/2L)).

Discrepancies between the fit, especially in the width of the
peaks, and the data can be explained by the fact that at higher
concentrations, instead of investigating a purely lamellar
system, which is ordered parallel to the substrate surface,
additional ordering occurs. If one considers the size of the

footprint of approximately (≈12 cm × 1.6 cm = 19.2 cm2),
it becomes apparent that the reflected intensity is comprised
of intensity reflected from a lamellar structure as well as the
ordered lattice structures. As a perfectly parallel lamellar stack
is assumed in the Parratt model, concentrations above 25.0
mol % are not accurately described anymore, and at 25.0 mol %
the fit is already challenging. However, we still performed the
same analysis of the reflectometry for all concentrations in
order to obtain information about the layer structure itself,
which is embedded in the sample for all concentrations. To
account for the smaller side maxima, which we attribute to
the emerging 3D structure, we chose a phenomenological
approach and fitted weighted Gaussians to the peaks. The
results of these fits reveal the smaller peaks to increase in
relative intensity from about 10−3 at 13.6 mol % to 0.1 at
43.1 mol %. This is consistent with the idea that the emerging
3D structure is induced by the ibuprofen and thus the relative
scattering contribution of the attributed peak increases.

The values for the SLDs of the different layers are given in
Table II. Another problem in the accurate description may be
that the layers may have an initial disorder already at very low
concentrations, and that is not accounted for by our analysis.

Calculated SLD profiles from Eq. (5) are shown in Fig. 7(a).
These profiles show that for the pure SoyPC layers, the pure
hydrocarbon layer, which was used to model the tail region of
SoyPC, is about 40 Å wide (for comparison of the respective
SLDs used, see Table II). After the introduction of ibuprofen

TABLE II. SLDs used for the fitting of the reflectometry data
with the Parratt algorithm. All values except for SoyPC are calculated
using tabulated values published by NIST [27]. SLD for SoyPC was
determined using contrast variation analysis with D2O/H2O mixtures.

Component SLD (10−6 Å−2)

Silicon 2.08
D2O 6.38
SoyPC 0.24
Decane − 0.49
Ibuprofen 0.92
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FIG. 7. (Color online) (a) SLD profiles from fits with the Parratt algorithm to reflectometry data for all concentrations. Concentrations are
0 mol % (red), 13.6 mol % (green), 43.1 mol % (blue), and 53.3 mol % (black). Dashed lines indicate the SLD from Table II for decane, SoyPC,
ibuprofen, and D2O (from bottom to top). (b) Results from modeling the reflectometry curves with the model shown in Fig. 6: Thickness of
the D2O layer (red circles), thickness of the SoyPC layer (green upright triangles), roughness of the layers (blue squares), and thickness of the
ibuprofen layer (black downright triangles).

into the system, this width immediately collapses down to only
about 20 Å in thickness. We attribute this apparent collapse
to the ibuprofen becoming an interstitial part of the membrane
and thus changing the overall SLD profile at the interface. With
an increasing amount of ibuprofen, the thickness of the SoyPC
layer consecutively increases again, but it does not reach its
initial thickness anymore.

The different thicknesses for all layers used in this model
can be seen in Fig. 7(b). The sudden decrease that is found
in the SLD profiles is reproduced. At first glance it is
surprising that the thickness of the ibuprofen layer should be
constant for all concentrations, considering the concentration
is increased from 13.6 to 53.3 mol %. However, taking into
account the increasing thickness of the SoyPC layer, which
is primarily the thickness of the hydrocarbon tail, we see a
steady increase along with increasing concentration. This can
be explained by assuming the ibuprofen is preferentially dis-
solved by the hydrocarbon tail of the SoyPC and thus inflates
this layer.

Another observation from these data is that the modeled
roughness of the layers is maximal with about 5 Å at 25.0
mol % ibuprofen. We assume this roughness is correlated to
a high strain of the membrane that occurs at the onset of
ordering to accommodate different conformations within the
layer stack. As the concentration is increased, the ordering is
improving again, so the roughness of the layers decreases.

3. GINSES

The results from the GINSES measurements are shown
in Fig. 8. Due to the long measurement times, only the
samples with pure SoyPC and the sample with 34.5 mol % of
ibuprofen were investigated. While a relaxation is visible for
the pure SoyPC, the sample with additional ibuprofen shows
no relaxation. There are too few points to fit a meaningful
relaxation time, however this behavior can be qualitatively
interpreted as a stiffening of the membranes with increasing
ibuprofen content. The measurements were performed for

Q = 0.12 Å−1, which translates to an evanescent wave depth
of �eva ≈ 380 Å.

The specific choice for the Q-value can be rationalized by
the fact that at correlation peaks, the dynamics get very slow
due to the so-called de Gennes narrowing, where the relaxation
rate is proportional to the inverse form factor [28,29].

Between Bragg peaks, in a minimum of the static structure
factor, the signature of dynamic fluctuations on the form factor
of the membranes is more visible; it is therefore an advantage
to measure membrane fluctuations between Bragg peaks.

Local fluctuations of membranes, such as the contrast
between water and a double layer, or density fluctuations of
the scattering length density in the membrane, can result in a
relaxation of the intermediate scattering function. This will be
visible at high Q, and preferably not at structure factor peaks.

These local fluctuations of a double layer are visible in the
form factor, not the structure factor, which makes the dynamics
of different compositions comparable, even if the structure
differs.
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FIG. 8. (Color online) Dynamic structure factors for 0 (red) and
34.5 mol % (black) of ibuprofen in a SoyPC layer. For the pure
SoyPC, a distinct relaxation in the investigated time regime is visible,
while for 34.5 mol % the sample does not show any relaxations.

022716-6



INFLUENCE OF IBUPROFEN ON PHOSPHOLIPID MEMBRANES PHYSICAL REVIEW E 91, 022716 (2015)

III. DISCUSSION

The introduction of ibuprofen into SoyPC phospholipid
films has several effects, which are related to one another. The
thinning of the lipid film upon the introduction of ibuprofen,
as well as the stiffening, coincide with first a breaking up
of the parallel lamellae, then with the emergence of several
coexisting lattices, and finally with a single hexagonal lattice
at 53.3 mol % ibuprofen in the film.

Following this behavior step by step, it is possible to connect
all these behaviors: (i) Evolution of a lamellar powder, (ii)
emergence of several lattices, (iii) thinning of the SoyPC
layers, and (iv) stiffening of the surface.

Behaviors (iii) and (iv) are connected, assuming that the
introduction of ibuprofen is indeed similar to the drying of
the lamellae, which is supported by the comparison with data
from Aeffner et al. [2], where a similar behavior was found
for the drying of a phospholipid film. Here we want to stress
that the comparison is qualitative, as the membranes in the
case of this study were fully hydrated at all times. Thus we
only see a relative drying. This drying in turn leads to a strain
in the surface, as a dry film becomes less flexible and is less
apt to follow the zero curvature of the substrate surface, but
it will prefer a curvature that is determined by the packing
parameter of the SoyPC. The evolution of a lamellar powder
(i) is also a result of this. As the strain on the surface increases
and the curvature is more and more determined by a very stiff
surface with a high curvature, lattices form (ii) in order to
accommodate for this high curvature of the different lamellae.
Finally, when the strain is high enough and the lamellae are
very stiff, there is only one possible conformation of a lattice
that can accommodate for this high strain. This behavior is
sketched in Fig. 9. In each of the panels, the newly emerging
structure is highlighted, but others, such as the disordered
lamellae, may still be present (see Fig. 5). It is striking that
in this representation it is not possible to create hexagonal
lattices with equal spacings for both orientations, which might
be suggested looking at the GISANS images. There are two
possible approaches to that: (i) The Q-space resolution of the
GISANS images is not able to resolve this difference in lattice
spacing, which amounts to 4Dlam for the hexagonal lattice
standing on edge versus 3Dlam sin 60◦ ≈ 2.6Dlam. This ratio of
4/2.6 ≈ 1.5 translates into a similar difference in Q-spacing.
Looking at the GISANS images in Fig. 4, it is conceivable
that a factor of 1.5 is not visible between the two different
hexagonal lattices, as the maxima are quite broad. (ii) It is
possible that there are different regions where the lamellar
thickness is not constant, and at the same time one or the other
hexagonal lattice may be predominant. We also want to stress
that we do not attribute this lattice formation to aggregates of
ibuprofen, as the enrichment of ibuprofen is supposed to be in
plane in the layer as reported by Paloncyova et al. [30], which
does not allow the formation of any kind of lattice of ibuprofen
aggregates.

Regarding the inclination of the primitive tetragonal lattice,
we could confirm via comparisons of scattering images
created with the software XRAYVIEW 4.0 that the lattice is
indeed inclined by ≈75◦. This compares to an inclination
of ≈60◦ when regarding the conformation as envisioned in
Fig. 9(c). While this deviation is substantial, considering the

(a) (b)

(c) (d)

FIG. 9. (Color online) Sketch of the structural evolution of the
sample. (a) For low concentrations of ibuprofen, the system is
dominated by a lamellar structure while the introduction of more
ibuprofen (b) induces disordering of lamellar areas and thus powder
scattering of lamellar areas. In an intermediate concentration area
(c), there are two different hexagonal lattices that are stabilized
against each other by a primitive tetragonal lattice. At very high
concentrations (d) only the hexagonal structure with an axis parallel
to the substrate is retained. Color coding of the hexagonal structure
corresponds to the color coding used in Fig. 4. The lattice forming
units in (c) and (d) could be similar to those found by Aeffner et al. [1],
even though the process of formation is different.

low volume fraction and thus the low intensity scattered from
the primitive tetragonal lattice, which accommodates both
hexagonal lattices, it still seems a good fit.

To explain this behavior on a molecular level, a considera-
tion of the packing parameter as proposed by Israelachvili [31]
is helpful. While SoyPC exhibits a packing parameter close
to ppack = v/la0, where v is the volume of the hydrocarbon
chain of the lipid in solution, l is its length, and a0 is the
surface area in an aggregate occupied by the hydrophilic
part, this value decreases strongly as soon as ibuprofen is
introduced, as can be seen in Fig. 10. The rationale for the
development of the hexagonal structure is that the change in
the average packing parameter by introducing ibuprofen into
the SoyPC is lowered. This happens as the hydrophobic part
of the ibuprofen is much smaller than in the case of SoyPC
and thus induces a higher curvature. If the curvature is high

(a) (b)

FIG. 10. (Color) Sketches of packing for (a) pure SoyPC layers
and (b) SoyPC and ibuprofen. The ibuprofen with the small
hydrophilic unit increases the curvature of the multilayer forming
SoyPC.
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enough, the hexagonal structure emerges, while still parts
of the lamellar structure are retained as in the case of the
pure SoyPC. This explanation is largely based on the location
of the ibuprofen being interstitial between the head and tail
groups of the SoyPC. This assumption is corroborated by the
reflectometry data as well as by computer simulations [30]
and x-ray [32] scattering based electron density found in the
literature. Although in these publications smaller molecules
were investigated, the physical determining features, namely
small size and amphiphilicity, are identical. This seems to
hint at a general attraction of small molecule drugs with
amphiphilicity to the boundary between the head and tail
segment of lipids in a membrane. Geometric considerations
such as that of Israelachvili [31] corroborate that in this area the
influence of the drugs on the bending modulus and hence the
structure of the membrane is most pronounced. This concept
is illustrated in Fig. 10.

IV. CONCLUSION

We investigated the influence of ibuprofen concentration
on the behavior of phospholipid films of SoyPC. We found a
correlation between ibuprofen content and the conformation
of the lamellae in the film, starting as a film of nearly
perfectly parallel lamellae when still a pure SoyPC film, then at
low concentrations of ibuprofen exhibiting powder scattering
of disordered lamellae. In an intermediate state, there is a
coexistence of two hexagonal lattices, one parallel to the sub-
strate surface, one standing on edge, which are both stabilized
by a low amount of an inclined primitive tetragonal lattice.
At high concentrations, only the hexagonal lattice parallel to

the substrate and the lamellae, both parallel and disordered, are
retained. We assume there is a correlation between the ordering
of the phospholipid membrane and cytotoxicity, as any imbued
structure is a change of the unperturbed configuration of a cell
membrane.

Here we have to keep in mind that the ibuprofen concentra-
tions investigated here are beyond any medical applicability,
so this same effect cannot be expected in medical practice. It is,
however, conceivable that in the case of long-term treatment,
where these complications occur, once a nucleation point
for this damage is created, the damage will start to grow.
This initial damage can be due to a local, short-time high
concentration immediately after ingestion. Here we want to
stress that for the nucleation point, we are strictly speaking
in terms of likelihood. This means the individual nucleation
point does not need to be stable over a long time, but that
during a frequent exposure to high doses of ibuprofen, the
probability for the formation of such a nucleation point is
strongly increased.

Apart from the structural damage, a structure induced by
ibuprofen and the stiffening in itself may alter the mobility
of proteins in the membrane before damaging it. However,
this change in mobility may inhibit the protein function, thus
damaging the cell nonetheless [33].
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