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0. Introduction

There are various techniques that are used to study the interactions between drugs

and cells. However, the interaction between a drug and the cell membrane - the

barrier between inter- and intracellular medium - is difficult to determine and is

the focus of current research. Various common drugs, such as aspirin and cor-

tisone, have been shown to have a significant effect on the membrane structure

[1, 2, 3, 4]. While those investigations study the interaction between drugs and

artificial membranes, i.e. simple lipid bilayers, their impact on native cell mem-

branes is challenging. Due to the complex structure of a cell membrane and the

cell itself, it is difficult to separate cellullar lipid bilayers from other cell compart-

ments and the cytoskeleton. This thesis presents a new protocol that allows to

extract the membranes from red blood cells (RBCs) and to prepare highly ordered

multi-lamellar stacks of these membranes on silicon wafers. The method and the

data are published in [1]. Parts of this thesis are taken from this publication.

Human RBC ghosts were prepared by hemolysis. The name of these empty RBC

vesicles originates from their appearance under the microscope. Although the orig-

inal preparation protocol by Dodge, Mitchell and Hanahan [5] was a remarkable

step in the development of membrane proteomics and lipidomics, modifications

were necessary. The morphology of the vesicles, the hemoglobin concentration and

the presence of the cytoskeleton were analyzed using fluorescence microscopy and

Ultraviolet–visible (UV-vis) spectroscopy. Due to the observed complex structure

and the present actin filaments, the ghost solution was sonicated before applied

onto silicon wafers and slowly dried and annealed over several days. The vesicles

fuse on the silicon substrate, resulting in highly ordered multi-lamellar stacks of

RBC membranes.

X-ray diffraction was used to analyze the structure of these membranes. Multiple

series of well developed Bragg peaks were observed indicating a high degree of

orientation of the membranes. These series can be identified as signals from liquid

ordered (lo), liquid disordered (ld) lipids and coiled-coils peptide domains. There

1



2 0. Introduction

was evidence that the lipids form nanometer sized domains and the collected data

allows to present a detailed picture of the domain- and membrane structure.

The RBC ghosts allows to analyze the effect of drugs on the structure of a native

membrane. The effect of aspirin, which is one of the most common drugs from

the class of non-steroidal anti-inflammatory drugs (NSAID’s), was investigated.

NSAID’s are known to interact with cell membranes [4, 6, 7]. However, the data

presented in this thesis indicates that aspirin incorporates preferably into the head

group region of the liquid ordered lipid domains leading to a fluidification of these

membrane domains [3].

Although the prepared samples were used to analyze the molecular structure of

RBC membranes with X-ray diffraction, the presented preparation protocol may

also be useful for various other experimental techniques, such as atomic force mi-

croscopy, electron microscopic techniques or related biophysical methods.

This thesis is divided into three parts. Chapters 1 and 2 present the theoretical

and experimental background of the used methods and materials and important

background knowledge about biomembranes in general and RBCs in particular.

Chapter 3 introduces the developed preparation protocol whereas the structural

analysis of RBC membranes and the discussion of the results can be found in

Chapters 4 and 5.



1. Methods and Materials

X-ray and neutron scattering are common techniques that are widely used to de-

termine the atomic structure of single molecules, such as proteins, and the com-

position of multimolecular structures, such as cell membranes. Various inelastic

neutron scattering techniques can also be used to measure dynamic processes in

soft matter.

In this thesis, X-ray diffraction was used to analyze the structure and composi-

tion of human red blood cell (RBC) membranes. The common drug Aspirin was

used to study the effect of a drug on the membrane structure. The following para-

graphs present a theoretical and experimental background of the used methods and

materials.

1.1. Wide Angle X-Ray Diffraction

1.1.1. Theoretical Background

Scattering techniques are common in physical research. Laser-, electron-, neutron

or X-ray scattering allow analyzing structures from about 10 pm up to µm scales.

An overview of different scattering techniques and their resolution compared to

biological and chemical dimensions is presented in Fig 1.1. In particular X-ray

and neutron scattering are essential for biological research because they can resolve

structures and dynamic beyond the resolution of optical microscopes. Compared to

Atomic Force Microscopy (AFM), Scanning Tunnel Microscopy (STM) or electron

microscopy, they have the additional advantage of a deeper penetration.

Since the theoretical description of the photoelectric effect by Albert Einstein [9]

and the development of quantum mechanics, it is known that light can be modeled

as a particle, as well as an electromagnetic wave. While the photoelectric effect can

only be explained by supposing light to be a stream of particles, wave interference

can only be clarified by Maxwell’s wave model. In analogy to this wave-particle

3



4 1. Methods and Materials

Figure 1.1.: The resolution of different scattering techniques compared to the di-
mensions of biological structures. While Raman, Brillouin and Dynamic
Light Scattering (DLS) resolve structures in the size of cellular compart-
ments, Neutron and X-ray Scattering are used to analyze structures such
as biomembranes on a molecular scale. (Figure from [8])

duality of light, Louis de Broglie [10] proposed to describe massive particles also

as waves. The wavelength of such a matter wave is defined by

λdB = h
p
, (1.1)

where h is the Planck constant and p = ∣p⃗∣ is the absolute value of the momentum

of the particles. Considering this relation, the main equations of the scattering

theory can either be used for photons, neutrons or electrons.

Bragg’s Law and Laue Equation

The structure of crystals was first analyzed by the pioneer in astronomy, Johannes

Kepler, in his work Strena seu de Nive Sexangula [11], focusing on the crystals’

regularity and symmetry. Due to the nonexistent experimental techniques, the

first scientific investigation focused only on macroscopic structures like snowflake
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crystals because it was not possible to determine the molecular or atomic structure.

This research field experienced remarkable changes after the discovery of X-ray

radiation by Wilhelm Conrad Röntgen in 1895 and the early work of Max von

Laue [12, 13], William Henry Bragg and his son William Lawrence Bragg [14, 15]

whose laid out the principles of X-ray diffraction. The theory and concepts of this

technique can be found in various solid-state physics or crystallography textbooks.

Unless otherwise stated, [16] is used primarily for the preparation of this thesis.

The idea of X-ray scattering is illustrated in Fig. 1.2 a). A crystal is modeled as

a periodic array of atoms or molecules and X-Rays are considered to be electro-

magnetic waves. Two coherent beams approach the crystal under an angle θ and

the waves get scattered on multiple layers of the crystal. The distance d between

two layers results in a path difference between two reflected waves. Hence, these

waves can interfere when the path difference, which is given by 2d sin (θ), is equal

to an integer multiple of the wavelength. Hence, the condition for constructive

interference is described by Bragg’s law :

2d sin (θ) = nλ, (1.2)

where n is the order of the interference peak, and λ is the wavelength. This

equation allows determining the distance between two atomic layers by measuring

the intensity of the reflected light versus the angle θ. In practice, it is common

to use the scattering vector instead of the scattering angle, which describes the

momentum transfer. This vector is defined as q⃗ = k⃗f − k⃗i, where k⃗i,f are the incident

and final (diffracted) wave vectors of the scattered X-rays (see Fig. 1.2 b)). The

absolute value of this vector is related to the scattering angle and the distance d

between two layers through:

∣q⃗∣ = 4π sin (θ)
λ

and

∣q⃗∣ = 2π

d
. (1.3)

A crystal can be defined as an infinite sequence of identical structural elements [16]

described by a lattice and a base (see Fig. 1.3), where the base is a single structural
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Figure 1.2.: a) Schematic illustration of Bragg’s law. Coherent beams approach
the crystal under an incident angle θ and get scattered by two layers.
The scattered beams interfere constructively if the path difference of the
scattered beams 2d sin (θ) is equal to an integer multiple of the wavelength.
b) Schematic illustration of the scattering vector q⃗ = k⃗f − k⃗i, where k⃗i,f is
the incident and final (diffracted) wave vector of the scattered X-rays

element. The lattice is then a set of discrete translations in three-dimensional space

R⃗ = n1a⃗1 + n2a⃗2 + n3a⃗3, (1.4)

and is called the Bravais lattice. Here, the ni are arbitrary integers, and the vectors

a⃗i, also called primitive vectors, span the lattice. The spanned cell is called the

primitive cell and has the volume:

Vec = a⃗1 ⋅ (a⃗2 × a⃗3) . (1.5)

A plane wave is defined by

Ψ(r⃗, t) = Ψ0e
ik⃗r⃗e−iωt = Ψr(r⃗)Ψt(t), (1.6)

where Ψ0 is the amplitude, k⃗ is the wave vector and r⃗ is the position vector. The

corresponding reciprocal lattice is defined by the set of all wave vectors k⃗ with

periodicity of the Bravais lattice, defined by Eq. 1.4. Hence,

Ψr(r⃗) = Ψr(r⃗ + R⃗) = Ψ0 (eik⃗r⃗eik⃗R⃗) . (1.7)
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Figure 1.3.: Sketch of a Bravais lattice: An ideal crystal can be described as a
lattice and a base, where the base is a single structural element (in blue)
and the lattice is a set of discrete translations (see Eq. 1.4). The cell
spanned by the vectors a⃗i is called the primitive cell (in green).

Therefore, the reciprocal lattice are all vectors G⃗ which fulfill:

eiG⃗R⃗ = 1

⇔ G⃗R⃗ = 2πn, (1.8)

where n is an integer.

The vectors

G⃗ = hb⃗1 + kb⃗2 + lb⃗3 (1.9)

with

b⃗1 = 2π

Vec
a⃗2 × a⃗3,

b⃗2 = 2π

Vec
a⃗3 × a⃗1, (1.10)

b⃗3 = 2π

Vec
a⃗1 × a⃗2
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Figure 1.4.: Overview over different planes in an cubic lattice. Those planes are
described by the Miller indices.

achieve this condition [16]. The integer coefficients h,k and l are known as the Miller

indices and are related to the planes in crystal lattices, as described for instance in

[16]. One can define such a plane by the intersections between the plane and the

primitive vectors. The plane (hkl) intercepts the vectors a⃗i=1...3 at (a⃗1/h, a⃗2/k, a⃗3/l).
Three examples of planes in a cubic crystal and the corresponding Miller indices

are illustrated in Fig. 1.4.

Another description of scattering processes is given by Max von Laue [16]. An

incident plane wave, given by Eq. 1.6, is incident on a Bravais lattice under the

angle θ and spherical waves get emitted by every point of the lattice. The geometry

is sketched in Fig. 1.5. Due to the distance between to points of the lattice, those

coherent waves have a non-zero phase difference. The scattering is considered to be

elastic, i.e. ∣k⃗i∣ = ∣k⃗f ∣. For constructive interference, the phase difference between

two scattered waves needs to achieve the following condition:

∣r⃗∣ cos(φf) − ∣r⃗∣ cos(φi) = nλ, (1.11)

where n is an integer, λ is the wavelength of the incident beam and r⃗ is the euclidean

vector between two scattering centers. One define the normal wave vectors:

ˆ⃗
ki =

k⃗i

∣k⃗i∣
= 2π

λ
k⃗i

ˆ⃗
kf =

k⃗f

∣k⃗f ∣
= 2π

λ
k⃗f , (1.12)



1.1. Wide Angle X-Ray Diffraction 9

Figure 1.5.: Schematic illustration of a
scattering experiment. The in-
cident angle φ is related to θ
from the Bragg condition over
φ = 90−θ. The phase difference of
two scattered beams can be cal-
culated by ∣r⃗∣cos(φf) − ∣r⃗∣cos(φi)
and has to achieve Eq. 1.11. | r |cos(φ

i
)

r
φ

i

φ
f

| r |cos(φ
f
)

k
i

k
f

and one can show that [16]

∣r⃗∣cos(φi) = r⃗ ⋅ ˆ⃗ki
∣r⃗∣cos(φf) = r⃗ ⋅ ˆ⃗kf . (1.13)

This results with 1.11 in:

(ˆ⃗ki − ˆ⃗
kf) ⋅ r⃗ = nλ

⇒ (k⃗i − k⃗f) ⋅ r⃗ = 2πn. (1.14)

Compared with 1.8, one gets

k⃗i − k⃗f = −q⃗ = G⃗. (1.15)

Hence, the spots of constructive interference in a diffraction experiment represent

the lattice in the reciprocal space. Eq. 1.15 is also known as Von-Laue equation. The

absolute value ∣G⃗∣ is easily determined by using trigonometric relations. According

to the geometry shown in Fig. 1.2 b), the absolute value is given by

∣G⃗∣ = ∣q⃗∣ = 2k sin(Θ). (1.16)

On the other hand:

∣G⃗∣ = ∣q⃗∣ = 2π

d
. (1.17)

By combining Eq. 1.16 and Eq. 1.17, and together with k = 2π
λ , the Von-Laue
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equation turns into Bragg’s law.

Fourier Analysis

The intensity, which is observed in a diffraction experiment, can be calculated by

[16]

I(q⃗) = ∣Ψr∣2 ∝ ∣∫ ρ(r⃗)eiq⃗r⃗d3r∣
2

= ∣FT (ρ(r⃗))∣2 , (1.18)

where Ψ(r⃗, t) is the observed wave at point r⃗ and ρ(r⃗) is the scattering density,

which is in case of X-rays equal to the electron density. If one could measure the

complex amplitude ΨO, the electron density would be given by the inverse Fourier

transformation of ΨO. However, the measurement of the intensity results in a loss

of the phase information during the experiment [16].

By using the convolution theorem FT (f ∗ g) = FT (f) ⋅ FT (g), the amplitude of

the scattered wave can be written as

ψO = FT (g) ⋅ FT (ρB), (1.19)

where g is a lattice function, i.e. a superposition of delta peaks and ρB is the electron

density of the base, i.e. a single molecule or atom. S(q⃗) = FT (ρB(r⃗)) is also known

as the structure factor. We can apply the convolution theorem a second time and

write ρB as a convolution of a new base function b(r⃗) and an atomic electron density

ρA. The base function is, again, a superposition of delta peaks which describes the

position of each atom. On the other hand, the function ρA is given by the electron

density of a single atom. Because of the discrete structure of b(r⃗), the continuous

integral in S(q⃗) turns into a summation over every atom:

S(q⃗) = ∑
j

fje
iq⃗r⃗j

with

fj = ∫ ρA(r⃗)eiq⃗r⃗d3r, (1.20)

where r⃗j is the position vector of the atom j and r⃗ is the radial position of an

electron in the atom. The fj are also known as the atomic form factor.

Although the described theory allows us to calculate the electron density from the

X-ray diffraction data, limitations are apparent: While the scattering density is
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determined by the form factor, the form factor itself depends on the scattering

density.

This thesis focuses on the structure analysis of RBC membranes. The analysis

of artificial single lipid bilayer structures by X-ray diffraction is a well established

method in biophysical research [4, 17, 18, 19]. The data from the diffraction exper-

iment were analyzed by a 1D Fourier analysis as sketched in Fig. 1.6. The intensity

of the reflected beam as a function of qz is given by [4, 17]:

R(qz) =
16π2

q2z
∣FT (ρ(qz))∣2 . (1.21)

As described above, the Fourier transformation of the electron density ρ(qz) is

discrete due to of the lattice structure of a crystal. In the case of stacked lipid

bilayers the grid function represents a lamellar structure. Hence the electron density

can be calculated [20] by:

ρ(z) = ρw +
F (0)
dz

+ 2

dz

N

∑
n=1

F (qn)νncos(qnz)

= ρw +
F (0)
dz

+ 2

dz

N

∑
n=1

√
Inqnνncos(qnz). (1.22)

The bilayer form factor is, in general, a complex quantity. Assuming a centro

symmetry, the form factor is real and given by F (qn) =
√
Inqn [21, 22], where In is

the integrated peak intensity at position qn. Further, the phase problem simplifies

to a sign problem [4]: F (qn) = ± ∣F (qn)∣[4]. Hence, νn = ±1 [4]. However, the phase

information is lost during the experiment as described above. In order to determine

the phases νn, a periodic function

T (qz) =
N

∑
n=1

F (qn)sinc(πdzqz − πn)

=
N

∑
n=1

√
Inqnsinc(πdzqz − πn) (1.23)

can be fitted to the measured data F (qn) [1, 4, 21, 22]. T (qz) represents the

discrete form factor, i.e. the electron density in Fourier space, of a single lipid

bilayer. Once an analytic expression for T (qz) has been found, the phase factors

νn can be determined from T (qz) [1].
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Figure 1.6.: The 2D X-ray intensity map, measured in an X-ray diffraction ex-
periment is a representation of the structure in the reciprocal space. The
scattering density in reals space, i.e. the electron density, can be calculated
by a 1D Fourier analysis (see Eq. 1.22).

Scherrer’s Equation

In a real X-ray diffraction experiment, the observed peaks are not delta-shaped.

The broadening is on the one hand caused by the experimental setup and the

precision of the measurement, but also caused by the size of the crystal. The

described theory supposes infinitely expanded crystals, which is not feasible in an

experiment. Furthermore, materials often show a poly-crystalline structure, i.e.

they are composed of nanometer size monocrystals, also known as grains. Due to

a diverse orientation, each monocrystal shows a different diffraction pattern. Paul

Scherrer proposes in [23] a method to analyze the size of these monocrystals by

measuring the broadening of the observed Bragg-peaks. Assuming a cubic lattice,

the length L of a lateral edge of the cubic crystal is then given by

L = Kλ

B(2Θ) cos(Θ) , (1.24)

where K is the Scherrer form factor, and B(2Θ) is the width of the first order

peak in angle Θ in radians. The Scherrer form factor for a cubic Bravais lattice

is K = 0.94. An overview of different Scherrer form factors for different lattices is

given in [24].

1.1.2. Experimental Methods

The X-ray scattering data was obtained using the Biological Large Angle Diffraction

Experiment (BLADE) in the Laboratory for Membrane and Protein Dynamics
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θθ
θx

Sample stage Soller collimatorSoller collimatorX-ray source Detector

Length limiting slits

a)

b)

Figure 1.7.: Setup of the Biological Large Angle Diffraction Experiment
(BLADE). The setup produces a wavelength of 1.5418 Å. Two soller colli-
mators, and length limiting slits behind the X-ray tube and in front of the
detector provide a high intensity parallel beam.

at McMaster University. BLADE is a SmartLab Intelligent X-ray diffractometer.

It uses a 9 kW CuKα rotating anode with a maximum voltage of 45 kV and

a maximum current of 200 mA. This setup produces a wavelength of 1.5418 Å.

The optical setup is shown in Fig. 1.7. Both source and detector are mounted on

movable arms such that the membranes stay horizontal during the measurements.

This allows us the determination of the scattering vector.

Focusing multi-layer optics, based on length limiting slits and two soller collima-

tors behind the X-ray tube and in front of the detector (see Fig. 1.7), provide a

parallel beam with monochromatic X-ray intensities up to 1010 counts/(mm2 ⋅ s).
This beam geometry provides optimal illumination of the samples to maximize the

scattering signal. Further, there is no risk of sample damage using this technique
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Figure 1.8.: a) During a measurement, BLADE varies the angle θ between 0○ and
∼12○. For each adjustment of θ, the angle θx is varied between 0○ and ∼18○.
b) The result of an X-ray diffraction experiment is a 2D intensity map of
the reciprocal space. c) Considering solid supported membranes, signals
along the q∣∣-axis correspond to the distance between lipid tails [25] and
signals along the qz-axis correspond to the distance between two bilayers

because of the large beam size and relatively low intensity of the X-ray beam as

compared to synchrotron sources. BLADE determines in-plane and out-of-plane

structure separately, but simultaneously. The scanning path for a measurement is

illustrated in Fig. 1.8 a) and b). The angle θ is varied typically between 0○ and

∼12○. For each adjustment of θ, the angle θx is varied between 0○ and ∼18○, re-

sulting in a 2-dimensional intensity map of a large area of the reciprocal space, as

sketched in Fig. 1.8 b). Signals along the q∣∣-axis provide information about struc-

tures parallel to the silicon substrate, signals along the qz-axis provide information

about structures perpendicular to the silicon substrate.

Considering solid supported membranes, those signals correspond to the distances

between lipid tails (q∣∣) [25] and the distance between two bilayers (qz) (see Fig. 1.8 c)),

as described in the following paragraphs. A detailed analysis of the structure of

solid supported RBC membranes is discussed in Chap. 4.

In-Plane Data Analysis

In order to calculate the overall scattered light from the in-plane structures, the 2D

intensity map was integrated over a circular integration path. The resulting curve



1.1. Wide Angle X-Ray Diffraction 15

0
0.5

1
1.5

2
2.5

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

q
z(Å

−1
)

q||(
Å
−1)

2
2.5

0.5
1

1.5
2

2.5

0

10

20

30

40

q||(
Å
−1)

In
te
n
s
it
y

 

1.5
2

2.5

0.5
1

1.5
2

2.5

0

10

20

30

40

q||(
Å
−1)

In
te
n
s
it
y

 

Integration

Fitting

φ

Figure 1.9.: Experimental data were analyzed by integrating the 2D intensity
map over a circular integration path and fitting the resulting curve by a
superposition of Lorentzian peaks.

was then fitted using a superposition of Lorentzian peaks as sketched in Fig. 1.9.

Following Bragg’s law, each peak corresponds to a correlation between molecular

structures as described in Chap. 1.1.1. In case of lipid bilayers, the observed peaks

originates from a hexagonal packing of the lipid tails in the hydrophobic membrane

core (planar group p6) [25]. The distance between two lipid tails can be determined

using

a = 4π√
3q∣∣

, (1.25)

where q∣∣ is the peak position in Å
−1

. Furthermore, the area per lipid tail can be

calculated, using

AT =
√

3

2
a2. (1.26)
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Scherrer’s equation (Eq. 1.24) allows to estimate the domain size of the lipid patches

found for RBC membranes (see Chap. 4). K = 0.94 was used as Scherrer form fac-

tor. While the Scherrer’s equation is a well established way to estimate the crys-

tallite sizes, the equation has limitations for smaller domains of a few nanometers.

Further, the equation supposes cubic lattices, which disagree with the structures

found for lipid bilayers. However, the quantity, calculated by Scherrer’s equation,

can be used as upper limit of the domain size [1].

Out-of-Plane Data Analysis

Previous investigations of single- and multi-component artificial lipid bilayer report

well defined Bragg peaks along the qz axis due to a high degree of orientation of the

lipid molecules [26, 27, 28, 29, 30, 31]. Similar results were found for solid supported

RBC membranes as discussed in Chap. 4. The observed Bragg peaks correspond

to the ’fundamental’ and ’overtones’. The data were fitted using a superposition

of Gaussian peaks and the d -spacing, i.e. the distance between two bilayers were

measured using d = 2π
qz

(see Eq. 1.3), where qz is the position of the first order Bragg

peak in Å
−1

.

Multiple series of Bragg peaks were observed for the RBC membranes. The peak

position was plotted vs the expected order of the Bragg peak in order to confirm

a lamellar structure. Following Braggs law, the peak position goes linear with the

order n. The electron density of all observed series of Bragg-peaks was calculated

by a 1D Fourier analysis using Eq. 1.22. The phases were assigned by initial values.

To verify the correct phases, the form factor F (q) was calculated and fitted to the

periodic function Tz (see Eq. 1.23) as described above [1].

Herman’s Orientation Function

In order to determine the degree of orientation of the membranes in the stack,

the correlation peak intensities were integrated as function of the meridonal angle

ϕ (the angle relative to the qz axis, see Fig-1.9). The corresponding intensity

was fitted with a Gaussian distribution centered at zero, which was then used to

calculate the degree of orientation using Hermans orientation function:

H = 3⟨cos2 δ⟩ − 1

2
. (1.27)

where δ is given by the width of the Gaussian distribution.
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Experimental Error

The experimental errors were determined as follows: Errors for peak positions, peak

width and peak height are determined as the fit standard errors, corresponding to

95% confidence bounds, equivalent to twice the standard deviations, σ. Errors for

calculated parameters, such as peak area, were then calculated by applying the

proper error propagation [1].

1.2. Total Internal Reflection Fluorescence

Microscopy (TIRF)

Microscopy is one of the main imaging techniques in biology. It allows to analyze

the structure, composition and dynamic of cellular systems.

Since the development of optical microscopes at the beginning of the 17th century,

these devices were used to investigate the principles of life. The first investigations

focused on small animals such as insects and the microscopes exhibited a limited

resolution. Before the first theoretical description of microscopical imaging by

Ernst Abbe (19th century), the conditions for high resolution microscopy was most

widely not understood.

Abbe discovered, that the resolution of classical optical microscopes is limited by

the Rayleigh criteria, which describes the ability of an optical setup to distinguish

two light-sources with a distance d. For microscopes this condition is given by [32]:

dmax =
λ

2n sin(α) =
λ

2NA
, (1.28)

where λ is the wavelength, n is the refraction index and α is the opening angle of

the incident cone of light collected by the objective. The highest numerical aper-

ture (NA) is achieved with an oil immersion objective, where the gap between the

sample-slide and the objective lens is filled with an immersion oil. This leads to a

NA up to 1.51 [33], which results in a maximum resolution of ∼200 nm perpendic-

ular to the optical axis and ∼700 nm parallel to the optical axis.

The setup of a modern epifluorescence microscope is depicted in Fig. 1.10. This

microscope has two light sources: the diascopic illuminator for the bright-field

illumination and the episcopic illuminator for the epifluorescence illumination (ex-
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(Diascopic illuminator)
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Figure 1.10.: Setup of a modern epifluorescence microscope.

citation). The diascopic illuminator illuminates the sample via the condensor, a

set of lenses, which ensure a homogeneous illumination. The sample is mounted on

a sample stage, which allows a mechanical manipulation of the position relative to

the beam. The objective is a set of lenses which gather the light and produces a

magnified real image of the specimen. This real image can be observed either via

the eyepiece or a camera for further analysis. Multiple objectives are mounted on

a objective turret providing an easy change of the objective during the measure-

ment. For the epifluorescence mode, the epifluorescence illumination illuminates

the sample with monochromatic light. The sample itself has to be stained with

fluorescent dyes. Such dyes become excited by light with a certain wavelength λ

and emit light with a slightly different wavelength (see Fig 1.11c)). A filter in the

optical path between the dichroic mirror and the eyepiece/camera allows to filter

out the excitation light. Hence, only the emitted light is transmitted.
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Excitation beam

Emission beam

Objective

Immersion oil

Glas slide

Sample Cell Evanescent wave

Nucleus

a) b)

c)

Fluorescent dye

Figure 1.11.: Schematic setup of an TIRF microscope. a) A laser is focused by an
oil immersion objective. b) The laser is incident on the object plate under
an angle Θ > Θc and becomes totally reflected. TIRF microscopy uses the
evanescent wave to excite the dye in the labeled specimen

Epifluorescence microscopy is one method to increase the contrast of the micro-

scope, compared to bright-field microscopy. Further, it allows to highlight certain

cellular structures separately by labeling them with different dyes. There are mul-

tiple other techniques, such as phase contrast microscopy or dark-field microscopy,

that provide an increased contrast.

There are various techniques, such as Stimulated emission-depletion microscopy

(STED), Stochastic optical reconstruction microscopy (STORM) or Total internal

reflection fluorescence microscopy (TIRF), that allow to increase the resolution

limit given by Eq. 1.28. In this thesis, bright-field and epifluorescence microscopy

is used to investigate the shape and the composition of RBC ghosts. While bright-

field microscopy only allows to analyze the shape, epifluorescence microscopy offers

a higher contrast and an analysis of the composition by labeling different molecules.

Although the investigations were performed on a TIRF setup, the microscope was

operating in the epifluorescence mode. However, the setup of a TIRF microscope

will be explained briefly. The setup of an TIRF microscope is shown in Fig. 1.11

a). A laser beam is focused by an oil immersion objective and is totally reflected

on the cover slide (Fig 1.11b)). If a light beam incident the interface between two

optical media, it gets refracted according to Snell’s law. Beyond an angle θc, also

known as the critical angle, the light gets totally reflected on the interface. The

solution of the Maxwell equations indicates that there is also a transmitted fraction
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beside the dominant reflected fraction of the beam. This transmitted fraction is

called the evanescent wave. This near field wave decays exponentially in the new

material and is strong up to 1
2λ inside of the medium.

TIRF microscopy uses this evanescent wave to increase the resolution along the

z-axis. The observed cells are first labeled with fluorescent dyes. Because of the

exponential decay of the evanescent wave, this technique illuminates only specimen

attached to the glass surface of the cover slip.

The images presented in this thesis were acquired through a LEICA DMI6000

B inverted microscope equipped with a Spectral Laser Merge Module for multi-

wavelength illumination (Spectral, Richmond Hill, ON), adaptive focus control, a

motorized X-Y stage (MCL Micro-Drive, Mad City Labs Inc., Madison, WI), a

piezo X-Y-Z stage (MCL Nano-Drive, Mad City Labs Inc., Madison, WI), a LE-

ICA 100x/1.47NAoil-immersed TIRF objective and an Andor iXon Ultra EMCCD

camera. Excitation was provided by 488 and 647 nm diode-pumped solid-state

lasers with 40 mW and 60 mW output power, respectively (Spectral, Richmond

Hill, ON).
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Figure 1.12.: a) Excitation spectrum (blue) and emission spectrum (green) for
AlexaFluor 488-phalloidin. b) Excitation spectrum (green) and emission
spectrum (red) for 1,1’-Dioctadecyl-3,3,3’,3’-Tetramethylindocarbocyanine
Perchlorate. (Spectra adapted from [34]).

AlexaFluor 488-phalloidin (Invitrogen, Life Technologies, Burlington, ON) was uti-

lized to stain the actin filaments within the cells so that these structures may be

visualized with the fluorescence microscope. To stain actin filaments, the RBC

membranes were first permeabilized using a 0.2% Triton-X 100 solution in ultra-

pure water with an incubation of 5 minutes. The substrates were then washed with

ultra-pure water, and 5 µL of stock phalloidin in 200 µL of ultra-pure water was

added to each sample and incubated for 20 minutes at room temperature. Then,

the staining solution was replaced with ultra-pure water. In order to avoid a shrink-
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Figure 1.13.: a) Light propagate as electromagnetic wave, where the electric field
vector E⃗ is perpendicular to the magnetic field vector B⃗. b) The spectrum
of electromagnetic waves ranges from 107 m to less than 10−15 m. The
visible spectrum ranges from 380 nm to 750 nm (Figure adapted from [36])

ing of the ghost vesicles because of the osmotic pressure, ultra-pure water was used

instead of PBS, as proposed in the original protocol. The emission and excita-

tion spectrum for AlexaFluor 488-phalloidin is shown in Fig. 1.12 b). Because the

camera that was used records gray scale images, the images were colorized green

afterwards, in order to mimic the emitted green light.

1,1’-Dioctadecyl-3,3,3’,3’-Tetramethylindocarbocyanine Perchlorate (Sigma-Aldrich)

was used to label the membranes. This lipophilic dye enters the membrane and

propagates via lateral diffusion. The emission and excitation spectrum is presented

in Fig. 1.12 a). To stain the RBC membranes, the protocol proposed in [35] was

used [1].

1.3. UV-vis Spectroscopy

Ultraviolet–visible (UV-vis) spectroscopy is a common technique in biological re-

search. It allows to analyze the composition of biological samples by measuring the

absorption of light by the sample.

It is widely known that light propagates as electromagnetic wave, where the electric

field vector E⃗(r⃗, t) is perpendicular to the magnetic field vector B⃗(r⃗, t) as sketched

in Fig 1.13 a). The spectrum of electromagnetic waves ranges from wavelengths of
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DetectorSampleLight source Prism Aperture

Figure 1.14.: Schematic illustration of an UV-vis Spectrometer. The sample is
illuminated by monochromatic light and the transmitted light intensity is
measured by the detector. The monochromator is illustrated with a prism
and an aperture. (Figure from [1])

107 m, such as Extremely Low Frequency (ELF) waves, to less than 10−15 m, such

as γ-rays [36]. The electromagnetic spectrum is depicted in Fig 1.13 b). Light can

interact with matter in different ways: light can be scattered on particles, molecules

can absorb the light, it can be reflected or transmitted. UV-vis spectroscopy uses

the characteristic absorption spectrum of light in the visible and near UV- and

infrared range to determine the composition of a sample and the concentration of

certain molecules in the sample.

When absorbing electromagnetic energy, organic molecules become excited, i.e.

the electrons can undergo a transition from a molecular orbital (MO) with a low

energy to a MO with higher energy. UV and visible electromagnetic waves have

just enough energy to induce transitions from nonbonding MO’s to antibonding π∗

MO’s (n→ π∗) and from binding π MO’s to nonbinding π∗ MO’s (π → π∗) [37].

The absorption (extinction) of light by a certain organic molecule can be described

by the Lambert-Beer law [37]:

Eλ = ελcd, (1.29)

where Eλ is the extinction, i.e. the absorption of light with the wavelength λ, ελ is

the substance-specific extinction coefficient, c is the concentration of the substance

and d is the distance the light traveled in the substance. The molar extinction Eλ is

characteristic for each organic substance and is defined as the extinction for a con-

centration of 1 mol
l [37]. UV-vis spectroscopy was obtained using a M1000Pro Plate

reader from Tecan. The technique is depicted in Fig. 1.14: The setup illuminates
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the sample with monochromatic light using a Quad4 monochromator (illustrated

with a prism and an aperture). The absorption of light in the visible and adja-

cent (near-UV and near-infrared) ranges is detected for wavelengths between 250

and 800 nm. Hemoglobin shows characteristic absorption lines at 335 ± 0.4 nm,

416.4±0.2 nm 543±0.8 nm and 577±0.4 nm [38]. In order to prepare a sufficiently

diluted RBC solution, 50 µL of the erythrocytes fraction was mixed with 1 mL

phosphate-buffered saline (PBS). 400 µL of this solution was afterwards diluted

with 400 µL PBS. This dilution procedure has been repeated three times. For

the measurement, a 96-plate from Costar was used. 200 µL of the diluted blood

solution, the ghost solution and the RBC solution were filled in the chambers of

the plate. The absorption spectrum for each sample was scanned for wavelengths

between 310 nm and 800 nm. In order to analyze the recorded spectrum, the data

were fitted with a superposition of Gaussian peaks and the detected signals were

integrated. The integrated peak intensity is related by 1.29 with the concentration

of the analyzed substance [37]. Hence, the relative reduction of hemoglobin was de-

termined by calculating the difference between the absorption spectrum of diluted

RBC solution and the spectrum of the ghost solution respectively the sonicated

ghost solution [1].





2. Red Blood Cells and their

Membranes

Blood is one of the main fluids in the human body. It transports nutrients and

oxygen, regulates the temperature and the pH, and is part of the immune de-

fense. The main component of blood are the red blood cells (RBCs), which are

commonly used in biophysical research because of their relatively simple structure

[39, 40, 41, 42, 43, 44]. In this thesis, the molecular structure of RBC membranes

was investigated, using X-ray diffraction. The membranes were extracted from the

RBCs and dried on silicon wafers in order to prepare highly ordered, solid sup-

ported stacked RBC membranes. Further, the effect of the common drug aspirin

on this structure was investigated. The following chapter gives an introduction

in the known structure of RBCs with focus on their membranes and the known

interactions between RBCs and aspirin.

Lipid

Hydrophilic

head

Hydrophobic

tails

DLPE

Peripher proteinsIntegral proteins
a)b)

Figure 2.1.: a) Schematic illustration of a lipid bilayer. The amphiphilic lipid
molecules consist of a hydrophilic head group and hydrophobic tails. (b)
Various kinds of proteins, such as channels, transporters, receptors, linkers
and enzymes are embedded in the bilayer.
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2.1. Biomembranes and Osmosis

The structure of biomembranes is illustrated in Fig. 2.1. They typically consist of a

phospholipid bilayer with embedded proteins (Fig. 2.1 a))[41, 45]. The structure of

a lipid molecule is sketched in Fig. 2.1 b). Those molecules consist of a hydrophobic

head and hydrophilic tails. This amphiphilic structure causes the formation of lipid

bilayers: In order to minimize the energy, the hydrophilic tails of the two monolay-

ers face each other such that only the head groups are in direct contact with the

surrounding water. Beside lipid molecules, biomembranes can include cholesterol.

While bacterial membranes have no cholesterol, the fraction of cholesterol in animal

cells can be up to 50%[41]. One can differ two types of proteins: integral proteins

and peripher proteins [41]. Integral proteins have an amphiphilic structure and are

permanently embedded in the membrane. This protein class includes various dif-

ferent protein types, such as linkers, enzymes, transporters, channels and receptors.

In contrast, peripher proteins are attached either to lipids or to integral proteins

and include linkers, enzymes and structural proteins, such as the cytoskeleton [41].

Since decades, lipid bilayers are in the focus of biophysical research with respect to

the structure and the dynamic of lipid molecules and lipid domains [8, 46, 47, 48].

The physical state of a lipid bilayer is defined by the fluidity of the membrane.

Two different states are differentiated in the literature [1, 41]: the liquid disordered

(or fluid) state and the gel state. In the liquid disordered state the bilayer is

characterized as a liquid crystal like structure. Each lipid has more space in the

bilayer, resulting in a higher degree of rotational freedom as well as for lateral

transitions. This liquid disordered state undergoes a transition to the gel state

below a critical temperature Tc. This temperature depends on the lipid molecule

present in the bilyer. The more unsaturated bonds the lipid tails have, the lower

is this critical temperature [41].

A native cell membrane consists out of several different lipid molecules. These

molecules are not equally spread through the bilayer but form domains, i.e. func-

tional regions made of sphingolipids and cholesterol. Since these lipid rafts were

first postulated by Stier and Sackmann [49] and Klausner and Karnovsky [50], these

domains were mainly investigated by analyzing the structure of artificial bilayers

[25, 30, 41, 51, 52, 53, 54, 55]. Although artificial membranes show domains of

sphingolipids and cholesterol, it is an ongoing discussion among scientists whether

lipid rafts exist in native cells or not. While recent studies by Ciana et al. [56] and
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Mikhalyov et al. [57] present evidence for lipid rafts in human RBCs, the size of

such functional domains is expected to be small (10 - 25 nm)[41].

The structure of a lipid bilayer results in a semipermeable membrane, which allows

a highly selective material exchange. While smaller molecules, such as water, can

diffuse through the membrane, ions and larger molecules such as glucose need active

transport through the bilayer. The diffusion of water through such a semipermeable

membrane is called osmosis [58]. The direction of the osmosis strongly depends

on the concentration of osmotic active particle, such as ions, on both sides of a

membrane. One can define the osmolarity of a solution by bosm = nosm

Vsol
, which

describes the concentration of osmotic active molecules in a solution. The water

transport is always from a low to a high osmolarity. The system is in the steady

state when the osmolarity is equal on both sides of the membrane. One can easily

understand this effect as an entropically driven transport. One considers two phases

separated by a semipermeable membrane: one phase consists out of pure solvent

(phase 1),e.g. water, and the second phase consists out of a salt solution (phase

2),e.g. NaCl in water. The volume of both phases is identical. The membrane

limits the phase space for the salt ions in the solution. However the entropy of the

whole system can be maximized by an influx of solvent from phase 1, i.e. the phase

with the lower osmolarity, to phase 2, i.e. the phase with the higher osmolarity.

Osmosis is the most important passive transport in biology. Hence, the difference

in osmolarity between the intercellular and intracellular medium is important for

the cellular functionality. One can differ three environments [58]: a hypertonic,

an isotonic and a hypotonic solution. In case of a hypertonic solution, the salt

concentration of the intercellular medium is higher than the one of the intracellular

medium. Hence, water flows out of the cell and the cell shrinks. On the other

hand, a hypotonic solution results in an influx of water, caused by a lower salt

concentration of the intercellular medium. In case of an isotonic solution, the salt

concentration both inside and outside of the cell is equal.

2.2. The Structure of Red Blood Cells

Blood is one of the most important fluids in the body of mammals and non-

mammalian vertebrates. This thesis focuses on human blood which is comparable

to that of other mammals.

It consists of two main components: the plasma and cellular components. The
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Figure 2.2.: Blood sample after centrifu-
gation at 3,000 g. A clear sep-
aration between a plasma frac-
tion and a cellular fraction is ob-
served. The plasma fraction con-
sists mostly of water and the cel-
lular fraction mostly of red blood
cells. White blood cells and
platelets form a thin layer be-
tween both fractions.
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plasma contains mostly water (∼95%) as well as proteins, glucose, clotting factors,

electrolytes, hormones and carbon dioxide [59]. There are three cell types that

can be found in human blood: white blood cells, red blood cells (RBCs) and

platelets. The white blood cells play an important role in the mammal immune

system. Platelets mainly control the blood coagulation. Hereafter we focus on the

third cell type: the RBCs, which represent the majority of the cellular components

(99% [59]). The fraction of RBCs on the blood is also called hematocrit. Human

RBCs are significantly smaller than other human cells. Healthy RBCs have a

characteristic discocyte shape as depicted in Fig. 2.3 a) and b). The cells have a

diameter between 6.2 and 8.2 µm and a thickness between 2 and 2.5 µm at the

thickest point and between 0.8 and 1 µm at the thinnest point [60]. The volume of

an RBCs varies between 90 fL and 150 fL [61].

The shape of RBCs can vary for different environments. As described above, the

osmolarity of the intercellular medium strongly effects the water diffusion through

the cell membrane. RBCs in a hypotonic solution swell because of the inflowing

water. Those RBCs are called stomatocytes. If the osmotic pressure is too high,

the cell membrane bursts. The resulting empty vesicles are called RBC ghosts,

based on their appearance under the microscope. On the other hand, RBCs in a
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Figure 2.3.: a) Microscopic immages of RBCs. The cells show a discocyte shape.
b) Schematic illustration of shape and structure of an RBC. The cells have
a discocyte shape, an diameter between ∼ 6.2 to 8.2 µm and a thickness
between 2 and 2.5 µm on the thickest point and 1 to 0.8 µm at the thinnest
point c) RBCs can show different shapes depending at the osmolarity of the
surrounding medium. A hypotonic solution results in spherozytes (lower
picture), a hypertonic solution results in echinozytes (upper picture).

hypertonic solution shrinks and form echinocytes (see 2.3 c)).

Compared to other cells, RBCs have a relatively simple structure. They have no

nucleus and complex organelles like mitochondria [62]. This simplicity makes them

useful for biophysical research, although it results in physiological peculiarities.

The absence of mitochondria for instance, prohibits the synthesis of ATP by the

cell. Hence, energy has to be provided by glucose [63]. The inner volume of

RBCs is dominated by hemoglobin, which causes the red appearance of the cells

[62]. Because of this iron-containing metalloprotein RBCs are able to transport

oxygen from respiratory organs to the rest of the body. This thesis focuses on the

membrane of RBCs which consist of three layers [67, 68]. The glycocalyx layer, the

lipid bilayer, and a protein network, i.e. the cytoskeleton, attached to the inner side

of the lipid bilayer. From all membranes in nature, the RBC membrane is the most

studied one [67]. It is reported to consist of phospholipids and cholesterol in equal

proportions of weight [68]. Among others, there are five main lipid types found

in RBC bilayers. The outer monolayer contains mainly Phosphatidylcholine and

Sphingomyelin. The inner monolayer contains mainly Phosphatidylethanolamine,

Phosphoinositol, and Phosphatidylserine. Cholesterol is found in both monolayers

[68]. It was previously reported, that RBC membranes consist of ∼52 % proteins

and ∼40 % of lipids (including cholesterol)[69]. An overview over the main proteins
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Figure 2.4.: a) SDS page of a
RBC membrane. This
method seperate the pro-
teins by their molecu-
lar mass. A description
of the protocol can be
found in [64, 65] (Figure
from [66]).

in RBCs can be found in [68, 70]. Fig. 2.4 a) presents a SDS-page of the RBC

membrane proteins. This procedure allows to seperate proteins by their molecular

mass. A description of the protocol can be found in [64, 65]. The presented SDS-

page indicates that the cytoskeleton of RBC consists mainly of spectrin and actin

fibers. Those proteins are connected via the Band 3 membrane protein, which is

the main integral protein, found in RBC membranes [67, 71].

2.3. Interaction between Aspirin and Red Blood Cells

The solid supported RBC membranes presented in this thesis offer on the one hand

a detailed study of the structure of those membranes and on the other hand the

analysis of structural effects of drugs on membranes. Modern drugs typically in-

teract with specific protein structures. However, there is a growing evidence for

an interaction of various pharmaceuticals with lipid bilayers, leading to structural

and stability changes [72]. In particular, non-steroidal anti-inflammatory drugs

(NSAID’s) have been shown to disturb bilayer structures in native and model mem-

branes [7, 73]. Aspirin is certainly one of the most common NSAID’s [1, 4, 73].

Aspirin is the trade name for acetylsalicylic acid (ASA), whose molecular structure

is sketched in Fig. 2.5.

When present in the body, ASA binds and inactivates cyclooxygenase and sup-

presses the production of prostaglandin and thromboxanes. While high doses ASA
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Figure 2.5.: Structure of acetylsalicylic acid (ASA)

shows anti-inflammatory effects, low doses ASA are believed to inhibit COX-1 and

act on COX-2, resulting in a lower platelet activity, which are involved in the for-

mation of blood clots [74, 75]. However, aspirin is also known to interact with lipid

bilayers. It strongly perturbs model membrane structure in a concentration depen-

dent manner and also influences human erythrocyte shape [76]. It decreases the

hydrophobic surface barrier in mucosal membranes, leading to a diffusion of acid

and gastrointestinal injury [6] and impacts on protein sorting [77]. Aspirin was pre-

viously reported to partition in lipid bilayers and positions itself in the lipid head

group region [3, 4, 19]. Recently, an interaction between aspirin and cholesterol

was reported, as aspirin was observed to reduce the volume of cholesterol plaques

in model membranes at elevated cholesterol concentrations of ∼40 mol% [19]. As-

pirin also inhibits the formation of cholesterol rafts in fluid lipid membranes at

physiological cholesterol concentrations [1, 3, 19].





3. Preparation of Solid Supported

Red Blood Cell Membranes

The preparation protocol is schematically depicted in Fig. 3.1 and consists of two

main parts: In the first step, red blood cell (RBC) ghosts are produced from blood

samples. In the second step, these RBC ghosts are applied onto silicon wafers and

annealed to form multi-lamellar RBC membrane stacks.

b) Sonication:

d) Drying + Incubation:

a) Prepare Ghosts:

c) Application:

~ 7 µm

 ~50 nm

1. Draw 10 mL of blood and centrifuge the tube to isolate RBC from plasma

2. Wash the RBC twice with PBS

3. Mix 50 µL RBC solution with 1 mL Buffer in 1.5 mL reaction

tubes and place the tubes on ice for 30 minutes

4. Centrifuge the tubes for 30 minutes at 18,000 g and 0°C

5. Wash the resulting pellet four times with buffer

6. Collect the pellet of 24 tubes and fill up the tube to 1 mL

7. Sonicate this sample 10 times for 

5 seconds each

8. Centrifuge the sample for 

30 minutes at room temperature and 

20,000 g

9. Create a wafer with an 

hydrophilic surface

10. Level the desiccator 

and place a Petri dish with

a saturated potassium sulfate 

solution on the bottom 

11. Place the wafer in the 

desiccator and apply 100 µL 

of the sonicated ghosts 

solution onto the wafer

12. Dry for 5 days

13. Place the desiccator in an incubator at 50°C 

and anneal the membranes for 5 days

Figure 3.1.: Schematic of the Blood-on-a-chip preparation protocol. a) The pro-
tocol bases on the original prepatation protocol for RBC ghosts. b) The
RBC ghosts are then sonicated to form nanometer sized vesicles. c) The
sonicated solution is applied to a silicon wafer. d) The wafer is dried and
annealed for several days to form well developed multi-lamellar stacks on
RBC membranes on the silicon wafer (Figure from [1]).
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3.1. Preparation of Red Blood Cell Ghosts

This thesis describes the structural analysis of RBC membranes from highly ori-

ented multi-lamellar membrane stacks. Although the analysis method is common

for artificial methods [4, 18, 78], it is difficult to adapt the technique for native cell

membranes. Because of the complex structure of cells, it is difficult to properly

separate the membrane from other cell compartments.

The preparation of RBC ghosts was first published in 1963 by Dodge, Mitchell and

Hanahan [5]: 10 mL of venous blood were drawn from a participating individual.

The blood was collected in venous blood collection tubes from BD (Product Num-

ber: BD 367874), coated with sodium heparin as anticoagulant. The tube was

centrifuged at 3,000 g for 10 min at room temperature. After this process, a clear

separation between an erythrocyte fraction and a plasma fraction was observed as

shown in Fig. 2.2. The white blood cells and platelets form a layer between those

two fractions. In the original protocol, the separated blood is then washed and

filtered by a protocol presented in [5]. First, 1.8 g α-Cellulose and 1.8 g σ-Cellulose

was diluted in 100 ml ultra pure water. Then, ∼10 ml of this solution was filled in

a syringe furnished with a filter paper on the bottom. While the water can pass

the filter paper, the cellulose sediments on the bottom of the syringe. The setup

is shown in figure 3.2 a). Two solutions were prepared from the centrifuged blood

sample:

� Solution 1:

1 ml plasma on 9 ml PBS

� Solution 2:

1 ml hematocrit on 1 ml PBS

Those solutions were then successively filled in the syringe and passed through the

filter: First 10 ml of solution 1 was filled in the filter, then 1 ml of solution 2. The

filtrate was disposed. Finally the filter was washed with PBS and the filtrate was

collected. While the leukozytes and platelets remain in the filter, the RBCs can

pass the filter.

While this protocol is well established and widely used in blood cell investigations

(see, for instance, [80] for a recent review), the ghost solution produced by this

protocol did not result in well developed multi-lamellar membrane stacks when

applied on silicon wafers. Cellulose particles were observed under the microscope
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Syringe

Cellulose filter

Collected

filtrate

Filter paper

a) b)

Figure 3.2.: Initially the blood was filtered referred to a protocol from Beutler,
West and Blume [79]. a) 10 ml of a solution of 1.8 mg α- and σ-Cellulose
in 100 ml ultra pure water was filled in a syringe furnished with a filter
paper on the bottom. While the cellulose remains in the syringe, the water
can pass the filter paper. b) 10 ml of solution 1 and 1 ml of solution 2 is
pushed through the filter. Finally the filter is washed with 10 ml PBS and
the filtrate is collected.
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b) after filteringa) without filtering

Cellulose particles
mµ01mµ01

Figure 3.3.: The RBC ghosts were analyzed with birght-field microscopy. Cellu-
lose particles were found in the solution prepared by the original protocol.
(Figure from [1]).

in the solution after passing through the filter as depicted in Fig. 3.3. These

likely inhibit the formation of well-ordered membrane stacks [1]. In order to avoid

contamination with cellulose, the hematocrit was purified through centrifugation

using the following protocol: The supernatant in the separated blood sample was

removed using a pipette. PBS was added to the precipitate to achieve a volume of

10 mL and centrifuged at 3,000 g for 10 min. This process was repeated twice.

50 µL of the RBC solution was then mixed with 1 mL of buffer solution in a 1.5 mL

reaction tube as shown in Fig. 3.4. For the buffer, 16 mL of PBS and 484 mL of

18.2 MΩ⋅cm ultra pure water were mixed and stored at 0○C. The solution was

buffered with potassium hydroxide and hydrochloric acid to a pH of 8. This creates

a hypotonic solution for the RBCs, resulting in an influx of water into the cells and

their lysis as described in Chap. 2.1. The diluted solution is vortexed for 10 s to

prevent clumping. After vortexing, the reaction tube is immediately placed in ice

for 30 min to slow down the re-closing of the burst cells.

Samples were then centrifuged at 18,000 g for 30 min at ∼0○C. After the centrifu-

gation, a pellet is formed at the bottom of the reaction tube. The supernatant was

removed by pouring the reaction tube in a beaker. 1 mL buffer solution was added

to the pellet and the solution was vortexed for 10 s and centrifuged for 15 min at

18,000 g and ∼0○C. This process of centrifugation and removal of the supernatant

was repeated 4 times. During this washing, most of the hemoglobin is removed, re-

sulting in a transparent, colorless solution. Fig. 3.5 a) shows images of the reaction
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a) b)

Figure 3.4.: a) 50 µL of the RBC solution was mixed with 1 mL of buffer solution
in a 1.5 mL reaction tube. b) The samples were vortexed for 10 s to avoid
clumping and the tubes were immediately placed on ice for 30 min.

tube after different numbers of washing steps.

The removal of hemoglobin was quantitatively checked using ultraviolet–visible

spectroscopy (UV-vis). The corresponding data is shown in Fig. 3.5 b). The

characteristic hemoglobin absorption bands at 335 nm, 416.4 nm, 543 nm and

577 nm [38] decrease in every step; the hemoglobin content of the final solution

was found to contain less than 2% of the original content.

This procedure results in solutions with a typical mass concentrations of RBCs of

∼0.3 mg/mL. To increase the concentration, pellets from 24 such reaction tubes

were collected and centrifuged at 18,000 g for 15 min. The supernatant was re-

moved and the tube was refilled with buffer solution to the 1 mL mark of the tube.

This results in a solution with a final mass concentration of ∼7 mg/mL. The ghost

solution was analyzed by fluorescence microscopy, as shown in Fig. 3.6 a) and b).

The RBC membrane was fluorescently labeled in part a) using 1,1’-Dioctadecyl-

3,3,3’,3’-Tetramethylindocarbocyanine Perchlorate (DiI). The image shows a mix

of multi-lamellar and uni-lamellar ghosts with a highly irregular shape and a large

distribution of shapes and sizes, from round to long, more chain-like objects includ-

ing vesicles that contain several smaller vesicles. These shapes are likely related to

the presence of a cytoskeleton, whose main components are spectrin and actin in

RBCs as described in Chap. 2.2. To analyze this network, Alexa Fluor 488 labelled

phalloidin was used to label the F-actin network in Fig. 3.6 b). Structures of ∼5 µm

were observed, indicative of the presence of actin.
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Figure 3.5.: a) The reaction tube after different numbers of washing steps. The
disappearance of the red color indicates the hemoglobin removal. b) Final
result of the ghost protocol. The empty RBC vesicles are sedimented in
a pellet on the bottom of the tube. c) The hemoglobin concentration was
quantitatively checked by UV-vis spectroscopy. (Figure from [1])

As indicated below, the variation in size and shape of the ghosts, and the presence

of actin filaments likely prevents the formation of well defined, solid supported

multi-lamellar RBC membranes. To achieve a more uniform distribution of vesicle

sizes and shapes, the RBC solution was tip sonicated 10 times for 5 s, each, in order

to form small uni-lamellar vesicles (SUVs). The result of the sonication process is

shown in Fig. 3.6 c) and d). In part c), the membrane was fluorescently labeled

using DiI. Small dots were observed, indicative of small uni-lamellar vesicles of

∼50 nm, beyond the resolution limit of the microscope.

The actin concentration was analyzed by staining with Alexa Fluor 488 labelled

phalloidin. After sonication, no more particles were observed within the resolution

of the microscope used. In order to separate the SUVs and remaining actin, the

solution was centrifuged for 30 min at 20,000 g. Since SUVs can only sediment in

ultracentrifuges at 120,000 g when centrifuged for more than 30 min [81], the pellet

contains actin polymers and potentially larger and multi-lamellar vesicles, while

the SUVs stay in the supernatant. This supernatant was found to be ideal for the

formation of solid supported, multi-lamellar RBC membranes, as will be discussed

below.
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3.2. Silicon Wafer Preparation

All membranes were prepared on single-side polished silicon wafers. 100 mm diam-

eter, 300 µm thick silicon wafers were pre-cut into 10×10 mm2 chips. The wafers

were functionalized for deposition of the ghost solution by either preparing a hy-

drophobic or hydrophilic surface.

To create a hydrophobic silicon surface, the wafers were pre-treated by sonication

in dichloromethane (DCM) at 40○C for 25 min. This treatment removes all organic

contamination and leaves the surface in a hydrophobic state. Each wafer was then

thoroughly rinsed three times by alternating with ∼50 mL of ultra pure water with

a resistivity of 18.2 MΩ⋅cm and HPLC grade methanol.

To create a hydrophilic state, the wafers were cleaned by immersion in an H2O+

2

sulfuric acid mixture (volume fraction of 70% concentrated H2SO4, 30% H2O2 at

40○C, Piranha solution) for 30 min on a 3D orbital shaker (VWR) set to tilt angle

1 and speed 15). This strongly oxidizing combination removes all organic contami-

nants on the surface, but does not disturb the native silicon oxide layer. Each wafer

was then thoroughly rinsed with ∼50 mL of ultra pure water with a resistivity of

18.2 MΩ⋅cm [1].

3.3. Fabrication of Highly Oriented, Multi-Lamellar

Solid Supported Red Blood Cell Membranes

The ghost solution did not spread well on hydrophobic silicon wafers, as shown

in Fig. 3.7 a). For this wafer, 100 µL of concentrated ghosts solution was applied

onto a 10×10 mm2 hydrophobic silicon wafer mounted on a leveled hot plate at a

temperature of 40○C. The solution was applied slowly using a 100 µL syringe to

avoid spill, and the wafer typically dried within ∼10 min. The membrane film was

found not to cover the entire wafer and showed several wrinkles.

Slowly drying the solution to allow more time for the solution to spread and mem-

branes to form was achieved by placing the wafers in a leveled desiccator for 5 days

at 97.6±0.5 % relative humidity using a saturated K2SO4 salt solution. The slow

drying resulted in a smoother film, however, still incomplete coverage of the sub-

strate, as shown in Fig. 3.7 b).

Fig. 3.7 c) shows a hydrophilic wafer prepared by applying 100 µL of concentrated

SUV solution and dried for 5 days at 97.6±0.5 % relative humidity. The solution



40 3. Preparation of Solid Supported Red Blood Cell Membranes

Before sonication After sonication
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b)

c)

d)
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Figure 3.6.: Fluorescence microscopy images of the ghost solution before and after
sonication. The membrane was labelled using DiI in parts a) and c), while
Alexa Fluor 488 labelled phalloidin was used to label the F-actin network
in b) and d). Before sonication, ghosts of highly irregular shape and a
large size distribution are observed including ‘ghosts inside of ghosts’. The
solution also contains large clusters of actin. Small vesicles with a uniform
size distribution are observed after sonication and no actin particles (within
the resolution of the microscope used). (Figure from [1]).

covered the entire wafer indicating a homogeneous mass distribution. However,

only weak signals of membrane stacking were observed in this sample and one can

picture the morphology of the membranes as depicted in Fig. 3.1 d), as uni-lamellar

vesicles that have been dried out on the silicon substrate. This situation is similar

to the preparation of single solid supported bilayers through vesicle fusion [82, 83],

where small bilayer patches initially develop on the substrate, and eventually un-

dergo a transition into a large uniform single bilayer [82]. Substrates are typically

annealed for 72 h at 55○C in an oven in air. The energy barrier for forming a lamel-

lar structure can be overcome through gentle heating and the lamellar membrane

organization becomes energetically more favorable, as it minimizes the bending
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a) b) c) d)

10 mm

10 mm

Figure 3.7.: a) Photos of the silicon chips after a) application of the RBC solution
on a hydrophilic wafer and fast drying, b) application on a hydrophobic
wafer after slow drying. c) and d) show hydrophilic wafers after slow drying
and slow drying and annealing, respectively. See text for details. (Figure
from [1]).

energy.

However, using the same procedure and heating the RBC membranes in an oven led

to destruction of the membrane film. The silicon chips were, therefore, incubated

at different temperatures and under relative humidities between 50% and 100%

RH by placing them in a closed container and exposure to different saturated

salt solutions. The best results were obtained when the RBC chip was annealed

at 50○C and 95.8±0.5% relative humidity in a saturated K2SO4 salt solution for

5 days, which resulted in the photo in Fig. 3.7 d) [1]. In this protocol, annealing

of the RBC membranes at high temperature and humidity leads to the formation

of lamellar membrane structures through membrane fusion.

3.4. Preparation of Red Blood Cell/Aspirin

Complexes

In order to prepare complexes of RBC membranes containing increasing amounts of

aspirin, a solution of 9 mg/mL acetylsalicylic acid (molecular weight 180 g/mol) in

18.2 MΩ⋅cm water was prepared. 2 µL, 3 µL, 4 µL, 5 µL, and 6 µL of this solution

were added to 100 µL of the final ghosts solution resulting in acetylsalicylic acid

concentrations of 1 mM, 1.5 mM, 2 mM, 2.5 mM and 3 mM. The resulting solutions

were applied onto silicon wafers and dried slowly and incubated for 5 days following

the above protocol.

The molar concentration of ASA in the RBC membranes can be estimated as

follows: between 2 and 5 µL of the 9 mg/mL ASA solution were added to the

membrane solution, resulting in between 1⋅10−7 and 2.5⋅10−7 mol. 100 µL of the
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7 mg/mL RBC solution contain ∼2⋅10−6 mol (when assuming an average molecular

weight of the membranes of 400 g/mol). This results in molar ASA concentrations

between 5-10 mol%, i.e., 1 ASA molecule per 10 to 20 lipid molecules [1]. This

ASA concentration is elevated as compared to plasma concentrations of typically

less than 1 mol%, however, comparable to ASA concentrations typically used in

the literature [84].



4. Structure Analysis

4.1. Molecular Structure and Properties of Red

Blood Cell Membranes

X-ray diffraction was used to determine the molecular structure of the RBC mem-

branes. As the membranes were oriented with their membrane plane parallel to the

silicon substrate, the in-plane and out-of-plane structure was determined separately,

but simultaneously as described in Chap. 1.1.2. The organization of the membranes

normal to the silicon wafer is observed along the qz-axis, while molecular organi-

zation in the plane of the membranes, parallel to the substrate is observed along

the q∣∣-direction. Fig. 4.1 shows the resulting 2D diffraction data and cuts along

the qz-axis for samples produced by different preparation protocols: Figs. 4.1 a)

and b) show the data for the fast dried non-sonicated ghosts on hydrophobic and

hydrophilic wafers respectively. The scans for slow dried and slow dried and an-

nealed RBC solution on hydrophilic wafers are depicted in Figs. 4.1 c) and d).

A lamellar membrane structure, i.e., a stack of membranes, where the bilayers

are organized parallel to each other, results in a series of equally spaced and well

defined Bragg reflections in diffraction experiments [17]. While for fast and slow

dried nonssonicated ghosts only weak signals were observed, the slow drying and

especially the slow drying and annealing results in well developed prominent Bragg

peaks. The sketches in Fig. 4.1 illustrate the corresponding model: drying of pure

ghosts results in flat but not necessarily fused micrometer sized vesicles on the

silicon surface. The slow drying and annealing supports the fusion of the small

nanometer sized vesicles observed for the sonicated solution. The result for the

protocol described in Chap. 3 will be discussed in the following paragraphs.

Fig. 4.2 b) shows typical 2-dimensional X-ray diffraction data resulting from wafers

produced by the protocol described in Chap. 3. Cuts of the diffracted intensity

along the out-of-plane and in-plane direction are shown in Figs. 4.2 c) and d).

By analyzing out-of-plane and in-plane patterns, the corresponding signals were

43
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Figure 4.1.: 2D intensity map and the corresponding Bragg curve along the qz-axis
after a) application of the RBC solution on a hydrophilic wafer and fast
drying, b) application on a hydrophobic wafer after slow drying. c) and d)
show hydrophilic wafers after slow drying and slow drying and annealing,
respectively. See text for details.
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Figure 4.2.: Overview of the X-ray diffraction results. The highly aligned mem-
branes are oriented on the X-ray diffractometer, such that qz measures
out-of-plane, and q∣∣ in-plane membrane structure. b) Two-dimensional
data. The main features are a series of intensities along the qz-axis and
three broad signals along the in-plane axis q∣∣. a) shows a cut along qz.
The data are well fit by three series of Bragg peaks corresponding to three
different lamellar spacings assigned to lo and ld lipid domains (green and
blue) and coiled-coil α-helical peptide domains (red). c) The in-plane sig-
nals show three correlation peaks corresponding to the packing of α-helices
in the peptide domains (ap = 10.83 Å), and packing distances of ld (ald =
5.39 Å) and lo lipid tails (alo = 4.69 Å) in the hydrophobic membrane core.
(Figure from [1])
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Figure 4.3.: Analysis of the X-ray diffraction data in Fig. 4.2. The lamellar spac-
ings of the peptide, and the lo and ld lipid domains are determined from
the slopes of qz vs. n plots. b) Shows the corresponding electron densi-
ties, as determined through Fourier analysis of the out-of-plane diffraction
data. The densities for the lo and ld lipid domains agree well with densities
reported in the literature. The peptide domain shows an almost constant
density in the hydrophobic membrane core, indicative of trans-membrane
peptides. c) Membrane orientation is determined from radial integration
of the scattered intensity along the meridional degree, ϕ. The solid line
is a fit using a Gaussian profile. By using Hermans orientation function,
RBC membranes are 90.9% oriented with respect to the silicon substrate.
(Figure from from [1]).

assigned to three different structures: liquid ordered (lo) and liquid disordered (ld)

lipid domains, and membrane embedded peptides [1], as will be detailed in Chap. 5.

Structure Perpendicular to the Membrane Plane

The well developed Bragg peaks along the out-of-plane axis in Fig. 4.2 c) are

indicative of a lamellar organization of the RBC membranes on the substrate. The

fundamental reflection for each series is colored in the Figure. Following Bragg’s

law (see Eq. 1.2), the lamellar spacing, dz, can be determined from the slope of

the curve when plotting qz versus the order of the Bragg peak, n. This is shown

in Fig. 4.3 a). Three dz-spacings were determined: dloz =59.2 Å, dldz =51.6 Å and

dpz=40.6 Å.

Electron density profiles, ρ(z), of the bilayers were determined through Fourier

analysis of the out-of-plane Bragg peaks, as described in Chap. 1.1.2, and are

shown in Fig. 4.3 b). The electron rich head group can be identified by the absolute

maximum in the electron density profile at ∣z∣ ∼ 22 Å. ρ monotonically decreases

towards the bilayer center at z = 0, where CH3 groups typically reside, with a

low electron density. The electron density profile of the dloz =59.2 Å domain (blue
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lo lipid ld lipid peptide
domains domains domains

dz 59.2±0.5 Å 51.6±0.02 Å 40.6±0.06 Å
dHH 46.0±0.5 Å 41.0±0.02 Å -
dw 13.2±0.5 Å 10.6±0.02 Å -
a 4.69±0.27 Å 5.39±0.03 Å 10.88±0.22 Å
AT 19.04±1.10 Å 25.18±0.13 Å -
ξ 16±3 Å 29±2 Å 28±3 Å

Table 4.1.: The lamellar dz spacings, molecular distances, a, and tail areas, AT ,
were determined from the peak positions in the out-of-plane and in-plane
scattering, respectively. Tail areas include the area of cholesterol molecules.
Membrane thickness, dHH , and the thickness of the water layer, dw, were
determined from the electron densities ρ(z). Domain sizes, ξ, were de-
termined from the width of the in-plane correlation peaks. Experimental
errors are given.(Table from [1])

curve) agrees well with a lipid bilayer with lipids in the gel state with their lipid

chains in an all-trans configuration [4, 20]. Together with the information from

the in-plane diffraction below, these signals were assigned to lipids in lo domains.

These domains are likely enriched in cholesterol, making them more ordered and

thicker [25, 30].

The electron density corresponding to the dldz =51.6 Å spacing (green curve) agrees

well with the electron density reported for fluid lipid bilayers, where the structure

of the lipid tails in the hydrophobic membrane core is dominated by gauche-defects,

as reported for instance by [27, 85]. Taking into account the in-plane diffraction

analysis, these signals were assigned to domains of ld lipids.

The 3rd lamellar spacing of dpz=40.6 Å is significantly smaller than the spacings

above, and the electron density is almost constant in the hydrophobic membrane

core. This density profile is well described by α-helical coiled-coil peptides, which

are embedded in the membranes [31], as will be discussed below, and was assigned

to domains of integral proteins.

Lamellar spacings, dz, membrane thicknesses, dHH , and the thicknesses of the water

layer, dw were determined from the electron densities and are listed in Table 4.1[1].



48 4. Structure Analysis

In-Plane Membrane Structure

Three peaks, at q∣∣ = 0.58 Å−1, q∣∣ = 1.35 Å−1 and q∣∣ = 1.55 Å−1, were observed in the

in-plane diffraction in Fig. 4.2 d). These peaks fit well to distances between peptides

and lipids, as observed in previous investigations in single and multi-component

artificial and biological membranes [26, 27, 28, 29, 30, 31]. The lipid in-plane peaks

are the result of a hexagonal packing of the lipid tails in the hydrophobic membrane

core (planar group p6) [25]. The distance between two acyl tails is determined to

be a = 4π/(
√

3q∣∣), where q∣∣ is the position of the corresponding correlation peak.

The area per lipid chain is obtained to AT = (
√

3/2) a2. This area also includes the

area of cholesterol molecules.

The peaks at q∣∣ = 1.35 Å−1 and q∣∣ = 1.55 Å−1 are in good agreement with struc-

tural features reported in model lipid membranes in their well ordered gel and fluid

phases, where the lipids tails take an all-trans conformation (gel) or are dominated

by gauche defects (fluid). A correlation peak at ∼1.5 Å−1 was reported in the

gel phase of saturated phospholipid membranes, such as DMPC (Dimyristoyl-sn-

glycero-3-phosphocholine) and DPPC (Dipalmitoyl-sn-glycero-3-phosphocholine)

[20, 25, 26, 86]. Unsaturated lipids were reported to order in a structure with

slightly larger nearest neighbor tail distances, leading to an acyl-chain correlation

peak at ∼1.3 Å−1, as reported for DOPC and POPC [87, 88]. These correlation

peaks were, therefore, assigned to the lo and ld lipid components of the plasma

membranes.

Lipid tail distances in lo and ld domains and lipid tail areas are listed in Table 4.1.

Distances and areas in the lo domains are smaller, as lipid tails in their all-trans

configuration are straighter and pack tighter than ld tails, dominated by gauche

defects.

Membrane peptides are often organized in bundles, whose structure is dominated

by α-helical coiled-coils [31, 89, 90, 91, 92]. Coiled coils consist of α-helices wound

together to form a ropelike structure stabilized by hydrophobic interactions, found

in about 10% of the proteins in the human genome [93]. The main features of this

motif is a ∼10.8 Å (q∣∣ ∼0.58 Å−1) equatorial reflection corresponding to the spacing

between adjacent coiled-coils [94, 95, 96]. This correlation peak is observed in the

in-plane data in Fig. 4.2 d) (in red).

The volume fractions of the peptide, the lo and ld lipid domains were determined

from the integrated peak intensities of the lipid and peptide signals in Fig. 4.2 d)

to 30:45:25 (lo lipids:ld lipids:coiled peptides) [1].
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Membrane Orientation

The orientation of the RBC membranes in the stack with respect to the silicon wafer

was determined from the 2-dimensional data in Fig. 4.2 b) by radial integration us-

ing Hermans orientation function, as described in Chap. 1.1.2. The intensity of the

first reflectivity peak as function of the meridional angle ϕ is plotted in Fig. 4.3 c),

and the degree of orientation was determined to be 90.9% (±0.26%). While values

of ∼97% are reported for synthetic supported membranes (see, e.g. [18]), the value

for RBC membranes is to the best of our knowledge the highest ever reported for

a biological membrane. This high degree of orientation of the RBC membranes on

silicon chips is required for a detailed structural characterization of the membranes,

in particular to differentiate in-plane and out-of-plane structure [1].

Determination of Domain Size

The in-plane diffraction signals in Fig. 4.2 d) are significantly broader than typical

Bragg peaks in crystalline materials, indicating that the corresponding domains are

small. The domain sizes were estimated from the peak widths of the corresponding

correlation peaks using Scherrer’s equation (see Eq. 1.24). Values for the domain

size, ξ, are listed in Table 4.1. From these results, RBC membranes consist of

small, nanometer sized domains of lo and ld lipids and coiled-coil α-helical peptides

[1].

4.2. The Effect of Aspirin on Red Blood Cell

Membrane Structure

The out-of-plane scattering for RBC membranes containing 1 mM, 1.5 mM, 2 mM,

2.5 mM and 3 mM ASA is shown in Fig. 4.4 a). The curve containing 2.5 mM

ASA and the corresponding fit is shown in part b). Data is well fit by 3 series

of Bragg peaks, corresponding to lo, ld and peptide domains, in agreement with

pure RBC membranes. Electron density profiles of the lo lipid domain for RBC

membranes and RBC membranes + 1mM aspirin are shown in Fig. 4.4 c). Upon

the addition of aspirin, the electron density increases at z ∼ 22.8 Å. Under the

assumption that a small amount of aspirin does not disturb the bilayer structure

significantly, the two densities can be subtracted and the extra intensity assigned

to aspirin molecules. The experiments thus locate aspirin inside the head group
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Figure 4.4.: Analysis of the RBC/aspirin complexes. a) Shows all reflectivity
curves for complexes containing between 0 and 3 mM ASA. b) The pattern
for the 2.5 mM sample is well fit by three series of peaks corresponding
to lo, ld and peptide domains. c) The location of the ASA molecule is
determined by comparing the electron density of a pure RBC membrane
with a low concentration of 1 mM ASA. Aspirin is found to partition the lo
lipid domains of RBC membranes and locate in the head group region, at
∣z∣-values of 22.8 Å. d) Small partitioning of aspirin is observed in ld lipid
domains, indicative that aspirin preferably interacts with lo domains. e)
Lamellar spacing, dz, and membrane thickness, dHH , of the lo lipid domains
decrease significantly with increasing ASA concentration until thickness of
lo and ld domains coincide. Due to the absence of reflectivity peaks in the
3 mM ASA curve in part a) no d-spacings could be determined for this
concentration in part e). (Figure from [1]).
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region of the RBC membranes, in agreement with results in model phospholipid

bilayers [3, 4, 19]. There is only a small effect of aspirin on the electron density of

the ld domains, as shown in Fig. 4.4 d), indicating that aspirin preferably interacts

with lo regions.

The lamellar spacing, dz and head group to head group spacing, dHH, of the lo

and ld lipid domains as function of ASA content are depicted in Fig. 4.4 e). While

lamellar spacing and membrane thickness for the ld lipid domains are not affected

by the presence of ASA, the two spacings significantly decrease with increasing

aspirin concentrations for the lo lipid domains. They decrease until lamellar spacing

and membrane thickness for lo and ld domains coincide at a ASA concentration

of 2.5 mM. At this ASA concentration, the overall lamellar spacing of the RBC

membranes is reduced to 53.4 Å; the overall membrane thickness to 41.8 Å[1].
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Figure 4.5.: The structural findings are summarized in cartoons of pure RBC
membranes in a) and b), and RBC membranes containing aspirin in c) and
d). The images show side and top views. Structural parameters, such as
the lamellar spacing, dz, the head group to head group thickness of the
membranes, dHH , the thickness of the water layer, dw, and in-plane dis-
tances between lipid tails and integral peptides, a, and domain sizes, ξ,
were determined for the lo and ld lipid, and the peptide domains. While
the lo and ld lipid domains showed significantly different membrane thick-
nesses in pure RBC membranes, the addition of aspirin led to an overall
thinning of the membranes and an increase of the lipid spacings, indicative
of a fluidification. Aspirin was found to interact mainly with the lo lipid
domains. (Figure from [1]).
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In order to efficiently use biophysical techniques, such as fluorescence microscopy,

atomic force microscopy, as well as X-ray and neutron scattering, highly oriented

stacks of supported lipid bilayers are usually prepared [97]. These techniques are

ideally suited to study molecular structure and dynamical properties of membranes

[17, 47, 98, 99, 100, 101, 102, 103, 104, 105]. The approach has advanced signifi-

cantly during the past decades and is now used to study complex, multi-component

membranes and their interaction with drugs, small molecules [2, 3, 8, 17, 31, 48,

88, 106, 107, 108, 109], bacteria [110, 111], and in particular lipid rafts, i.e. func-

tional lipid domains [25, 30, 51, 52, 53, 54, 55]. The preparation protocol presented

in this thesis produces highly oriented, multi-lamellar RBC membranes on silicon

wafers, which are highly suited to provide detailed molecular level information. The

combination of oriented membranes and state-of-the-art diffraction equipment and

analysis gives unprecedented insight into the structure of these RBC membranes

[1].

In early X-ray diffraction studies of human erythrocytes membranes [46, 112, 113]

ghosts were prepared using the Dodge protocol and pellets of the final prepara-

tion were imaged. Diffraction patterns with lamellar periodicities between ∼55 and

∼70 Å were observed and assigned to hemoglobin free membranes, in agreement

with the presented findings. Large amounts of hemoglobin were reported to re-

sult in much larger lamellar periodicities of ∼110 Å [112]. The electron density

in Fig. 4.3 b) agrees qualitatively with the early electron density in [113], which

was assigned to intact, hemoglobin-free erythrocyte membranes. However, the low

purity and low degree of order in the RBC pellets likely prohibited a more detailed

structural analysis at this time [1].

From X-ray diffraction along the membrane normal, the lamellar spacing, dz, the

membrane thickness, dHH and the thickness of the water layer, dw, were determined

and are listed in Table 4.1. From in-plane diffraction data, molecular distances and

areas were determined. The out-of-plane and in-plane data in particular present

53
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evidence for a patchy structure: these RBC membranes consist of nanometer-sized

liquid ordered (lo) and liquid disordered (ld) lipid domains and α-helical coiled-

coil peptide domains (integral proteins), at ratios of 30.2% lo, 45.0% ld and 24.8%

coiled peptides. By assigning the scattering signals to the different phases, one can

determine structural parameters for these domains separately. The structure of the

multi-lamellar, solid supported RBC membranes is pictured in Figs. 4.5 a) and b)

[1].

The structure of RBC membranes is no longer thought to be uniform, but to

show ‘rafts’, regions enriched in cholesterol and sphingolipids in association with

specific membrane proteins [68]. Rafts are typically thought to be a manifestation

of the liquid ordered phase and, as such, enriched in cholesterol, thicker and with

lipids showing gel-like properties. In nonerythroid cells, lipid rafts are suspected

to be relevant for cell signaling events. In erythroid cells, they have been shown

to mediate β2-adregenic receptor signaling and increase cAMP levels, and thus

regulating entry of malarial parasites into normal red cells [114]. Properties and

even existence of rafts are, however, a topic of intense debate in the literature [52,

54, 55]. The reason is that the data indicate rafts as very small and highly dynamics

structures, which are very difficult to observe. It is challenging for experimental

techniques to cover the small length scales and fast dynamics at the same time [1].

Heterogeneities have indeed been observed in human erythrocytes. The main tech-

nique used is detergent-resistant-membranes (DRM), a membrane fraction resisting

solubilization by a detergent [56]. Recently, raft-like heterogeneities have also been

reported from fluourescent labeling techniques in live erythrocytes [56, 57]. The

structures observed in this paper are in very good agreement with the raft hypoth-

esis: they are small, nanometer-sized patches and the lipids in one of the patches

appear indeed to be more gel-like and the corresponding patches to be thicker.

They, therefore, have been labeled as liquid ordered phase. While diffraction can

be sensitive to small fluctuating membrane structures [25, 30], the structures ob-

served here likely show a slower dynamics. It can be speculated that the presence

of a solid support possibly leads to changes in the raft dynamics of the RBC mem-

branes on a chip, as compared to the membrane in intact red blood cells [1].

The structural parameters of the three different membrane patches in Table 4.1

are in excellent agreement with values reported from model membrane studies.

The two lipid domains were interpreted as manifestations of liquid ordered and

liquid disordered phases. The lo domains were found to be thicker (dHH= 46 Å),
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with a relatively small area per lipid tail of AT=19 Å2, while the ld domains are

significantly thinner (41 Å) with a greater lipid tail area (AT=25 Å2), typical

for a fluid structure. The average thickness of the peptide domains of 40.6 Å is

compatible with the thickness of the membranes and support the assignment to

integral peptides. The corresponding patch sizes are small, between about 20 and

30 Å.

While RBC membranes were previously reported to consist of ∼52% proteins and

∼40% lipids (including cholesterol) [69], a higher fraction of lipids (and cholesterol)

and fewer peptides were observed. The X-ray diffraction used is not sensitive to

monomeric integral or peripheral peptides, but to larger integral peptide regions

(the packing of peptide helices in the membrane core). These helical regions are

likely part of larger trans-membrane proteins. Chemical analysis techniques or mass

spectrometry may, therefore, result in a higher total concentration of peptides. The

value determined in this work indicates that about 50% of the peptides in RBC

membranes can be considered as integral membrane proteins.

There is growing evidence for an influence of various pharmaceuticals on lipid mem-

brane organization and stability [72]. In particular, non-steroidal anti-inflammatory

drugs (NSAID’s) have been shown to disturb bilayer structures in native and model

membranes [7, 73]. Aspirin is the most common NSAID and is known to interact

with membranes [4, 73]. Aspirin strongly perturbs model membrane structure in

a concentration dependent manner and also influences human erythrocyte shape

[76]. It decreases the hydrophobic surface barrier in mucosal membranes, leading

to a diffusion of acid and gastrointestinal injury [6] and impacts on protein sorting

[77]. Aspirin was previously reported to partition in lipid bilayers and position

itself in the lipid head group region [3, 4, 19]. Recently, an interaction between

aspirin and cholesterol was reported, as aspirin was observed to reduce the volume

of cholesterol plaques in model membranes at elevated cholesterol concentrations

of ∼40 mol% [19]. Aspirin also inhibits the formation of cholesterol rafts in fluid

lipid membranes at physiological cholesterol concentrations [3, 19] [1].

The effect of ASA on the molecular organization of RBC was determined by X-ray

diffraction. The main findings are that aspirin partitions in RBC membranes, and is

located in the membrane head group region. Aspirin was found to reduce membrane

thickness and increases lipid tail distances, indicative of a fluidification of the RBC

membranes. This observation is in excellent agreement with the findings in model

membranes. A cartoon of the structure of RBC membranes in the presence of ASA
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is shown in Figs. 4.5 c) and d).

An interesting point is that aspirin was preferably found in the lo lipid regions of

the RBC membranes. By calculating electron densities for the ld and lo domains

in Fig. 4.4 c) and d), a significant difference was observed for the lo domains, only.

This led to a thinning of the lo domains and an increase in area per lipid tail,

indicative of a fluidification of these more densely organized regions of the RBC

membranes. This is in excellent agreement with observation in model membranes,

where a strong interaction between model membranes in liquid ordered phases and

aspirin was reported [3, 4, 19]. Also in model membranes, ASA was found to locate

in the head group region of the bilayers and make bilayers more fluid and dissolve

cholesterol structures, such as plaques and rafts [1].

ASA has a pronounced effect on the RBC membranes in this study: by reducing

the thickness of the lo regions it leads to a more uniform and overall more fluid

membrane structure, where the ld and lo domains now have identical membrane

thicknesses. This finding suggests aspirin exerts an effect on the physical properties

of red-blood cell membranes, which may in turn help to understand the side-effects

of aspirin and the low-dose-aspirin therapy [1].

The presented results demonstrate, that these RBC on a chip can be used as a

platform to test the interaction of other drugs and bacteria with RBC membranes

and determine their molecular mode-of-action in the future.
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A.1. Copyright Information for Images and

Publications

A.1.1. Scientific Report Publication [1]

Excerpt from https://www.nature.com/articles/srep39661 [Online; accessed

26-May-2017] regarding the reproduction of this article:

”This work is licensed under a Creative Commons Attribution 4.0 International

License. The images or other third party material in this article are included in the

article’s Creative Commons license, unless indicated otherwise in the credit line; if

the material is not included under the Creative Commons license, users will need

to obtain permission from the license holder to reproduce the material.”

A.1.2. Figure 2.4

Excerpt from https://commons.wikimedia.org/wiki/File:RBC_Membrane_Proteins_

SDS-PAGE_gel.jpg [Online; accessed 26-May-2017] regarding the reproduction of

this figure:

”This work is free and may be used by anyone for any purpose. If you wish to

use this content, you do not need to request permission as long as you follow any

licensing requirements mentioned on this page.”

A.1.3. Figure 1.1
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terms of reproduction of Figure 10.1 from [8] for use in this thesis.
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The lipid bilayer provides a site for cortisone crystallization at high cortisone

concentrations. Scientific reports, 6:1–10, 2016.

[89] Nicole Pinto, Fei-Chi Yang, Atsuko Negishi, Maikel C. Rheinstädter, Todd E.
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