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Earthlings had to figure it all out for themselves. Slowly, agonizingly, humans learned
how the universe worked, abandoning most of the fanciful beliefs they carried through
their long, dark loneliness.

Brightness Reef, by David Brin (1995)
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Abstract

Within the scope of this work, a magnet rheometer laboratory was set up and used to
investigate the influence of strong magnetic fields on biomolecular assemblies formed
by two types of glycerol based lipids. The first was the triacylglyceride mixture
of cocoa butter, the second was phosphatidylcholine forming vesicles and bicelles.
The experiments made in the magnet rheometer laboratory were complemented by
SANS measurements under magnetic field, >'P-NMR, differential scanning calorime-
try (DSC), dynamic light scattering (DLS), and cryo transmission electron microscopy
(cryo-TEM). Molecular assemblies are more promising to react to magnetic fields than
individual molecules, because the randomizing thermal fluctuation, k7T, is much larger
than the magnetic energy acting on a single molecule.

The magnet rheometer set up consisted of a superconductive magnet with a shear
cell in the bore. A rheometer was positioned above the magnet and connected to the
shear cell over a prolonged shaft. A laser beam was passed through the shear gap
and the intensity was logged.

In the first part of this work, the crystallization dynamics of cocoa butter under shear
were investigated with and without magnetic field by monitoring the decrease of laser
intensity as well as the increase in viscosity. Additionally, crystal transformation of
unsheared samples with and without magnetic field was investigated with differential
scanning calorimetry (DSC). At the conditions tested, no significant magnetic field
effect on cocoa butter was found. Possible reasons are discussed.

The second part of this work deals with magnetic field effects on two different phos-
pholipid structures, vesicles and bicelles. Phospholipids are amphiphilic molecules
forming self-assembly systems in water and are important components of biological
membranes. Vesicles are self-closed phospholipid bilayers with a spherical shape,
and are used as a model system to study physico-chemical properties of lipid mem-
branes. In particular lipid rafts and domain formation on vesicles have received a
lot of attention in recent research. Bicelles, which have the shape of small disks, are
usually formed by mixtures of long and short chain phospholipids and are of interest
as membrane mimics for the study of membrane proteins with NMR-spectroscopy.

xx1il



Abstract

In this work magnetic fields were used as a structuring force on such phospholipid
systems using paramagnetic lanthanide ions as magnetic handles. Different lipid
mixtures in concentration of 15mM were studied with SANS in magnetic fields of
up to 8 T and temperatures from 2.5°C to 30°C. The same samples were analyzed
with Cryo-TEM, and were frozen from two different temperatures (5°C and 22°C).
Additional information was gained by 3'P-NMR spectroscopy, DLS, and permeability
measurements with and without magnetic fields of calcein, a water soluble fluorescence
marker.

A number of different vesicle formulations was investigated. The basic sample
consisted of a mixture of the phospholipid 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) and a chelator lipid, 1,2-dimyristoyl-sn-glycero-3-phospho-
ethanolamine-diethylene-triamine-pentaacetate (DMPE-DTPA) with complexed lan-
thanides. In addition to the commercially available DMPE-DTPA, two other chelator
lipid were synthesized in house and used to form vesicles: 1-stearoyl-2-oleoyl-sn-
glycero-3-phospho-ethanolamine-diethylene-triamine-pentaacetate ~ (SOPE-DTPA),
and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-ethanolamine-diethylene-triamine-
pentaacetate (POPE-DTPA). Domain formation was observed on small unilamellar
vesicles consisting of POPC and a chelator lipid, DMPE-DTPA with complexed
lanthanides. Lipid segregation was temperature dependent and the solid domains
were orientable in magnetic fields. Parallel orientation of the domain normal to the
magnetic field was observed if thulium was used and perpendicular orientation if
dysprosium was used. The orientation of phospholipid domains could help to examine
such domains with SANS without the need of chain-deuterated phospholipids.

One formulation consisting of a mixture of 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) and DMPE-DTPA with complexed lanthanides did
not yield vesicles, but formed bicelles. The bicellar system reported here formed
without the need of a short chain lipid to cover the edges. In order to obtain
bicelles with a diameter of about 40 nm, extrusion through membranes with a pore
size of 100nm was important. Cooling the sample for several hour to about 5°C
caused an increased monodispersity of the bicelle size. It is assumed that DMPC
builds the planar center of such bicelles, whereas DMPE-DTPA with a complexed
lanthanide forms the highly curved edge of the disk, due to the large head group of
this molecule. SANS fits with a model for partly aligned flat cylinders indicate that
bicelles containing thulium are slightly orientable in a magnetic field of 8 T' with the
bilayer normal parallel to the magnetic field.
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Kurzfassung

Im Rahmen dieser Arbeit wurde ein Magnet-Rheometer-Labor aufgebaut und verwen-
det, um den Einfluss starker Magnetfelder auf Biomolekiile zu untersuchen. Es wurden
Versuche mit zwei verschiedenen Arten von Glycerin-basierten Lipiden durchgefiihrt.
Als Erstes wurde ein Gemisch von Triacylglyceriden in der Form von Kakaobutter
und als Zweites Vesikel und Bicellen bestehend aus Phosphatidylcholin untersucht.
Die Experimente, welche mit dem Magnet-Rheometer durchgefiihrt wurden, wur-
den ergiinzt durch Kleinwinkel-Neutronenstreuung im Magnetfeld (SANS), 3!P-NMR-
Spektroskopie, Dynamische Differenzkalorimetrie (DSC), Dynamische Lichtstreuung
(DLS) und Cryo-Transmissionselektronenmikroskopie (Cryo-TEM). Magnetfelder ha-
ben praktisch keinen Einfluss auf einzelne Molekiile, da die thermische Fluktuation,
kT, viel hoher ist als die magnetische Energie des Einzelmolekiiles. Aus diesem Grund
wurden Molekiilaggregate untersucht.

Der Magnet-Rheometer-Aufbau besteht aus einem Supraleitmagneten mit einer
Scherzelle in der Bohrung. Ein Rheometer wurde iiber der Magnetbohrung positio-
niert und iiber einen verlangerten Schaft mit der Scherzelle verbunden. Ein Laserstrahl
passiert den Scherspalt und die Intensitit wird aufgezeichnet. Als Erstes wurde die
Kristallisationskinetik von Kakaobutter unter Scherung mit und ohne Magnetfeld un-
tersucht, indem die Abnahme der Laserintensitit, sowie die Zunahme der Viskositét
iiber der Zeit verfolgt wurde. Zusétzlich wurde die Umkristallisation von Kakaobutter
mit und ohne Magnetfeld mit DSC untersucht. Unter den untersuchten Bedingungen
wurde kein signifikanter Effekt des Magnetfeldes beobachtet. Mogliche Griinde dafiir
werden diskutiert.

Der zweite Teil dieser Arbeit behandelt Magnetfeld-Effekte auf Phospholipid-
Strukturen. Phospholipide sind amphiphile Molekiile, die sich in Wasser zu Aggre-
gaten zusammenlagern und den Hauptbestandteil von biologischen Membranen aus-
machen. Zwei Arten von Phospholipid-Aggregaten- Vesikel und Bicellen- wurden in
dieser Arbeit untersucht. Vesikel sind in sich geschlossene Lipid-Doppelschichten, die
als Modellsysteme zur Untersuchung der physikalisch-chemischen Eigenschaften von
Lipidmembranen dienen. Insbesondere die Doménenbildung in Vesikeln findet grosse
Beachtung in der aktuellen Forschung. Bizellen sind scheibenférmige Phospholipid-
aggregate, welche in der Regel aus einer Mischung kurz- und langkettiger Phospho-
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Kurzfassung

lipide bestehen. Sie werden in der NMR-Spektroskopie als Membranimitation zur
Untersuchung von Membranproteinen verwendet.

In dieser Arbeit wurde untersucht, ob magnetische Felder solche Phospholipidsysteme,
versetzt mit paramagnetischen Lanthaniden, beeinflussen kénnen. Verschiedene Li-
pidmischungen in einer Konzentration von 15 mM wurden mit Kleinwinkelneutronen-
streuung (SANS) in einem magnetischen Feld von bis zu 8 T und Temperaturen von
2.5°C bis 30°C untersucht. Von den selben Proben wurden Cryo-TEM-Aufnahmen
gemacht, wofiir die Proben bei zwei verschiedenen Temperaturen (5°C und 30°C)
eingefroren worden waren. Zusétzliche Informationen wurden durch Permeabilitéts-
messungen mit und ohne Magnetfeld, 3'P-NMR Spektroskopie und DLS gewonnen.

Es wurde eine Reihe von Vesikel-Formulierungen untersucht. Die Grund-
formulierung war Vesikel bestehend aus den Phospholipiden 1-Palmitoyl-2-
Oleoyl-sn-Glycero-3-Phosphocholin = (POPC) und 1,2-Dimyristoyl-sn-Glycero-3-
Phosphoethanolamin-Diethylentriaminpentaessigsiure  (DMPE-DTPA).  Zusétz-
lich zum kauflichen Chelator-Lipid DMPE-DTPA wurden im Rahmen die-
ser Arbeit zwei weitere Chelator-Lipide synthetisiert und fiir die Herstellung
von Vesikeln verwendet: 1-Stearoyl-2-Oleoyl-sn-Glycero-3-Phosphoethanolamin-
Diethylentriaminpentaessigsdure  (SOPE-DTPA) und 1-Palmitoyl-2-Oleoyl-sn-
Glycero-3-Phosphoethanolamin-Diethylentriaminpentaessigsdure (POPE-DTPA). In
Vesikeln bestehend aus POPC und DMPE-DTPA mit komplexierten Lanthaniden
wurde Doménenbildung beobachtet. Die Doménen bildeten sich durch temperatur-
abhéngige Lipid-Entmischung und waren in magnetischen Feldern orientierbar. Mit
komplexiertem Thulium war die Orientierung der Doménen-Normalen parallel, mit
Dysprosium senkrecht zum magnetischen Feld. Diese Orientierung von Phospholipid-
doménen konnte deren Untersuchung mit SANS vereinfachen, weil auf den Einsatz
von deuterierten Lipiden verzichtet werden kann.

Eine der untersuchten Formulierungen, eine Mischung aus DMPC und DMPE-DTPA
mit komplexierten Lanthaniden, bildete keine Vesikel, sondern Bizellen. Dieses bizel-
ldre System bendtigt keine kurzkettigen Lipide, um die Rénder abzudecken. Fiir die
Herstellung entscheidend war eine Extrusion durch Membranen mit einer Porengrdsse
von 100 nm. Eine mehrstiindige Abkiihlung der Probe auf 5°C fiihrte zu einer erhoh-
ten Monodispersitat der Bizellengrosse. Es wird vermutet, dass DMPC das planare
Zentrum der Bizellen bildet, wihrend sich DMPE-DTPA mit komplexierten Lantha-
niden aufgrund der grossen Kopfgruppe in den stark gekriimmten Réndern befindet.
SANS-Kurven konnten mit einem Modell fiir teilweise ausgerichtete flache Zylinder
gefittet werden. Dies zeigt, dass Bizellen mit Thulium in einem magnetischen Feld

von 8T leicht orientiert sind, mit der Fldchennormalen parallel zum magnetischen
Feld.
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1 Introduction

The general scope of this work is the use of strong magnetic fields as a structuring force
on biomolecules. While biomolecules are generally considered not magnetic, they do
exhibit a weak form of magnetism, called diamagnetism. Magnetism as experienced in
daily life with ferromagnetic materials such as iron is a rare phenomenon and applies
to only about 1 % of all known compounds (Maret and Dransfeld, 1985). Magnetic
fields however do interact with all matter.

Maybe the most dramatic proof of magnetic field interaction with biological molecules
is an effect called diamagnetic levitation. In strong magnetic fields with a very strong
gradient, any diamagnetic system, such as a drop of water, a strawberry, or even a
living organism can begin to hover in mid air. The magnetic field induces a gyra-
tion in the orbits of the electrons of diamagnetic materials, creating small persistent
currents which oppose the external magnetic field (Yamaguchi and Tanimoto, 2006).
Diamagnetic levitation is achieved when the repulsive force imposed by the magnetic
field equals the gravitational force. Fig.1.1 shows a flying frog inside the bore of a
16 T magnet (Simon and Geim, 2000). Such strong magnetic field gradients are used
to simulate micro- or zero gravity on earth. As an example, they have been used to
crystallize proteins in a free floating water droplet (Wakayama, 2003). The quality of
the crystals was significantly enhanced, mainly due to two advantages of micro gravity
environment: Natural convection due to density differences in the sample is damped,
and no heterogeneous crystallization can be induced from a container wall.

In homogeneous magnetic fields, diamagnetic molecules are not repulsed, but try
to adopt a minimal energy level by orienting themselves inside the magnetic field
in a position where the electron shell experiences least interaction with the mag-
netic field. This is because diamagnetic molecules usually have anisotropic magnetic
susceptibilities (Hong, 1995). For example, the diamagnetic susceptibility of phos-
phatidylcholine is larger along the long molecular axis than perpendicular to it. It will
therefore exhibit a preferred orientation with the long molecular axis perpendicular
to the magnetic field. While such orientation is not observed for individual molecules
due to the disorienting thermal fluctuation energy k7T, in self-assembly systems, where
molecules are oriented parallel to each other, the magnetic orientation energy of each
molecule is summed up, and can overcome the disorienting Brownian motion (Qiu
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Figure 1.1: Diamagnetic levitation, experienced by a frog in the bore of an 18 T mag-
net (Simon and Geim, 2000).

et al., 1993). This effect is called magnetic orientation. It has been observed for a
number of diamagnetic crystals, polymer gels, liquid crystals and carbon nanotubes
(Katsaras et al., 2005; Yamaguchi and Tanimoto, 2006). One application of magnetic
orientation is the use of magnetically aligned lamellar sheets consisting of long and
short chain phospholipids as a medium for structure determination of membrane pro-
teins by solid-state NMR spectroscopy (e.g. De Angelis and Opella (2007)). Another
application is the enhancement of crystal quality in homogeneous magnetic fields,
which is thought to be due to parallel orientation of merging and knitting subcrystals
(Lin et al., 2000).

In this work, the effects of magnetic fields on two types of lipidic biomolecular sys-
tems were investigated. The first was cocoa butter, which consists mainly of triacyl-
glycerides. A few dispersed observations and results can be found in literature, which
may suggest a magnetic field effect on the crystallization behavior of cocoa butter
and pure triacylglycerides. Magnetic field controlling of cocoa butter crystallization
would be of great interest to industry, because conventional tempering of cocoa but-
ter melts is an energy and time consuming process. To obtain more fundamental
information on the subject, cocoa butter melts were exposed to homogeneous static
magnetic fields during crystallization with or without superimposed shear flow fields.
Of interest was whether the magnetic field can influence crystallization kinetics or
the crystal quality.



The second system consisted of self-assembly structures composed of phospholipids.
Phospholipids can form a variety of structures, depending on the experimental con-
ditions used. Here, vesicles with a diameter of around 100 nm were used, consisting
of a self-enclosed phospholipid bilayer. In order to enhance the responsiveness of
the vesicles to magnetic fields, modified phospholipids with complexed lanthanide
ions were interspersed into the membrane. A variety of different vesicle formulations
and experimental conditions were tested. One formulation was found, which did not
yield vesicular structures, but a novel disk-like structure. This structure was also
investigated in more detail.

The work reported here is organized in seven chapters. The second chapter gives
background information about the work presented in chapters three to six. The third
chapter describes an experimental set up which was created to act on liquid samples
via a flow field and/or a magnetic field, allowing on line gathering of information
on sample properties. The fourth chapter describes the crystallization experiments
under magnetic field of cocoa butter. The fifth chapter reports on the effects of
magnetic fields on lanthanide doped phospholipid vesicles. The sixth chapter reports
on the disk shaped nano structure and its behavior in magnetic fields. The four main
chapters, three to six, are each presented with an own introduction and materials and
methods section and should be understandable if read individually.
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2 Background

2.1 Phospholipids: Chemical Structure and Phase
Transition

Phospholipids are important components of biological membranes. Artificial phos-
pholipid bilayers are a widely studied system in medicinal and biological research
as mimics of biological membranes or as system used for drug delivery. The phos-
pholipids used in this work are phosphatidylcholines. They are amphiphilic lipids in
which two hydrophobic acyl hydrocarbon chains are linked by a glycerol backbone
with the hydrophilic head group. In case of phosphatidylcholine the polar head group
consists of phosphocholine (see Fig. 2.1).
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Figure 2.1: Phospholipid symbol (A), structural formula (B) and space-filling
model(C) of a phosphatidylcholine. (http://www.avantilipids.com)

A phospholipid which is present in biological membranes and often used for vesicle
preparation is 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC). POPC is a
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long chain phosphatidylcholine with one saturated (palmitoyl, 18:0) and one unsatu-
rated (oleoyl, 18:1) fatty acid (Walde and Ichikawa, 2001). For the chemical structure
see table 2.1. POPC is the main phospholipid used in this work.

The main phase transition temperature of phospholipid membranes T,, is the tran-
sition from the crystalline-analogue state, also called gel or Lg phase, to the liquid-
analogue state, also called liquid-crystalline or L, phase. As shown in Fig.2.2 the
fatty acids are in a extended all trans conformation below T,,,. Above the main phase
transition temperature the lipid chains are rather disordered making the bilayer fluid
(Walde and Ichikawa, 2001).

T<<Tpy T>Th
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("gel") ("liquid-crystalline")

Figure 2.2: Schematic illustration of the phospholipid arrangement in a planar bilayer
below and above the main phase transition temperature T,, (Walde and
Ichikawa, 2001).

The phase transition temperature is strongly influenced by the chain length of the
lipids. The longer the hydrocarbon chain, the higher is 7},,. Furthermore T,,, is affected
by the degree of unsaturation: the phase transition temperature of POPC with one
unsaturated fatty acid is much lower compared to the fully saturated phospholipid
DMPC. Phase transition temperatures of the phospholipids used are listed in table
2.1. 1,2-dihexanoyl-sn-glycero-3-phosphocholine (DHPC) forms micelles, not bilayers
in dilute aqueous solutions, and therefore does not exhibit a clear phase transition
temperature. For DMPE-DTPA expected values are given.



2.1 Phospholipids: Chemical Structure and Phase Transition

Table 2.1: Phospholipids used:  Abbreviation, nomenclature according to IU-
PAC, phase transition temperature T,, and chemical structure (sources:
http://www.avantilipids.com; T,, taken from Walde and Ichikawa (2001)).
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2.2 Self-assembly Structures of Phospholipids:
Micelles, Vesicles and Bicelles

Due to their amphiphilic character, the phospholipids arrange spontaneously into
minimum energy assemblies. In an aqueous environment, phospholipids tend to form
self-assembly structures where the fatty acid chains are shielded from water by the
polar head groups. Depending on the specific properties of the phospolipids, they
form a variety of structures. Some of these structures, which are relevant to this
work, are shown in Fig.2.3.

100 nm

Figure 2.3: Typical self-assembly structures of amphiphilic lipids: bilayer sheet (A),
micelle (B), and bilayer vesicle (C).

Which aggregate is formed depends on the chemical structure and geometry of the
phospholipid units: wedge-shaped lipids tend to build curved surfaces found e.g. in
micelles, whereas more cylindrical units prefer to build planar bilayers. Self-closed
bilayers form vesicles in aqueous solutions. Depending on the method of preparation,
lipid vesicles can be multi-, oligo- or unilamellar (Walde and Ichikawa, 2001). The
type of structure furthermore depends on the temperature, the concentration of lipids
and the solvent.

For lipid mixtures the type of structure formed is highly dependent on the misci-
bility of the two lipids. Lateral segregation in vesicles above a certain miscibility
temperature can lead to domain formation. Veatch and Keller (2002) showed for
giant unilamellar vesicles consisting of a ternary mixture of saturated, unsaturated
phospholipids and cholesterol three distinct phase morphologies, detected by fluores-
cence microscopy. At low cholesterol composition and low temperature a solid-liquid
coexistence occurs where the solid domains show a behavior of rigid bodies. When
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the cholesterol content is increased, the domains become liquid as well. The domains
fuse and form a small number of large domains. If the cholesterol content is further
increased (to 50 — 55mol%) or the temperature is increased, the third phase occurs,
which is a uniform liquid where domains are no longer observed. Pencer et al. (2005a)
and Masui et al. (2006) found such lipid domains also for small unilamellar vesicles
by small-angle neutron scattering (SANS) using contrast matching technique with
chaindeuterated phospholipids.

If mixtures of short-chain (DHPC) and long-chain (DMPC) Phospholipids are used,
different self-assembly structures are found (Triba et al., 2005). DHPC tends to be
in regions with a high curvature whereas DMPC prefers to be in planar areas. The
resulting structure has been described as a bicelle (Sanders and Prosser, 1998): a disc
shaped bilayer of DMPC with the edges covered by DHPC (Fig. 2.4 left). Recently
different authors (Katsaras et al., 2005; Nieh et al., 2002; Triba et al., 2005, 2006; van
Dam et al., 2004, 2006) have shown that the phase diagram of a DMPC/DHPC mix-
ture is much more complex and highly depends on the molar ratio, the concentration
and the temperature (Fig. 2.4 right).

2 T Tm
ST =

Figure 2.4: Self-assembly structures of a DMPC/DHPC lipid mixture. Bicelle accord-
ing to Sanders and Prosser (1998) (left). Temperature dependent struc-
ture: small segregated bicelles, larger interacting mixed bicelles, large
perforated multilamellar vesicles, large mixed multilamellar vesicles ac-
cording to Triba et al. (2005) (right, bottom to top).
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2.3 Magnetic Anisotropy and Magnetic Alignment

Phospholipids have a slight diamagnetic anisotropy Ayx. According to Eq.2.1 the
diamagnetic anisotropy is the difference between the diamagnetic susceptibility of
molecules oriented parallel (x| ) and perpendicular (x ) to the magnetic field (Qiu
et al., 1993). In strong magnetic fields, this results in a torque acting on the molecule
which is minimal when the molecule is oriented with the long molecular axis perpen-
dicular to the magnetic field for negative Ay, and parallel for positive Ax.

Ax = x| — xv (2.1)

Because the diamagnetic anisotropy of phospholipids is slightly negative, they prefer
to orient with the long axis (i.e. the fatty acid chain) perpendicular to the magnetic
field. However the Brownian motion induced by the randomizing thermal energy kT
is much higher than the orienting force and therefore orientation of single molecules
is impossible at currently realizable magnetic field strengths.

In self-assembly systems, where molecules are grouped and oriented parallel to each
other, the magnetic orientation energy of each molecule is summed up, and macro-
scopic orientation becomes possible (Eq.2.2) (Qiu et al., 1993).

Ev  N-Ax-H?

B, T (2.2)

N is the aggregation number, i.e. the number of molecules with the same orientation,
and H is the magnetic field strength.

In this work, paramagnetic lanthanides were added to the phospholipid systems in
order to enhance Ay and therefore the responsiveness to magnetic fields. The lan-
thanides were anchored to the membrane using DMPE-DTPA, a phospholipid with
a chelating agent attached to its headgroup (see Tab.2.1). As the molecular mag-
netic anisotropies of DMPC and DMPE-DTPA-Tm have been determined, it is pos-
sible to calculate the minimal amount of oriented lipids needed to equalize kT at a
given magnetic field strength. Ay of DMPE-DTPA-Tm is +90 x 10~ %ergem=3 G2
(Prosser et al., 1998b). Ax of DMPC is —0.58 x 107 %ergcm ™3 G2 (Scholz et al.,
1984). The molecular volume of DMPE-DTPA-Tm is around 1209A=3 (volume of
DMPC plus volume of DTPA obtained from D’Arceuil et al. (2004)), and around
1101A-3 for DMPC (Nagle and Tristram-Nagle, 2000). According to Eq.2.2 with
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k = 1.3806 x 1076 erg K=!, the magnetic field needed to orient a single molecule
of DMPE-DTPA-Tm at room temperature would be in the range of 620 Tesla. At
8 T, an aggregate of around 6000 molecules of DMPE-DTPA-Tm would be needed to
overcome k7. A flat disk shaped bilayer formed of 6000 DMPE-DTPA-Tm molecules
would have a diameter of just under 50 nm, assuming an area per molecule of 0.6 nm?.
For DMPC, the aggregation number needed to overcome kT would be around 1 x 10°,
the corresponding disk diameter would be around 600 nm.

Following the same principle, phosphatidylcholine vesicles are slightly deformed from
spherical to prolate spheroid or cigar shape in magnetic fields, because in a deformed
vesicle more membrane molecules can acquire a perpendicular orientation to the mag-
netic field (Brumm et al., 1992; Helfrich, 1973; Kiselev et al., 2006, 2008; Reinl et al.,
1992). Along with the deformation goes magnetic orientation of the vesicle with the
major axis in direction of the magnetic field. Counteracting the deformation is the
membrane rigidity, x. According to Helfrich (1973), the deformation of a vesicle in a
magnetic field can be calculated as follows:

AR  R:dAxH?

2.
R 12k (2:3)

The deformation of an idealized magneto-responsive vesicle, assuming a vesicle purely
made of DMPE-DTPA-Tm, a large radius R of 100 nm, standard membrane rigid-
ity, and a large magnetic field strength of 14T was calculated using Eq.2.3. The
parameters converted to the CGS unit system are listed below:

R=1x10""cm)
Ax =90 x 1078
H = 140000 Oe = AR=b—a=-98nm (2.4)
k=K-d
K =10"%dyne

Unlike a pure phospholipid vesicle, a vesicle doped with Tm is deformed from a sphere
to an oblate and not to a prolate spheroid, because of the positive sign of the magnetic
anisotropy conferred by the lanthanide ion (see Chapter 2.4). The half-axis difference
of the so formed spheroid, AR, is only about 10nm. Assuming a constant surface
area, the actual dimensions of the deformed vesicle can then be calculated.

11
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Apesicie = constant = 47 R* = 125664 nm? (2.5)

Aoblate =2m <(I2 + b2 Q))) X In ( €08 (arCCOS (g)) ) (26>

sin (arccos (a 1 —sin (arccos (g))

N a = 103nm @2.7)
b=93nm .
The volume difference between the sphere and deformed vesicle is then
4 3 2
AV = om (R® — a’b) = 1.38% (2.8)

The commonly used vesicles within this work had 20 mol% chelator lipid and a dia-
meter of 100nm, and were exposed to a magnetic field of about 6 T. The magnetic
deformation for these vesicles would roughly be 160 times smaller than in the cal-
culation above. For these relatively small unilamellar vesicles it therefore does not
appear promising to expect a large deformation in a magnetic field.

2.4 Lanthanides

Lanthanides are the chemical elements with the atomic numbers of 57 to 71. Lan-
thanides are chemically similar to each other and most of them occur as trivalent
cations. Most have a very large magnetic anisotropy Ay (Binnemans and Gorller-
Walrand, 2002). Ce3t, Pr3t, Nd*T, Sm3", Th3", Dy*" and Ho®*" confer a large
negative magnetic anisotropy to the phospholipid membrane, whereas the second
group (Eu*, Er3*, Tm3", Yb3") confer a large positive magnetic anisotropy, leading
to a preferred orientation with the long molecular axis perpendicular to the mag-
netic field. Thulium (Tm?®") has the largest positive Ay among the lanthanides,
dysprosium (Dy®") the largest negative Ay. Lanthanum (La3") is diamagnetic (Bin-
nemans and Gorller-Walrand, 2002). Lanthanides are anchored into the phospholipid
bilayer by a chelator (Diethylenetriaminepentaacetate, DTPA) covalently bound to
a phospholipid head group (Prosser et al., 1998b). Lanthanum anchored by DMPE-
DTPA to phospholipid membranes does not influence their magnetic orientation but
can be used for NMR-spectroscopy without restriction, in contrast to paramagnetic
lanthanides, which cause line shift and broadening of the NMR-spectra.

12
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2.5 Cocoa Butter

Cocoa butter, like most edible oils and fats, mainly consists of a mixture of triacylglyc-
erols (TAGs). Like phosphatidylcholine, TAGs belong to the group of glycerol based
lipids. While phosphatidylcholine consists of a glycerol molecule which is esterified
with two fatty acids and linked to a phosphocholine, a TAG is a triester of glycerol
with three fatty acid molecules. Fig.2.5 shows the general chemical structure of a
triacylglycerol (comp. Tab.2.1 for the chemical structure of phosphatidylcholines).
R1, R2 and R3 stand for the three acyl chains. Fatty acids consist of a hydrocarbon
chain terminated by a carboxylic acid group. TAGs are commonly denoted by a three
letter code, each letter representing one of the fatty acids. The main fraction of cocoa
butter consists of POS, SOS and POP, all with two saturated acyl chains in the outer
positions, and one unsaturated acyl chain in the middle (Foubert et al., 2004). P
stands for the saturated palmitic acid, O for the monounsaturated oleic acid, and S
for the saturated stearic acid. In Tab. 2.1, these fatty acids are depicted esterified to
the glycerol backbone of a phosphocholine.

o)

O H,C—O—C—R1

R2— C—O0—CH
HZC—O—|C|—R3
0

Figure 2.5: Structure of a triacylglyceride

When molten cocoa butter is cooled down, the fatty acids of the TAGs adopt an all
trans configuration and form a crystalline structure, which is in principle compara-
ble to the phase transition of phospholipid membranes as described in chapter2.1.
For TAG systems as well as for phospholipid membranes, the fatty acid composition
strongly influences the crystallization behavior. Because of the mixed TAG composi-
tion of cocoa butter, cocoa butter can form up to six different crystal modifications,
which differ in melting range and chain packing. See a review of Himawan et al. (2006)
for the possible chain packing models of the different crystal forms. In Tab.2.2 the
nomenclature used in this work for the six crystal modifications is listed along with
the corresponding melting ranges (Zeng, 2000).

13
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Table 2.2: Cocoa butter crystal modifications, melting range, and crystal packing
information (Himawan et al., 2006)

Polymorph type Melting range [°C|] Crystal packing

y 13.0-18.0 mixed

@ 18.0-22.5 hexagonal
I11 22.5-27.0 mixed
IS7A% 27.0-29.0 orthorhombic
A% 29.0-33.5 tricline
6BVI 33.5-37.5 tricline

Besides the heterogeneous TAG composition, the main reason for the complex crystal
phase behavior of cocoa butter is the presence of the oleic acid in the middle position
of the most prominent TAGs. The double bond of the unsaturated olein represents
an inflexible kink in the acyl chain which gives steric hindrance to the crystal packing
(Himawan et al., 2006). Cocoa butter tends to crystallize in the lower melting and
unstable forms v, a, III and SIV, and then recrystallize to the higher melting and
more stable forms SV and finally SV I. For edible products such as chocolate, the
type of crystal form present in the finished product greatly affects its physico-chemical
properties (Bolliger et al., 1999; Windhab, 1999).
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3 Set Up of a Magnet Rheometer
Laboratory

3.1 Introduction

The aim of the magnet rheometer set up is to combine the influences of a strong
magnetic field with a structuring or destabilizing flow field, and to allow on line gath-
ering of information on the sample properties. For this a set up was constructed
which comprises a superconducting magnet with a controlled stress rheometer sit-
uated above the magnet bore, driving a temperature controlled concentric cylinder
shear cell inside the bore. Additionally, an optical measurement system with a laser
beam passing through the couette gap was installed. Information on the material
properties can be gathered over the rheological data obtained from the rheometer, as
well as the scattering pattern and the intensity of a laser beam passing through the
shear gap.

3.2 Description of the Magnet Rheometer
Laboratory Components

3.2.1 Magnet and Rheometer

The base of the set up is formed by a cryogen free super conductive magnet (Cryo-
genic, London, UK). "Cryogen free" is an industrial term used to denote a magnet
which is not cooled by liquid helium, but by a gas state helium refrigeration cycle.
Compressed helium is expanded in two stages in a cold head unit, which is situated
close to the magnet coil. The cold head cools down the magnet coil to a temperature
of 6.5 K, at which the Nb3Sn coil is super conductive. A current of up to 100 A is
passed through the coil, giving a maximal field strength of 5.66 T. The heated helium
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is compressed in a cryocompressor and the heat passed on to a coolant water cycle.
Cold compressed helium gas is returned to the cold head via flex lines. The mag-
net has a vertical room temperature bore with a diameter of 78 mm and generates a
vertical, adjustable, rampable field. The magnet is mounted onto four aluminum pil-
lars, keeping it away from the ground and allowing access to the bore from the bottom.

The magnet slightly vibrates because of the cold head movement. The rest of the
set up is therefore mounted without direct contact to the magnet. Fig. 3.1 shows the
principle of the set up. A separate instrument stand was constructed which allowed
components to be mounted on top and below the magnet bore on two arms (see
Fig.3.2). The arms can be positioned vertically with the help of pneumatic levers,
allowing precise and adjustable positioning of the shear cell and other sample holders
in the magnet bore, as well as easy sample removal. Mounted to the top arm are the
rheometer and the laser detector. The bottom arm holds the laser and the shear cell
over a vertical shaft reaching into the magnet bore from the bottom.

Rheometer Laser Beam

Laser Detector

Magnet

O
o
o
o
e’

Figure 3.1: Sketch of the magnet rheometer set up (left), and a close up of the prin-
ciple of the shear cell (right). The shear cell, rheometer and laser instal-
lation are mounted to a separate stand without touching the magnet.
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Figure 3.2: Principle of the separate stand of the magnet rheometer set up. The
rheometer, laser installation and shear cell are mounted on two arms which
are vertically adjustable (arrows) without touching the magnet.

A controlled stress rheometer (Bohlin CS 50, Malvern Instruments, Worcestershire,
UK) was installed, allowing for measurements in a torque range of 1 uNm to 50 mNm.
The base of the rheometer was sawed off, and the rheometer head was mounted to
the upper arm of the rheometer stand. In order to keep its drag cup motor away from
high magnetic field strengths, it is connected to the shear cell by a prolonged 25cm
aluminum shaft. Great care in production and handling of the rheometer shaft was
taken to avoid wobbling due to concentricity deviations. Fig. 3.3 shows two pictures of
the magnet rheometer, one with the shear cell outside the magnet bore (left picture)
and one with the shear cell inside the bore (right picture).
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P

Figure 3.3: Pictures of the magnet rheometer set up, showing the rheometer, the
super conductive magnet, the rheometer stand, as well as the shear cell.
Left: Shear cell outside the magnet bore. Right: Shear cell lowered into
the magnet bore

3.2.2 Shear Cell

Fig.3.4 shows a picture of the shear cell (left), and a corresponding cut off figure
(right), with arrows indicating the different components. The shear cell consists of a
double walled outer cylinder (arrow a) and a rotating inner cylinder (arrow b), here
called rheometer bob. The shear cell is temperature controlled over a water bath,
the water flowing inside of the double walled outer cylinder. The outer cylinder is
mounted to the bottom arm of the instrument stand. The inner cylinder is connected
to the rheometer by the rheometer shaft. The sample is sheared in the gap between
the outer and the inner cylinder. Two optical glass inserts in the outer cylinder assure
that the laser beam passes the sample without being deviated on an uneven surface
(arrows ¢). An acrylic glass insert isolates the top of the sample from exposure to
room temperature (arrow e). A temperature sensor is inserted through this insert
and penetrates the top 3mm of the shear gap (arrow d). Fig.3.5 shows a technical
drawing with the lengths indicated in mm (left), and a close up of the central part of
the shear cell (right), where arrows show in more detail the optical glass inserts with
passing laser beam (a), the level to which the sample is filled into the shear cell (b),
and the temperature sensor (c).
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Figure 3.4: A picture of the shear cell (left), and a cut off drawing (right). Arrows
show the double walled outer cylinder (a), the inner cylinder (rheometer
bob) (b), the optical glass inserts for the laser beam (c), the sleeve for the
0.5 mm thick temperature sensor (d), and the acrylic glass cover (e).

The inner cylinder has a height of 26 mm and a diameter of 30 mm. The shear gap
between outer and inner cylinder is 2mm. The gap from the bottom of the bob
to the bottom of the shear cell is 0.5 mm. The rheometer bob is screwed to the
rheometer shaft from the bottom. As can be seen in Fig.3.4 (right), the bottom of
the rheometer bob is not flat, but has a conical cut out. When the bob is lowered
into the sample, an air pocket is trapped under the bob, thus minimizing the shear
force on the sample on the bottom of the shear cell. The top of the bob has a collar
enclosing the rheometer shaft, shielding the sample from contact with the aluminum
rheometer shaft, which has a high thermal conductivity. The rheometer bob is made
from polyetheretherketone (PEEK). PEEK is a chemically inert and mechanically
stable thermoplastic with a low heat transfer coefficient (about 0.25 W/mK). The
outer cylinder consists of acrylic glass. All the materials used inside the bore are
non magnetic and non conductive, in order to minimize eddy currents. The only
exceptions for stability reasons are the two aluminum tubes connecting the outer
cylinder to the water cycle, and the rheometer shaft.
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Figure 3.5: A technical drawing of the shear cell with lengths indicated in mm (left)
and a close up of the central part of the shear cell (right). Arrows show
the optical glass inserts with passing laser beam (a), the level to which
the sample is filled into the shear cell (b), and the temperature sensor (c).
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Fig. 3.6 show the position of the shear cell when it is lowered into the magnet bore
in relation to the magnet coils. The magnetic field in the bore of the magnet was
simulated with Maxwell SV (Ansoft LLC, USA), a finite element analysis software for
electromagnetic problems. For the simulation a magnet coil of 12197 whorls with a
height of 100 mm and a diameter of 85 mm was used, with a current of 100 A flowing
through it. In Fig. 3.6, the magnetic flux density is plotted over a silhouette of the
shear cell. According to the simulation, the sample in the shear cell is situated within
a magnetic field ranging from 5.6 T to 5.4T. The field homogeneity in the bore was
also measured using a hall probe at a magnetic field strength of 3'T. It was not possi-
ble to measure the field homogeneity as precisely as the simulation predicted, but the
measurements also indicated a high magnetic field homogeneity in the sample area.

A series of shear experiments was made to test the magnet rheometer set up. It was
investigated, whether the new shear cell with the prolonged rheometer shaft still gave
accurate rheological data, and whether the magnetic field had a negative influence
on the rheometer. Sunflower oil was sheared under three different shear stresses at
room temperature. At each shear stress, four measurements were made: without
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Figure 3.6: A simulation of the magnetic field in the magnet bore at a current of 100 A.
A silhouette of the shear cell is shown in the correct size in relation to the
magnet coil. The sample area is in a region of 95% homogeneity.

magnetic field, at 4T, at 4.5T, and at 5.6 T. Sunflower oil is a Newtonian fluid,
therefore the same viscosity should be obtained at all shear rates. Tab.3.1 shows
that the measured viscosity stayed constant, independent of the shear rate or the
magnetic field strength, thus proving that the magnetic field does not influence the
rheometer at these conditions. The geometrical parameters of the shear cell were then
entered into the rheometer software. The software was calibrated to the new shear
cell geometry with standard viscosity silicon oils, in order to obtain correct viscosity
values.
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Table 3.1: Shear tests with sunflower oil at RT in the magnet rheometer at different
magnetic field strengths. The magnetic field did not influence the measured
viscosity.

0T 4T 45T 566T
Shear stress [Pa| | Viscosity [Pa s 1072

2.13 5.81 5.82 5.82 2.83
3.16 0.82 5.83 5.83 5.84
4.19 5.82 585 5.85 5.85

3.2.3 Laser optics

Fig. 3.1 shows the laser position and the path of the laser beam through the sample
to the detector. All the components used for the laser set up were obtained from
Newport (Irvine CA, USA). For the set up a diode laser with an adjustable optical
output power of maximal 25 mW was used. The laser has a wavelength of 632nm
(red), and emits a circular beam of 1 mm diameter. Fig.3.7 shows the bottom arm of
the rheometer stand with the laser set up. The laser (arrow a) is mounted horizontally
to the bottom arm with an aluminum bracket, which figures as a heat sink (arrow
b). The laser is redirected into the magnet bore by a mirror (arrow c¢) mounted to
an optical positioner (arrow d). It then passes the optical rod shaped glass inserts
through the sample (Fig. 3.5 (right)), and hits the 100 mm? silicon chip of the intensity
detector (arrow a in Fig.3.8). The detector of the laser beam is mounted to the
rheometer head on top of the magnet. The detector is secured to an X-Y-table for
fine positioning (arrow b in Fig. 3.8). The measured voltage is converted into a digital
signal and logged with Lab View software.
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Figure 3.7: Installation of the diode laser (arrow a), the aluminum heat sink (b), the
mirror redirecting the laser beam into the magnet bore (c), and the fine
positioning mirror holder (c).

Figure 3.8: Installation of the laser detector. After passing the shear cell the laser
hits the 100 mm? silicon chip (arrow a). The laser detector is mounted to
the rheometer with an XY-table for fine positioning (arrow b).

3.2.4 Peripheral Instruments

The magnet rheometer set up as described above is encircled by a variety of peripheral
components. Fig. 3.9 shows a picture of the whole magnet rheometer laboratory. The
components are labeled in Fig. 3.10, which shows a schematic overview.
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Figure 3.9: Picture of the magnet rheometer laboratory. See Fig. 3.10 for a labelled
schematic overview.
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Figure 3.10: A schematic overview of the magnet rheometer laboratory.
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In this chapter the peripheral components of the magnet rheometer laboratory are
briefly described:

Pump, water reservoir, heat exchanger: As described in chapter3.2.1, the heat re-
moved from the magnet is given of to a coolant water cycle by the cryocompressor.
Because the water running through the cryocompressor has to be free of impurities,
a closed coolant water loop was installed. To minimize calcification, a 1:1 mixture of
tab and deionized water is used, to which an anti fungal and antimicrobial component
was added. The loop consists of a centrifugal pump, a water reservoir where air can
escape from the loop, and a plate heat exchanger, where heat is transported to the
in house cooling water cycle. As shown in Fig. 3.9, the cryocompressor is positioned
inside a wooden box lined with sound dampening foam to reduce noise.

Air supply rheometer: Supplies the rheometer head with compressed air for the air
bearing of the drag cup motor and its cooling. The air supply reduces the pressure
of the compressed air, passes it through an oil and particle filter, and distributes it
to the air bearing and the coolant inlet.

Laser control: Turns the laser on and off.

Magnet control: Sets the magnetic field strength and the ramping speed by controlling
the current to the magnet coils.

Emergency shutdown: An interrupt switch which prompts the magnet control to
ramp down the magnetic field at the maximal permissive speed without danger of
quenching.

Power switch magnet and magnet warning light: One of the two magnet power lines
runs through an induction ring in the power switch magnet. If current is detected
in the power line, the magnet warning light shines red, indicating the presence of a
magnetic field. If the magnet is turned on but no current flows to the coil it shines
orange. If the magnet is turned off it shines green.

Water bath 1 and Water bath 2: Water bath 1 is connected to the shear cell over
insulated water hoses. Water bath 2 is located away from the magnet and is used
to temper samples without magnetic field. Water bath 2 is used when experiments
with and without magnetic field are performed simultaneously. Both water baths
are from Julabo (JULABO Labortechnik, Seelbach, Germany), and are controlled
over the RS232 interface by the PC waterbath. The temperature stability is at least
+0.03°C for both water baths.

Rheometer control: An advantage of the rheometer used in this set up is that the
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control is not integrated into the rheometer head, where it could be influenced by
the axial stray field of the magnet, but in a separate control box. The rheometer
control box communicates with the rheometer software on the PC and controls the
rheometer head.

Electronics box for temperature and light sensors: The voltages received from the
temperature sensors and the laser intensity detector are converted to digital signals
and sent to the PC rheometer and sensors, where they are logged with LabView
software.

3.3 Conclusion

The set up as described above is the product of a number of optimizing constructive
iterations. For example, the shear cell had to be redesigned, because earlier shear cell
designs did not give a homogeneous temperature over the whole sample volume, were
too slow to adapt to the set point temperature, and deviated the laser beam away from
the detector when the temperature was lowered. However, the final configuration of
the magnet rheometer as described above fulfills the requirements of an experimental
set up, where flow- and magnetic fields can act individually or simultaneously on a
sample, and information on the sample properties are obtained during the experiment.
The rheometer sets the shear rate in the shear gap, and at the same time gathers
accurate rheological data on the sample, with or without magnetic field. While linear
rheology can be performed in high magnetic fields of up to 5.66 T, it is not possible
to perform oscillatory rheology with the magnetic field turned on, most likely due
to eddy currents induced by the change of rotational speed of the rheometer shaft.
With the optical set up the laser intensity passing through the shear gap is measured,
giving information about the turbidity of the sample. This set up may be upgraded to
a more complex measurement set up in the future, where the detector is replaced by
a CCD camera to gather orientational information of the sample over the scattering
pattern of the laser beam, or to a measurement set up for birefringence and dichroism,
which would require positioning of optical components such as polarizers, lenses, and
a photoelastic modulator in the magnet bore.

In this work, the set up was used for shear crystallization of cocoa butter under

magnetic field (see chapter 4) and permeability measurements of phospholipid vesicles
(see chapter 5.2.8).
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4 Cocoa Butter

4.1 Introduction

Cocoa butter is a main component of many ointments, toiletries, pharmaceuticals
and food, chocolate in particular. Cocoa butter is polymorphic, which denotes the
property of a substance to form different crystal modifications with different molecular
packing configurations. Crystallization behavior of cocoa butter is complex, because
it occurs from a melt of a mixture of triglycerides, and not from a pure solution
(Himawan et al., 2006). It is critical for cocoa butter containing products to obtain
the right crystal composition, as the crystal type influences many physico-chemical
properties such as melting temperature, contraction behavior, surface smoothness,
and the tendency for crystal transformation and fat migration (Peschar et al., 2004).
Crystal transformation of cocoa butter occurs in general spontaneously from lower
melting to higher melting and more compact crystal morphologies, thus influencing
the shelf life of the products. Which polymorph form is obtained depends on the
processing conditions used (Windhab, 1999).

For cocoa butter six different polymorph forms have been identified and widely ac-
cepted, whereas the nomenclature of these six forms is diverse (Dimick and Manning,
1987). The terms used in this work will be referring to the ones used by Beckett
(1994) and Windhab (1999). The desired crystal type for chocolate is V. To obtain
the desired form V directly, chocolate is usually melted completely first, then cooled
down below the crystallization temperature of the lower melting crystal types, and
then tempered, which consists of melting out the undesired low melting crystal forms
by reheating just below the melting temperature of 5V (Beckett, 1994).

Other possibilities to influence the crystal morphology are cyclothermic tempering
with various heating and cooling stages (Kleinert, 1970), seed-crystallization with
BVI crystals (Windhab, 1999), shear crystallization (Bolliger et al., 1998, 1999; Maz-
zanti et al., 2003, 2005; Stapley et al., 1999), and combinations thereof (Windhab,
1999). Industrial tempering of cocoa butter is a delicate, energy intensive and time
consuming process. It would therefore be of interest to find additional possibilities
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to influence the crystal morphology. In this work, it was investigated whether it
is possible to influence the crystallization dynamics or the crystal type formed by
applying a strong static magnetic field to the cocoa butter melt during crystalliza-
tion. There are a few indications in the literature vaguely suggesting a possible
magnetic field effect. Miura et al. (2004) showed an effect of a 5 T static magnetic
field on the lowest melting polymorph of some pure triglyceride systems, and Beckett
(PCT/EP1999/009567, 2002) submitted a patent application for magnetic field con-
trolled cocoa butter crystallization. The available information is not conclusive, and
no satisfying mechanism for the magnetic interaction has been proposed. The aim of
the here proposed investigation was to gather fundamental results on the subject.

In this work, great care was taken to ensure close temperature control and sample
conditions in order to exclude temperature effects. The set up described in chapter
3 was used, consisting of a superconductive magnet with a shear cell in the bore. A
rheometer was positioned above the magnet with a prolonged shaft connecting to a
shear cell in the magnet bore. A laser beam was passed through the shear gap and
the intensity was logged. Crystallization dynamics under shear were investigated by
monitoring the laser intensity as well as the viscosity. Additionally, crystal transfor-
mation of unsheared samples with and without magnetic field was investigated with
differential scanning calorimetry (DSC).

4.2 Material and Methods

4.2.1 Cocoa Butter

Pure refined cocoa butter, obtained from ADM Cocoa B.V. (The Netherlands) was
used for the experiments. Samples from the same production batch were used for all
experiments to avoid any influence of the triglyceride composition. For the charac-
terization of the cocoa butter a viscosity vs. temperature diagram was recorded with
a rheometer with couette geometry (Paar-Physica, Stuttgart, Germany) at a shear
rate of 100s™! (Fig.4.1). The cocoa butter exhibits Newtonian flow properties, i.e.
the viscosity is independent of the shear rate.
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Figure 4.1: Temperature dependence of the viscosity of liquid cocoa butter at a shear
rate of 100s™!

Additionally, the main triacylglycerol composition of the cocoa butter was analyzed
with gas chromatography by Mehrle (2007). The composition is shown in Tab.4.1.
The three letters stand for the fatty acids esterified to the glycerol backbone of the
triglyceride. P stands for the saturated palmitic acid, (CH3(CHz);4,COOH); O for the
monounsaturated oleic acid (CH3(CHy);CH=CH(CH3);COOH); and S for the satu-
rated stearic acid (CH3(CHz)16COOH). The main fraction of cocoa butter consists of
POS, SOS and POP, all with two saturated acyl chains in the outer positions, and
one unsaturated acyl chain in the middle. Although not measured here, cocoa butter
also contains a variety of other triglycerides in small amounts.

Table 4.1: Triglyceride composition of the cocoa butter used for this work, as deter-
mined by gas chromatography (Mehrle, 2007).

Triglyceride mol%

POS 44.3
SOS 32.8
POP 17.7
SO0 3.2
POO 2.0
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4.2.2 Shear Crystallization

All experiments were made with the magnet-rheometer set up described in chapter 3.
For each experiment, 100 ml of cocoa butter were heated to 55°C in a heating cabinet
and kept at this temperature until the experiment (for at least 1h) to prevent any
memory effects. The shear cell was brought to the desired temperature (26 °C or 21°C)
before the experiment was started by pumping water from a water bath through the
double wall of the shear cell. The water was kept running and the temperature was
kept constant during the whole experiment. 7.5ml of cocoa butter were filled into
the shear cell with a pre-heated syringe. The rheometer bob, the optical glass inserts,
the temperature sensor and the acrylic glass cover were installed. The shear cell was
then lowered into the magnet bore. The laser beam was switched on, and logging
of the temperature, viscosity and laser intensity was started. The rheometer was set
to the desired shear rate and the magnetic field was set to 5.66T for experiments
with magnetic field. The cocoa butter quickly cooled down to the temperature of the
shear cell. The experiments were stopped when the viscosity of the cocoa butter had
reached around 5 Pas.

Shear crystallization tests were made at two conditions: At a shear rate of 89.4s~! and
a temperature of 26°C, and at a shear rate of 150s~! and temperature of 21°C. For
both conditions investigated, three experiments with and three without magnetic field
were made. At a shear rate of 89.4s7! and 26°C three crystallization experiments were
also made in a rheometer with couette set up (Paar Physica, Stuttgart, Germany)
without magnetic field.

4.2.3 Static Crystallization

For static crystallization experiments, i.e. crystallization of unsheared cocoa butter,
the cocoa butter was allowed to crystallize directly in DSC crucibles. Static crystal-
lization experiments were also made with the set up described in chapter 3. Instead
of the rheometer bob, an aluminum sample holder containing the DSC crucibles was
inserted into the double walled acrylic glass shear cell. The sample holder is shown
in Fig. 4.2.

Before the experiments, 100ml of cocoa butter were melted in a heating cabinet
at 55°C. The DSC crucibles were then filled with 5pl of liquid cocoa butter using a
pipette. Each crucible was weighed to determine the exact sample mass. The crucibles
were then sealed with an alloy lid and stacked in the eight equally spaced bores of the
sample holder, allowing for a maximum of 80 samples per series of measurement. The
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loaded sample holder was transferred back into the heating cabinet and kept for 2 h at
55°C. The sample holder was then transferred into a water bath for 4 min to ensure
a reproducible and rapid cooling to the crystallization temperature. Crystallization
experiments were made at 20°C and 22°C, and the water bath temperature was set
accordingly. The sample holder was then transferred into the shear cell which was pre-
tempered to the crystallization temperature with another water bath. A temperature
sensor was placed close to the crucibles in one bore, and an insulating soft foam
lid was placed on top of the sample holder. The shear cell was then lowered into
the magnet bore, and the magnetic field was set to 5.66 T for the experiments with
magnetic field.

Figure 4.2: Crucible holder for static crystallization of cocoa butter in magnetic fields.
Up to 10 crucibles can be stacked in each bore. For the crystallization at
22°C both crucible holders were loaded at the same time. One was placed
in the magnet bore, the other in a water bath with temperature set to the
temperature measured close to the crucibles in the magnet. The crucibles
were removed from the bore with a pre cooled contact lens remover and
tweezers.
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Figure 4.3: Crucible holder inserted into the shear cell. Also shown is the temperature
sensor, the isolated leads to the water bath, and on the right side the lid
of insulating black foam. For the experiment the lid was put on top of
the crucible holder and the shear cell was lowered into the magnet bore.

The zero field measurement at 20°C was done in the same way as the 5.66 T mea-
surement, but without turning the magnetic field on. The zero field measurement at
22°C was made at the same time as the 5.66 T measurement, using a second sample
holder. The two sample holders were taken out of the heating cabinet at the same
time and put into the water bath at 22°C. While one sample holder was moved into
the magnet, the other was kept in the water bath.

DSC crucibles were removed from the sample holder in periodic intervals, in order
to follow the crystal development of the cocoa butter. Samples were transferred to
the calorimeter in a pre cooled specimen holder. The crystal morphology of the
samples was determined by DSC analysis (DSC 822e, Mettler Toledo, Greifensee,
Switzerland). DSC curves were recorded from 20°C to 45°C with a heating rate of
4°C per minute under a constant flow of nitrogen. All samples were measured in
relation to their mass. For the 20°C measurements, 6 samples were taken at each
measuring time. At 22°C 4 samples were taken at each measuring time, except at
28.5h (3 samples) and 47.5h (2 samples). The DSC curves from each measurement
time were averaged to give one curve per measurement time.
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4.3 Results and Discussion

4.3.1 Shear Crystallization

Fig. 4.5 shows the different stages of cocoa butter crystallization investigated in the
shear cell of the rheometer. Pictures were taken without magnetic field, and without
lowering the shear cell into the magnet. The cocoa butter reached the temperature
of the shear cell within approximately one minute. The temperature of the cocoa
butter stayed constant during the whole experiment. At first the cocoa butter was
transparent, and the laser beam passed through without significant scattering. The
cocoa butter then started to scatter the laser light, indicating formation of crystal
nuclei. This did not affect the viscosity yet, which stayed constant. The cocoa butter
then became increasingly turbid, and a sharp rise in viscosity occurred. The laser
light no longer passed through the sample. The viscosity continued to rise, until the
experiments were stopped at 5 Pas. The cocoa butter continued to harden out and
the color changed from yellow to white. The cocoa butter then contracted, which is
clearly visible in the last picture. This contraction is due to crystal transformation
and was investigated in the static crystallization experiments with DSC in chapter
4.3.2.

Fig. 4.4 shows the decrease of the laser light intensity passing through the sample
as well as the increase in viscosity, corresponding to the crystallization process as
described above. This sample was crystallized at 21°C at a shear rate of 150s~*. The
laser intensity started to decrease right at the start of the measurement, indicating
that cristal nuclei are formed right at the beginning of the experiment. This was true
for all experiments, with and without magnetic field.
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Figure 4.4: Crystallization of cocoa butter in the magnet rheometer at 21°C and a
shear rate of 150s™!, without magnetic field, corresponding to Fig.4.5.
Cocoa butter was filled into the sample holder at 50°C and then cooled
down. The laser intensity passing through the sample decreases from the
start of the experiment, followed by an increase in viscosity.

For the shear crystallization experiments, the onset time of crystallization was de-
termined as the time when the viscosity reached three times the averaged viscosity
of the stationary phase, which was the initial viscosity at the beginning of the ex-
periment. Average and standard deviation of three crystallizations with and three
without magnetic field of 5.66 T were compared.

Fig. 4.6 shows the crystallization times obtained at a shear rate of 89.4s7! and a
temperature of 26°C. The crystallization time was 73.2432.2 min without magnetic
field, 48.5+22.4 min with magnetic field. The crystallization time obtained under the
same conditions without magnetic field in a Physica rheometer was 165.34+7.3 min .
At 150571 and temperature of 21°C the crystallization time was 8.64-0.1 min without
magnetic field and 7.3+1.3min at 5.66 T.
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Figure 4.6: Onset of crystallization of cocoa butter sheared at 89.4s7! at 26°C with
and without magnetic field in the magnet rheometer, as well as without
magnetic field in a Physica rheometer, revealed by a sharp increase in
viscosity. The onset of crystallization was determined as the time when
the viscosity of the cocoa butter reached three times the average viscosity
of the liquid cocoa butter during the stationary phase at the beginning of
the experiment. MF; magnetic field.

For both conditions tested the average of the crystallization onset was earlier with
magnetic field. However, the effect was smaller than the standard deviation, and can
therefore not be considered to be significant. Comparison of the crystallization times
obtained at the two conditions tested shows that, as expected, the crystallization
happened a lot faster at a shear rate of 150s™! and temperature of 21°C. In the
Physica rheometer the crystallization times were more reproducible than in the mag-
net rheometer set up. The smaller standard deviation indicates that the temperature
control of the Physica rheometer was still better than the one of the magnet rheome-
ter. The temperature was logged for experiments made in the magnet rheometer,
and was within a range of 0.3°C for all experiments made. The crystallization times
were significantly higher in the Physica rheometer. This could be due to the fact that
the Physica rheometer had no cover on top of the shear cell. The cocoa butter was
therefore exposed to room temperature, which was well above 21°C at the time of
the measurements.
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Figure 4.7: Onset of crystallization of cocoa butter sheared at 150s™! at 21°C with
and without magnetic field, revealed by a sharp increase in viscosity. The
onset of crystallization was determined as the time when the viscosity of
the cocoa butter reached three times the average viscosity of the liquid
cocoa butter during the stationary phase at the beginning of the experi-
ment.

4.3.2 Static Crystallization

Pre-tests of static crystallization were made in the magnet rheometer set up by crys-
tallizing a large volume of 10ml of cocoa butter directly in the shear cell, without
installing the rheometer bob. Samples were taken with a hollow tube in periodic in-
tervals over a period of four days and immediately analyzed with DSC. While it was
possible to observe the general trend to recrystallize from form [IV to GV, curves
obtained from different samples taken at the same time were not reproducible. It
appears that a heterogeneous crystal transformation took place with local deviations
of up to 12h in the crystal transformation progress. It was therefore not possible to
evaluate the significance of a possible magnetic field effect.

It was therefore decided to crystallize the cocoa butter in very small quantities directly
in DSC crucibles. Before deciding on the sample weight to be used, DSC curves
were recorded of crucibles filled with 5 ug and 20 ug without magnetic field. The
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crucibles were kept at 22°C and DSC curves were recorded every couple of hours
for 3 days. Results showed that the reproducibility of the obtained crystal forms
was greatly enhanced for both sample volumes. While the time dependency of the
crystal morphology was similar for the two sample volumes investigated, the melting
peaks were sharper and more reproducible with the 5ug samples. Therefore, the
experiments were made with 5 ug.

The results from static crystallization are shown in Fig.4.8 to 4.11. Averaged DSC
curves of up to six samples per measurement time are shown, taken over a period
of three days. The measurement series at 20°C (Fig.4.8 and 4.9) show a peak at
around 27°C, which gradually disappears over a period of around 47h. A second
peak becomes more and more pronounced at around 30°C to 34°C. These two peaks
represent two different crystal morphologies, and have been well described. The lower
melting peak can be attributed to the SIV polymorph crystals, the higher melting
peak to the BV polymorph. The observed melting temperatures are in agreement with
literature. At 22°C (Fig.4.10 and 4.11), the SIV peak is not as clearly discernible as
for the 20°C series. Again, only the GV peak remains at the end of the measurement.
The difference in the obtained DSC curves between 22°C and 20°C can be explained
by the faster crystal transformation at higher temperatures.

Comparison of the crystallization with and without magnetic field shows no significant
difference. For both crystallization temperatures, the first observed peaks represent a
mixture of SIV and gV, which end up in pure SV form. The magnetic field therefore
does not seem to influence the type of crystal formed. The speed of crystal transfor-
mation from IV to GV does not seem to be significantly influenced by the magnetic
field either.
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4.4 Conclusion

The effect of a 5.66 T magnetic field on the crystallization behavior of cocoa butter
was investigated. Both crystallization under shear and static crystallization measure-
ments were made. For crystallization under shear, the speed of crystallization from a
cocoa butter melt was investigated, indicated by a sharp rise in viscosity. For static
crystallization tests, both the type of crystal formed during crystallization, as well as
the speed of crystal transformation from one crystal polymorph to another was inves-
tigated, indicated by the melting range of the formed cocoa butter crystals obtained
with DSC measurements. For the conditions investigated, no significant influence of
the magnetic field was found. It is unclear, whether the heterogeneous composition of
cocoa butter hindered a significant magnetic field effect because of the complexity of
the crystal structures formed, or whether the experimental conditions were not suit-
able for a significant magnetic field interaction. The rather high viscosity of cocoa
butter could have hindered a possible magnetic field effect, such as a pre-orientation
of crystal nuclei. While it is known that the alkyl chains of the triglycerides exhibit
an anisotropy of the diamagnetic susceptibility (Helfrich, 1973; Prosser et al., 1998a;
Qiu et al., 1993), it is difficult to estimate the responsivity of triglycerides to magnetic
fields. It is however probable that the magnetic anisotropy of individual molecules is
insufficient to overcome the disorienting thermal fluctuation. It is therefore possible
that the cocoa butter crystal size needed for a response to the magnetic field is at-
tained only at a crystallization stage where the crystal morphology is already set and
can no longer be influenced by the magnetic field.

Additional experiments in stronger magnetic fields, eventually coupled with a strong
field gradient could be considered, as described in the introduction. Under strong
field gradients, magnetic orientation of crystal nuclei could in theory be coupled with
a damping of natural convection, which occurs due to density difference between the
compact crystals and the liquid cocoa butter fraction (Yamaguchi and Tanimoto,
2006). As observed for crystallizing proteins, this may also have an effect on the
crystal quality (Lin et al., 2000).
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5.1 Introduction

Magnetic field effects on biological molecules are rarely observed, due to the small
diamagnetic susceptibility of individual molecules. In self-assembly systems, such
as phospholipid bilayers, where the molecules are aggregated parallel to each other,
the anisotropy of the diamagnetic susceptibility becomes additive (Qiu et al., 1993)
and a magnetic orientation perpendicular to the magnetic field becomes possible. A
well known system, where this magnetic orientation has been exploited, is a bicellar
mixture of long and short chain phospholipids used in NMR studies of transmembrane
proteins (De Angelis and Opella, 2007; Katsaras et al., 2005; Triba et al., 2005; van
Dam et al., 2004). By doping these planar aggregates with paramagnetic lanthanides
conferring a large magnetic moment, the responsiveness to magnetic fields can be
enhanced (Prosser et al., 1998b).

Lanthanides can be classified into two groups, depending on the sign of the magnetic
anisotropy Ay. Phospholipids doped with a paramagnetic lanthanide from the first
group (Ce*T, Pr3t, Nd3*, Sm3t, Th*", Dy3*, Ho®") have a large negative Ay re-
sulting in a preferred orientation with the long molecular axis perpendicular to the
magnetic field. On the other hand, Ay of phospholipids doped with Eu**, Er3*,
Tm3* or Yb?** becomes positive resulting in a preferred alignment in direction of the
magnetic field. Doping phospholipids with diamagnetic lanthanum ions (La?") has
no influence on the magnetic anisotropy of the phospholipids. The lanthanide cations
are usually anchored to the membrane with the use of a chelator covalently bound to
a phospholipid (Prosser et al., 1998b). Such chelator molecules (e.g. DMPE-DTPA)
have also been anchored into phospholipid vesicles. Complexed with Gd3*, these
vesicles have been investigated as a potential MRI contrast marker (Grant et al.,
1989).

In this study the effect of magnetic fields on phospholipid vesicles containing a
chelator-lipid with complexed paramagnetic lanthanides was investigated. Of inter-
est was whether the physico-chemical properties of such systems can be influenced by

45



5 Vesicles

magnetic fields. Possible magnetic field effects were deformation, aggregation /fusion,
budding/fission, permeability and lateral segregation. For pure phospholipid vesi-
cles, in the absence of any added lanthanides, a few such effects have been described.
It has been shown for example, that vesicles can slightly be deformed and oriented
in magnetic fields (Brumm et al., 1992; Helfrich, 1973; Kiselev et al., 2006, 2008;
Reinl et al., 1992). Influence of magnetic fields on permeability has been claimed by
Liburdy et al. (1986); Tenforde and Liburdy (1988). Kurashima et al. (2002) reported
on magnetic field induced fusion of vesicles.

Lateral lipid segregation and domain formation in the absence of magnetic fields has
been described for multicomponent phospholipid vesicles, mostly prepared from mix-
tures of DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine), DPPC (1,2-dipalmitoyl-
sn-glycero-3-phosphocholine) and Cholesterol. These systems have gained increasing
interest in recent years as a model for lipid rafts in biomembranes (Anghel et al.,
2007; Bacia et al., 2005; Baumgart et al., 2003; Hartmann et al., 1977; Imai, 2007;
Korlach et al., 1999; Lipowsky and Dimova, 2003; Masui et al., 2006; Pencer et al.,
2005a, 2008; Seifert, 1993; Veatch and Keller, 2002; Yanagisawa et al., 2007).

This work reports on investigations of different formulations of vesicles at differ-
ent temperatures and under different magnetic field strengths. As standard sample
vesicles composed of a mixture of 80 mol% POPC and 20 mol% DMPE-DTPA with
complexed thulium ions (Tm3") were used. Additional formulations varied in one of
the three components or in the ratio of POPC:DMPE-DTPA. Small angle neutron
scattering (SANS) under magnetic field, complemented by direct observation of the
structures at two different temperatures by cryo transmission electron microscopy
(cryo-TEM) was used. Additional information was gained through permeability mea-
surements with watersoluble calcein, 3'P NMR, dynamic light scattering (DLS) and
differential scanning calorimetry (DSC).
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5.2 Material and Methods

5.2.1 Material

The phospholipids, 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-stearoyl-2-oleoyl-
sn-glycero-3-phosphocholine (SOPC) and 1,2-dimyristoyl-sn-glycero-3-
phosphoethanolamine-diethylene-triamine-pentaacetate (DMPE-DTPA),  were
purchased as chloroform solutions from Avanti Polar Lipids (Alabaster, AL) and used
without further purification. 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
diethylene triamine pentaacetate (POPE-DTPA) was synthesized according to a
modified approach described by Torchilin et al. (2003). TmCl; (99.9%), LaCls
(99.9%), DyCl3(99.9%), calcein disodium salt (99.9%), Sepharose 4B, DO (99.9
atom %D) used for 3'P NMR samples and D,0O (99.9 atom %D, containing 0.05 wt%
3-(trimethylsilyl)propionic-2.2.3.3-d4 acid, sodium salt) used for SANS and cryo-
TEM samples were from Sigma-Aldrich (Buchs, Switzerland). Stock solutions of
10mM TmCl3 and DyCls in MeOH and of 10mM LaCl; in MeOH/H,O (19/1 v/v)
were prepared.

5.2.2 Vesicle Preparation

After weighing the dissolved lipids and lanthanides into a round bottom flask, the
chloroform and methanol were evaporated under a rotary evaporator followed by
residual solvent removal under high vacuum overnight. The so formed dry lipid
film was hydrated with D,O and vortexed until a homogeneous suspension was ob-
tained. Five repeated freeze - thaw cycles were carried out by plunging the flask
into liquid nitrogen followed by slow heating above the phase transition temperature
(about 40 to 45°C). An extrusion was performed under nitrogen at room temper-
ature with “The Extruder” from Lipex Biomembranes (Vancouver, Canada) using
Nucleopore polycarbonate membranes from Sterico (Dietikon, Switzerland). The
suspension was first passed 10 times through a membrane with 200 nm pores, fol-
lowed by 10 times through a membrane with 100 nm pores, except for the sample
with 200 nm vesicles, where the 100 nm extrusion step was omitted. All samples were
prepared with a total lipid concentration of 15mM. The standard sample consisted
of a POPC:DMPE-DTPA:Lanthanide molar ratio of 4:1:1. The samples are denoted
as POPC/DMPE-DTPA-Tm, POPC/DMPE-DTPA-La, or POPC/DMPE-DTPA-Dy
in the text, depending on the lanthanide used, and POPC/DMPE-DTPA if no lan-
thanide was complexed. The sample with 200 nm vesicles and standard formulation
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is denoted as POPC/DMPE-DTPA-Tmsyg,m- The sample denoted as POPC/POPE-
DTPA-Tm was prepared with POPE-DTPA instead of DMPE-DTPA, with the same
component ratio. One sample with a DMPC:DMPE-DTPA:Tm molar ratio of 4:2:2
was prepared, denoted as DMPC/highDMPE-DTPA-Tm. One pure phosphocholine
sample, POPC/DMPC with a lipid ratio of 4:1 was prepared. Samples were stored at
room temperature before measurements and were stable over at least two weeks.

5.2.3 SANS

SANS experiments were performed on the SANS-I beam line at PSI, Villigen, Switzer-
land using a super conductive magnet with horizontal field of 8 T perpendicular to
the neutron beam. The neutron wavelength was fixed at 8 A. Data was collected on
a two-dimensional *He detector at distances of 2, 6, and 18 m covering a momen-
tum transfer q of 0.003 < q < 0.15 A~1. After correction for background radiation,
empty cell scattering and detector efficiency, the 2D intensity maps were radial av-
eraged (Fig.5.1c) and sectoral averaged with an opening angle of 15° perpendicular
(Fig.5.1a) and parallel (Fig.5.1b) to the magnetic field direction.
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Figure 5.1: Data reduction of SANS 2D scattering pattern: radial intensity average
over the full detector (c¢) and sectoral intensity average with an open-

ing angle of 15° perpendicular (a) and parallel (b) to the magnetic field
direction.
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5.2.4 Cryo-TEM

The samples were analyzed by cryotransmission electron microscopy (cryo-TEM). A
volume of 3.5 ul of the vesicular suspension was mounted onto holey carbon grids
(from Quantifoil, Jena, Germany), blotted to make thin aqueous films under con-
trolled temperature, followed by plunging into liquid ethane at the temperature of
liquid nitrogen (—196°C). For samples frozen at room temperature a VitrobotTM
apparatus (from the FEI company, Eindhoven, The Netherlands) was used for au-
tomatized blotting. For the samples frozen from 5°C, the sample was pre-cooled in
a waterbath and a manual blotting apparatus was transferred into a cold room with
5°C 4+ 0.5°C. Every part of equipment coming into contact with the sample was held
for at least 4h in the cold room prior to sample freezing. The grids were examined
at the temperature of liquid nitrogen using a cryo-holder (model 626, from Gatan,
USA) and a Tecnai G2 F20 microscope (from the FEI company) equipped with a
field emission gun and Tridem energy filter (from Gatan) operated at an accelerating
voltage of 200kV. The data were recorded by a 2048 x 2048 CCD camera (from
Gatan).

5.2.5 3P NMR

3P NMP spectra were acquired at 283 MHz using a Bruker Biospin 750 MHz spec-
trometer with 16.4T in the bore. Temperature was adjusted with a nitrogen gas
flow.

5.2.6 DSC

Differential scanning calorimetry (DSC) measurements were made with a DSC-7
calorimeter (Perkin Elmer, Waltham MA, USA) and analyzed with the Pyris version
5 software (Perkin Elmer, Waltham MA, USA). The scanning range was typically
between —5°C and 45°C at a scanning rate of 5°C per minute. Sample weight was
4mg. Repeat scans were made after equilibrating the temperature for 30 min. The
curves were reproducible.
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5.2.7 DLS

The instrument used for dynamic light scattering (DLS) experiments was a BI-200SM
goniometer (Brookhaven Instruments Corporation (BIC), Holtsville, NY, USA), with
a diode laser (Adlas/Coherent, Liibeck, Germany) operating at a wavelength of
532nm. The scattering angle was set to 90°. DLS experiments measure the intensity
autocorrelation function, and its decay rate determines the translational diffusion co-
efficient of the vesicles in the system. The hydrodynamic diameter of the vesicles can
then be estimated from the translational diffusion coefficient. Data were analyzed
using the MAS option of BICs particle sizing software (version 3.48). The number-
weighted size distribution was used for a better comparability with size distributions
gathered by cryo-TEM (Egelhaaf et al., 1996). Samples were diluted to 0.1 mM total
lipid concentration.

5.2.8 Permeability Measurements

For permeability measurements, vesicles were prepared with the same method as
described in chapter 5.2.2, but instead of rehydrating the films with D,O, a 50 mM
calcein solution of pH 7 was used. After extrusion, size exclusion chromatography
through a Sepharose 4B column was performed to remove unencapsulated calcein.
As eluent a NaCl solution with the same osmolarity as the calcein solution was used
(250 mOsm, around 8 g NaCl/l). Samples were kept at room temperature. For the
experiments, 1ml of the sample was divided into two thin walled glass vials. One
vial was placed in a sample holder which was connected to a water bath. The circu-
lating water was in direct contact with the glass vial. The sample holder was placed
into the bore of a superconductive magnet (Cryogenic, London, UK) with adjustable
magnetic field strength of up to 5.6 T. The other vial was placed into a second water
bath. Temperature was logged from two sensors inserted into the glass vials. For the
experiments made at 16.4T, 1ml of sample was divided into two NMR tubes. One
was placed into the bore of the NMR magnet, the other in an external water bath.

The fluorescence of the suspension was measured with a Fluorescence Microplate
Reader (Bio-Tek) at 516 nm with an excitation wavelength of 490 nm. For these mea-
surements 50 pul or 100 ul samples were pipetted into a 96 microwell plate. Maximal
fluorescence intensity I,,,, was measured after addition of 5 ul Triton X-100, which
initiate building of micelles resulting in a complete release of calcein. Calcein stan-
dard curve (left) and the linearized range in the double logarithmic plot (right) is
shown in Fig. 5.2.
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Figure 5.2: Calcein standard curve, filled circles: 100 ul; open circles: 50 ul. Double
logarithmic plot shows the linearized range from 0.001 mM to 0.1 mM and
the corresponding trend line (solid line) y = 444/491.7240 - z:1-0899,

An overview over SANS, cryo-TEM, DLS and NMR measurements carried out is
listed in Tab. 5.1.
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Table 5.1: Overview over SANS, cryo-TEM, DLS and NMR measurements carried out.

Vesicle Formulation SANS measurements ~ SANS measurements cryo DLS NMR
detector position 18 m additional detector positions TEM
POPC/DMPE-DTPA-Tm 30°C-25°Cat 8T 6m at 30°C 8T 22°C  22°C
25°C-30°Cat 8T 6m and 2m at 2.5°C 8T 5°C
30°C-25°Cat 0T 6m at 2.5, 5 and 30°C 0T
0T -8T at 2.5°C
POPC/DMPC 30°C-25°Cat 8T 6m at 2.5 and 30°C 8 T 22°C  22°C 2.5°C
5°C 30°C
POPC/DMPE-DTPA Dy 8T -4T at 2.5°C 22°C  22°C
5°C
POPC/highDMPE-DTPA-Tm  2.5°C at 8T 22°C  22°C
5°C
POPC/POPE-DTPA-Tm 2.5°C at 8T 22°C  22°C
5°C
POPC/DMPE-DTPA-Tmapo,m 22°C  22°C
5°C
POPC/DMPE-DTPA 22°C  22°C
5°C
POPC/DMPE-DTPA-La 2.5°C
25°C
30°C
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5.3 Results

5.3.1 SANS Measurements

In order to investigate whether a magnetic field has an influence on the structure
of mixed phospholipid vesicles, in which one lipid is doped with a strong para-
magnetic agent, SANS measurements under variable magnetic field and tempera-
ture were carried out. Most of these measurements were made of 100 nm vesicles
composed of a mixture of POPC, DMPE-DTPA and Tm?®" in a molar ratio of
4:1:1. This suspension was considered as the standard sample. Measurements were
also made on vesicles with related compositions, namely POPC/DMPE-DTPA-Dy
and POPC/POPE-DTPA-Tm. POPC, DMPE-DTPA and Tm3" in a molar ratio
of 4:2:2 (POPC/highDMPE-DTPA-Tm) and finally a pure phospholipids sample,
POPC/DMPC in a molar ratio of 4:1, were investigated as well.

POPC/DMPE-DTPA -Tm

Effect of temperature and strength of magnetic field on the scattering pattern was
investigated. Fig.5.3 shows the 2D scattering and the corresponding sectoral aver-
aged curves for vesicles consisting of POPC/DMPE-DTPA complexed with Tm?" at
8 Tesla at different temperatures, all measured with a detector position at 18 m cov-
ering a q range of 0.025 - 0.215nm™!. The molar ratio of POPC:DMPE-DTPA:Tm
is 4:1:1, total lipid concentration 15 mM.

It is clearly visible that the scattering pattern is isotropic at temperatures above
17.5°C. From 17.5°C to 2.5°C, the pattern becomes increasingly anisotropic. The
scattering patterns are completely reversible without hysteresis, as was seen when
the temperature was raised back to 30°C. Cooling without magnetic field from 30°C
to 2.5°C followed by ramping of the magnet to 8 T gave the same scattering pattern
as shown in Fig. 5.3 H.

At 30°C the SANS curves show an inflection at 0.08 nm~!. At lower temperatures,
the inflection disappears for the vertical sectoral average curves (open circles) and
becomes more distinct in the horizontal sector (closed circles). Comparison of the
scattering curves furthermore indicates that change in scattering pattern in vertical
direction is much less pronounced than in horizontal direction.
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Figure 5.3: 2D SANS scattering patterns and corresponding sectoral intensity average
at different temperatures and a magnetic field of 8 T' of vesicles consisting
of POPC/DMPE-DTPA-Tm. Open circles: Vertical 15° intensity average,
closed circles: Horizontal 15° intensity average. Magnetic field direction
is horizontal in the plane.
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At 2.5°C the influence of the magnetic field strength was studied. Lowering the
magnetic field stepwise from 8 to 0T leads to a gradual decrease of the anisotropy in
the scattering pattern ending in an isotropic pattern at 0T (Fig.5.4). This effect is
also reversible.
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Figure 5.4: 2D SANS scattering patterns and corresponding sectoral intensity average
at 2.5°C and different magnetic field strength of vesicles consisting of
POPC/DMPE-DTPA-Tm. Open circles: Vertical 15° intensity average,
closed circles: Horizontal 15° intensity average. Magnetic field direction
is horizontal in the plane.

The POPC/DMPE-DTPA-Tm sample was also measured without magnetic field in
the whole temperature range. As expected, without magnetic field the scattering
patterns were isotropic at all temperatures, which is in clear contrast to the scattering
patterns observed at 8 T. Fig.5.5 shows the radial average of the isotropic scattering
patterns. The two extreme temperatures, 30°C and 2.5°C, are marked with open
and closed circles respectively. Changing the sample temperature had an effect on
the whole q range. The changes in the scattering curves were complex, with all the
curves intersecting at q values of 0.08 and 0.12nm™!. All these measuring results
indicate, that the anisotropy is an effect of the magnetic field.
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Figure 5.5: 2D SANS scattering pattern of vesicles consisting of POPC/DMPE-
DTPA-Tm?" at 30°C (left) and radial averaged SANS curves at different
temperatures (right), at 0T. Open circles: 2.5°C, closed circles: 30°C,
solid lines: temperatures in between.
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Figure 5.6: 2D SANS scattering pattern and corresponding sectoral intensity average
at 2.5°C and 8 T of vesicles consisting of POPC/highDMPE-DTPA-Tm.
Open circles: Vertical 15° intensity average; closed circles: Horizontal 15°
intensity average. Magnetic field direction is horizontal in the plane.

Scattering from vesicles with a higher molar ratio of 40 mol% DMPE-DTPA-Tm is
clearly more anisotropic than from our standard vesicles, shown in Fig.5.6. The
measurement was carried out at 8 T and 2.5°C, where for the standard sample the
anisotropy was most pronounced. Open circles show the vertical, closed circles the
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horizontal sectoral averaged scattering intensity. The molar ratio of POPC:DMPE-
DTPA:Tm is 4:2:2, total lipid concentration 15 mM.

POPC/POPE-DTPA-Tm

Replacing the chelator lipid, DMPE-DTPA, with POPE-DTPA had a strong effect on
the scattering anisotropy. The scattering pattern is only slightly anisotropic as shown
in Fig. 5.7, measured at 8 T and 2.5°C. The molar ratio of POPC:POPE-DTPA:Tm
is 4:1:1, total lipid concentration is 15 mM.
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Figure 5.7: 2D SANS scattering pattern and corresponding sectoral intensity aver-
age at 2.5°C and 8T of vesicles consisting of POPC/POPE-DTPA-Tm.
Open circles: Vertical 15° intensity average, closed circles: Horizontal 15°
intensity average. Magnetic field direction is horizontal in the plane.
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at 2.5°C and different magnetic field strengths of vesicles consisting of
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DMPE-DTPA-Dy has an opposite sign of the anisotropy of the paramagnetic sus-
ceptibility than DMPE-DTPA-Tm. Of interest was whether this different magnetic
property of the two lanthanides is reflected in the anisotropy of the scattering pat-
tern. The effect of the magnetic field was investigated at 2.5°C, where the most
pronounced anisotropy was observed in the scattering pattern of POPC/DMPE-
DTPA-Tm (Fig.5.3 H). SANS data collected at 8, 6 and 4 T and 2.5°C show that the
anisotropy is still present, but is now pronounced in vertical direction (Fig. 5.8). Again
the anisotropy of the scattering pattern increased with the magnetic field strength.
Open circles show the vertical sectoral average and closed circles the horizontal sec-
toral average of the scattering intensity. The molar ratio of POPC:DMPE-DTPA:Dy
was 4:1:1, the total lipid concentration was 15 mM.

POPC/DMPC

A sample where the chelator-lipid was replaced by a phosphatidylcholine with the
same acyl-chains (DMPC) at the same molar ratio as the standard sample gave
isotropic scattering patterns at all measured temperatures and 8 T. Fig.5.9 shows
the radial averaged intensity curves of all temperatures. Open circles show the 2.5°C
data, closed circles the 30°C. The solid lines represent the temperatures measured in
between. Unlike the curves for POPC/DMPE-DTPA-Tm (Fig.5.5) the temperature
dependent change for POPC/DMPC are mostly restricted to a q range of 0.07 to
0.1nm™1.

2.5°C-30°C
8T

100 -

Intensity [a.u.]

0.04 0.06 0.08 0.10 0.20
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Figure 5.9: 2D SANS scattering pattern of vesicles consisting of 100nm
POPC/DMPC at 30°C (left), and radial averaged SANS curves at dif-
ferent temperatures (right), at 8 T. Open circles: 2.5°C, closed circles:
30°C, solid lines: temperatures in between.
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SANS measurements indicate that an anisotropy in the scattering pattern occurs
below a critical temperature of about 22°C for the lanthanide doped vesicle formu-
lations. This anisotropy can only be seen above a certain magnetic field strength of
about 2T (Fig.5.4).

5.3.2 Cryo-TEM Measurements

Cryo-TEM micrographs were taken in order to proof the existence of vesicles for all
investigated samples, as well as to get information about the size distribution and
the morphology of the vesicles. For POPC/DMPE-DTPA-Tm, the SANS pattern
were isotropic above 17°C and anisotropic at 17°C and below at a magnetic field of
8 T. In order to find out whether a temperature dependent change in morphology
can be seen without magnetic field, samples were frozen from room temperature, as
well as from 5°C. Fig.5.10 shows the cryo-TEM micrographs of the standard vesicle
sample POPC/DMPE-DTPA-Tm (A), vesicles of POPC/DMPE-DTPA-Tmaunm (B)
and of POPC/highDMPE-DTPA-Tm (C). In all these samples most of the vesicles are
unilamellar and relatively homogeneous in size. A few oligolamellar (arrows 1), and
very few multivesicular vesicles (arrows 2) were found in all samples. As expected,
the 200nm vesicles in Fig.5.10 B are clearly larger than the 100 nm samples and
multilamellar vesicles are found (arrows 3). At closer examination the membrane
of some vesicles, particularly those frozen from 5°C looks somewhat edged, i.e. the
vesicle is not perfectly spherical, but comprises flattened membrane segments. In
Fig.5.12, another micrograph of the standard sample (POPC/DMPE-DTPA-Tm)
frozen from 5°C, as well as a zoom in of the 5°C micrograph of Fig. 5.10 A are shown.
Arrows point to the above mentioned edged vesicles. Edged vesicles are also visible
in Fig. 5.10 B and Fig.5.10 C, particularly in the 5°C micrographs.

Fig.5.11 shows micrographs of three other vesicle samples investigated,
POPC/DMPE-DTPA-Dy, POPC/DMPE-DTPA (no lanthanide), and POPC/DMPC
(no chelator lipid). Again, the vesicles are rather uniform in size, mostly unilamellar,
and some vesicles appear edged. Fig. 5.13 shows micrographs of vesicles prepared with
a chelator bound to a phospholipid with one unsaturated acyl chain (POPE-DTPA
instead of DMPE-DTPA). Some vesicles are elongated, and again most vesicles are
unilamellar. It is difficult to find vesicles with clear edges.
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Figure 5.10: Cryo-TEM micrographs of samples shock frozen from room temperature
(left column) and from 5°C samples (right column) of vesicles consist-
ing of POPC/DMPE-DTPA complexed with Tm?3". The molar ratio of
POPC:DMPE-DTPA is 4:1 in rows A-B and 4:2 in row C. Sample in
B was extruded through a polycarbonate membrane with a pore size of
200nm, samples in A and C were in addition extruded through a mem-
brane with a pore size of 100 nm. Arrows 1 indicate oligolamellar, arrows
2 multivesicular and arrows 3 multilamellar vesicles. 63
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POPC/DMPE-DTPA-Dy** >

=z

POPC/DMPE-DTPA

POPC/DMPC

Figure 5.11: Cryo-TEM micrographs of samples shock frozen from room temperature
(left column) and 5°C samples (right column). Vesicles consisting of
POPC/DMPE-DTPA complexed with Dy3* (A) and without complexed
lanthanides (B) are shown. Vesicles in row C are composed of POPC
and DMPC. The molar ratio of the lipids was 4:1 in all three samples.
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Figure 5.12: Cryo-TEM micrographs of vesicles consisting of POPC/DMPE-
DTPA-Tm in a molar ratio of 4:1:1 taken from samples frozen from 5°C.

Arrows point to edges in the membrane of the vesicles. Right: Zoom of
5°C micrograph in Fig.5.10 A

25T

POPC/POPE-DTPA-Tm3*

Figure 5.13: Cryo-TEM micrographs of POPC/POPE-DTPA-Tm taken from samples
at room temperature (left) and at 5°C (right).
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5.3.3 *'P NMR Measurements

3P NMR measurements were carried out with POPC/DMPE-DTPA-La and
POPC/DMPC. Lanthanum instead of thulium or dysprosium was used to prevent
line shift and broadening of the NMR spectrum. Fig.5.14 left shows the 3P NMR
spectra of POPC/DMPE-DTPA:La at 2.5, 25 and 30°C. At low temperatures the
spectra is a powder pattern (Fig.5.14 C). If temperature is raised the isotropic peak
becomes increasingly pronounced (Fig.5.14 A-B). For the sample with pure phos-
pholipids (POPC/DMPC) 3P NMR spectra were taken at 2.5 and 30°C (Fig.5.14
right). The powder pattern is again dominant at low temperatures (Fig.5.14 E), at
30°C (Fig.5.14 D) the isotropic peak is more pronounced.

A) 30°C
B) 25°C D) 30°C
C) 2.5°C E)2.5°C
| ] | ] | ] | ] | I j I j I j I j I
40 20 0 -20 ppm 40 20 0 -20 ppm

Figure 5.14: Left: 3P NMR-spectra of POPC/DMPE-DTPA La at 30°C (A), 25°C
(B) and 2.5°C (C). Right: P NMR-spectra of POPC/DMPC at 30°C
(D) and 2.5°C (E). Powder pattern dominates the spectrum at low tem-
perature whereas at higher temperature the isotropic peak is more pro-
nounced.
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5.3.4 DSC

DSC curves were recorded for samples containing vesicles of POPC and for vesicles
of a mixture of 80% POPC and 20% DMPE-DTPA-Tm. The POPC concentration
was the same in both samples. Fig.5.15 shows the two curves, separated for better
distinction. Dark gray is POPC/DMPE-DTPA-Tm, light gray POPC. In the case of
POPC a sharp endothermic peak is visible, whereas for POPC/DMPE-DTPA-Tm no

clear peak is visible.
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Figure 5.15: Differential scanning calorimetry curves from vesicles of POPC (gray
curve) and POPC/DMPE-DTPA-Tm (black curve). The curves are sep-
arated for better distinction. Note that in a mixture of POPC with
20% DMPE-DTPA-Tm, neither POPC nor DMPE-DTPA-Tm exhibits
a sharp peak. The total concentration of POPC was the same in both
samples.

5.3.5 Vesicle Size Analysis from SANS and Cryo-TEM Data,
Compared to DLS Measurements

The average size of the vesicles expressed by the hydrodynamic diameter was de-
termined by dynamic light scattering (DLS) at room temperature and compared to
the size determined by analyzing cryo-TEM micrographs and SANS data. Tab.5.2
shows the DLS results for all the samples investigated. The vesicle sizes correspond
qualitatively to the observed vesicle sizes in the cryo-TEM micrographs. The size of
the standard sample, POPC/DMPE-DTPA-Tm was analyzed in more detail.
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Table 5.2: Hydrodynamic diameter (Dy) obtained with DLS at room temperature of
the vesicle samples used in SANS and cryo-TEM measurements.

Vesicle Formulation Dy
[nm]
POPC/DMPE-DTPA-Tm 108.6
POPC/DMPE-DTPA -Tmago,  146.2
POPC/DMPE-DTPA-Dy 111.8
POPC/highDMPE-DTPA-Tm  107.4
POPC/DMPE-DTPA 101.4
POPC/POPE-DTPA-Tm 96.6
POPC/DMPC 73.4

A detailed analysis of cryo-TEM micrographs of the POPC/DMPE-DTPA-Tm sample
frozen from room temperature and from 5°C was made. It yielded a diameter of
88.6 nm + 24.2 nm at room temperature and a size of 82.6 nm =+ 19.6 nm at 5°C. The
corresponding probability density function (qg) and the cumulative size distribution
function (Qq) are plotted in Fig. 5.16, together with the size distribution gathered from
DLS measurements. The size distribution from DLS-measurements has an average
of 108.6 nm, which is slightly higher than the averages obtained from cryo-TEM
micrographs. This can be explained by the underestimation of small vesicles by DLS,
which was described by Egelhaaf et al. (1996). Cryo-TEM micrographs allow the
precise determination of individual vesicles sizes, but do not average over the whole
sample volume as DLS.

The SANS curves were interpreted using Guinier analysis. Guinier analysis of low
q range scattering data provides the radius of gyration, Rg, following Eq.5.1. As a
vesicle represents a thin spherical shell, the radius of gyration is equivalent to the
vesicle radius. In the high ¢ range, Guinier analysis can be used to determine the
thickness of the vesicle membrane. For this, the radius of gyration is first determined
using Eq. 5.3, where c¢ is a constant. As a vesicle membrane represents a local planar
structure in this q range, the thickness of the membrane t is v/12 R (Hjelm et al.,
2000). According to Eq. 5.2 a plot of the logarithm of the scattering intensity inl(q)
against the square of the scattering vector ¢ gives a linear regime at small ¢ values
with the slope —RZ% /3.
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Figure 5.16: Probability density function qo (left) and size distribution function Qg
(right) of vesicles consisting of POPC/DMPE-DTPA-Tm gathered from
cryo-TEM micrographs analysis (circles) and from DLS measurements
(squares). Temperatures are 22°C (closed symbols) and 5°C (open sym-
bols).

1
I(q) = Iyexp <—§q2RQG> (5.1)
L oo
In/(q)=1Inl,— 34 R, (5.2)
c
I(q) = 7P (—R%4%) (5.3)

Fig. 5.17 shows the Guinier approximation at the example of POPC/DMPE-DTPA-Tm
at 30°C and 0 T, yielding a diameter of 96.8 nm. The radius of gyration of POPC/DMPE-
DTPA-Tm obtained from Guinier fit of the SANS curve at 22°C is 48.3 nm, which
corresponds to the vesicle size obtained with cryo-TEM and DLS (Tab. 5.3).

In Fig. 5.18 the vesicle diameters obtained from Guinier fits for different temperatures
are plotted of vesicles consisting of POPC/DMPE-DTPA-Tm at 0 and 8T and of
POPC/DMPC at 8 T. For POPC/DMPE-DTPA-Tm at 0T (Fig.5.18, black open
circles) the diameter is around 96.6 nm at 30, 22 and 17.5°C, but decreases to 85.6 nm
when temperature is lowered to 2.5°C. The same sample at 8T (Fig.5.18, black
closed circles) shows the same temperature dependence, with a slight deviation in the
measured sizes. For POPC/DMPC at 8 T (Fig. 5.18, gray closed circles) the changes
in vesicle size are less pronounced with a slight increase at lower temperatures. The
observed temperature dependence was reversible.
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Figure 5.17: Radial averaged SANS curves of POPC/DMPE-DTPA-Tm at 30°C and
0T (open circles) and corresponding Guinier fit in the linear regime (solid
line). The linear equation of the Guinier fit is y = 6.8646 — 772.1882x.
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Figure 5.18: Vesicle diameter at different temperatures of POPC/DMPC (gray)

and POPC/DMPE-DTPA-Tm (black) at 0T (open symbols) and 8T

(closed symbols). The diameter of POPC/DMPE-DTPA-Tm vesicles

decreases reversibly with decreasing temperature, while the diameter of

POPC/DMPC vesicles stays more or less constant over the whole mea-

sured temperature range. The diameters were obtained from Guinier fits
of SANS data.

In Tab. 5.3 an overview of all the vesicle diameter of the standard sample POPC/DMPE-
DTPA-Tm obtained with the different measurement methods is given.
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Table 5.3: Vesicle diameter of POPC/DMPE-DTPA-Tm [nm] obtained with cryo-
TEM, SANS and DLS at different temperatures

Temperature ['C] Cryo-TEM (0 T) SANS (0 T) SANS (8 T) DLS (0T)

30 96.8 99.0

22 88.6 96.6 98.2 108.3
17.5 96.4 96.2

15 95.2 94.2

10 89.8 88.0

7.5 86.2

5 82.6 87.6 83.6

2.5 85.6 81.2

Guinier fits were also made of the sectoral averaged scattering patterns at 8T
and 2.5°C, indicating a different vesicle diameter in magnetic field direction than
perpendicular to it for POPC/DMPE-DTPA-Tm, POPC/DMPE-DTPA-Dy, and
POPC/highDMPE-DTPA-Tm (Fig.5.19).

120

100

80 7

60 1

40

Diameter [nm]

20

POPC/DMPE-DTPATM POP[fT/';'f\f‘T'JmMPE' POPC/DMPE-DTPADy POPC/POPE-DTPATM POPC/DMPC

Figure 5.19: Diameters of vesicles under a magnetic field of 8 T at 2.5°C, derived from
sectoral averaged SANS data. Diameters were obtained with Guinier
analysis. Dark gray: Diameters in direction of magnetic field. Light gray:
Vesicle diameters in perpendicular direction to magnetic field. Error bars
indicate the fit uncertainty.
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Figure 5.20: Sectoral averaged SANS curves at high q values of POPC/DMPE-
DTPA-Tm at 8T and 2.5°C where the membrane thickness can be de-
termined. Closed circles are in direction of magnetic field, open circles
perpendicular to the field and solid lines show corresponding Guinier fits.

Guinier fits of high g scattering data, measured at detector distance of 2m, were
made to determine the membrane thickness in direction of the magnetic field and
perpendicular to the field for the POPC/DMPE-DTPA-Tm sample at 2.5°C and 8 T
(Fig.5.20). The determined membrane thickness in field direction was 4.97 nm and
perpendicular to the field 3.45 nm.
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5.3.6 Permeability Measurements

Table 5.4: Overview of the permeability measurements made with samples contain-
ing 50 mM of quenched calcein. Sample formulation was the same as for
SANS measurements, except for POPC/DMPE-DTPA-Tm+Dy, where a
1:1 mixture of Tm?*" and Dy3** was complexed to DMPE-DTPA. Each
experiment was carried out without magnetic field as well, and the per-
meabilities compared. No magnetic field effect was found at any condition

tested.
Vesicle Formulation MF  Temperature profile
[T}
POPC/DMPE-DTPA-Tm 5.6 12h at 22°C
5.6 30°C to 5.5°C in 4h, back to 22°C in

15 min
5.6 12h at 17°C
5.6 30°C to 17°C back to 30°C, 8 cycles in 5h
5.6 30°C to 5.5°C in 4h back to 30°C in
30min, 4 cycles

POPC/DMPE-DTPA-Dy 5.6 12h at 22°C
POPC/DMPE-DTPA-Tmsponm 5.6 12h at 22°C
POPC/DMPE-DTPA-Tm 25mM 5.6 12h at 22°C
POPC/DMPE-DTPA 5.6 12h at 22°C

POPC/DMPE-DTPA-Tm-+Dy 5.6 12h at 22°C
5.6 12h at 18°C
5.6 12h at 25°C
5.6 12h at 12°C
5.6 30°C to 5.5°C in 4h, back to 22°C in
15 min
16.4 2h at 18°C
16.4 2h at 25°C

Permeability measurements were made with a series of vesicles containing a water sol-
uble fluorescence marker, calcein, which shows low fluorescence at high concentrations
(fluorescence is quenched), and becomes fluorescent once it passes the membrane and
gets diluted. By measuring the fluorescence before and after an experiment, informa-
tion was obtained about a possible leakage which may have occurred. The leakage
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of a sample exposed to a magnetic field was compared to the leakage of a sample
which experienced the same temperature profile without magnetic field. In none of
the experiments carried out a significant magnetic field effect on the permeability was
observed. In Tab. 5.4 the conditions of the permeability measurements are listed.
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5.4 Discussion

The magnetic field dependent anisotropy of the SANS scattering pattern clearly in-
dicates a magnetic field effect on some of the investigated vesicle formulations. As
mentioned in the introduction, the following possible magnetic field effects were con-
sidered: aggregation/fusion, budding/fission, deformation, alteration of permeability
and lateral segregation. No evidence for vesicle aggregation/fusion, budding/fission,
or change in permeability was found, as will be discussed below. However, the fact
that an anisotropic SANS scattering pattern was obtained is a clear indication that
a magnetic field induced orientation occurred. For this either the vesicle shape has
to be distorted or the membrane composition has to become inhomogeneous.

A model is now proposed, which is in agreement with all experimental data: Tem-
perature induced lipid demixing and domain formation, followed by magnetic field
induced domain orientation. This model is called the oriented domain model. For
our basic sample, POPC/DMPE-DTPA-Tm, a lowering of the temperature below a
critical temperature of 25°C, which is close to the phase transition temperature 1),
of DMPC (Koynova and Caffrey, 1998), leads to a demixing of the two phospholipids
and the formation of DMPE-DTPA-Tm rich domains. These DMPE-DTPA-Tm rich
domains grow as the temperature is lowered, leading to clusters of DMPE-DTPA-Tm
which have a sufficiently high magnetic susceptibility anisotropy to become oriented
in a strong magnetic field. The domains align with the domain normal parallel to
the magnetic field. Fig.5.21 depicts the oriented domain model of a basically spher-
ical vesicle containing two flat domains. The domains are assumed to consist of a
DMPE-DTPA rich bilayer in the rigid crystalline-analogue state, embedded in the
POPC bilayer in the fluid-analogue state. The two domains occupy an area of 20%
of the total vesicle surface, in approximation of the 4:1 molar ratio of POPC:DMPE-
DTPA used. Tm?3", which confers a large magnetic moment to the membrane, is
concentrated in the domain, making orientation with the domain normal parallel to
the magnetic field possible.

The fact that an identical scattering pattern of the vesicles at 8 T and 2.5°C (Fig. 5.3H)
is obtained whether the magnetic field is turned on before or after cooling the sample,
may indicate that the temperature decrease is responsible for a structural anisotropy,
which can then be oriented by magnetic fields. As mentioned above, it is proposed
that this structural anisotropy is caused by lateral segregation of the two lipids in the
system, providing a temperature dependent miscibility of DMPE-DTPA in POPC.
Temperature induced lateral segregation or demixing of multicomponent phospho-
lipid membranes is well documented. Most literature describes ternary mixtures
of two phospholipids with different phase transition temperatures and cholesterol
(Anghel et al., 2007; Baumgart et al., 2003; Imai, 2007; Korlach et al., 1999; Masui
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Figure 5.21: Sketch illustrating the magnetic field alignable domain model. A, B
and C show three drawings of a vesicle with two flat domains. DMPE-
DTPA-Tm is assumed to form solid domains (black in B and C) in a
solid-ordered state, surrounded by POPC (gray in B and C) in the liquid-
disordered state.

et al., 2006; Pencer et al., 2005a, 2007; Veatch and Keller, 2002; Yanagisawa et al.,
2007). Three distinct phase morphologies for giant unilamellar vesicles have been
detected by fluorescence microscopy (Veatch and Keller, 2002). Below a certain mis-
cibility temperature a phase separation of the two phospholipids occurs. If cholesterol
is present two coexisting liquid phases are formed. Without cholesterol the higher
melting lipid forms a solid domain in a liquid phase. Such solid domains assume
the form of flat plates (Lipowsky and Dimova, 2003). Lipid domains have also been
found on small unilamellar vesicles by SANS using contrast matching technique with
chaindeuterated phospholipids (Anghel et al., 2007; Imai, 2007; Masui et al., 2006;
Pencer et al., 2005a, 2007). Hartmann et al. (1977) have shown direct visualization
of lipid domains on giant vesicles by freeze-etch electron microscopy. Close observa-
tion of our cryo-TEM micrographs made evident that the vesicles are not perfectly
spherical, but often show edges in the membrane (Fig.5.12). In comparison, these
edges seem to appear more frequently in 5°C than in 22°C micrographs (Fig.5.10,
5.11). The only exception was POPC/POPE-DTPA-Tm, where no clear edges could
be identified (Fig.5.13). It is appears probable that demixing does not take place
because only one type of fatty acid is present in this sample.

A strong indicator for lateral segregation is the difference in membrane thickness
horizontal and perpendicular to the magnetic field direction at 8 T and 2.5°C, as
found by Guinier analysis of SANS data of the POPC/DMPE-DTPA-Tm sample
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(Fig.5.20). A membrane thickness of 3.45nm parallel to the magnetic field , and of
4.97 nm perpendicular to the field was found. The bilayer thickness of POPC has been
measured to be 3.82nm (Kucerka et al., 2006), which corresponds to the thickness
measured for the vesicle membrane part oriented parallel to the magnetic field. The
bilayer thickness of DMPC at 10°C has been measured to be 4.43nm by Pencer
et al. (2005b) and the radius of DTPA complexed with the lanthanide gadolinium
to be 2.95 A (Bammer et al., 2004). Without knowing the exact configuration of
the DMPE-DTPA-Tm head group, it can still be expected that DMPE-DTPA in
the solid ordered state forms a significantly thicker bilayer than POPC the liquid
disordered state, corresponding with the determined thickness differences parallel
and perpendicular to the magnetic field.

According to our model, the anisotropy of the SANS pattern has two origins. Firstly,
the scattering length density of DMPE-DTPA-Tm is different from the one of POPC.
The scattering length density of DMPE-DTPA-Tm in solid ordered state was esti-
mated to be 1.10x10* cm=2 (Bammer et al., 2004; Knoll et al., 1981; Nagle and
Tristram-Nagle, 2000; Tristram-Nagle et al., 2002) and of POPC in the liquid disor-
dered state to be 2.51x10% cm ™2 (Pencer et al., 2008; Vacklin et al., 2005). Therefore,
demixing of the lipids yields anisotropic scattering. Secondly, the average vesicle di-
ameter seen by SANS in horizontal direction is smaller than in vertical direction, due
to the flattened curvature of the domains, increasing the anisotropy of the neutron
scattering. Size information of the vesicles in the magnetic field was gathered by
Guinier approximation of the SANS data. Fig.5.18 shows that the Guinier size of the
vesicles follows the same temperature dependence with and without magnetic field,
with a maximal difference of 5% at 2.5°C. Guinier fits of sectoral averaged SANS
curves of samples with an anisotropic scattering pattern clearly show a different vesicle
diameter in direction of the magnetic field compared to the vesicle diameter perpen-
dicular to the magnetic field (Fig.5.19). This is a clear indication that the samples
are not perfectly spherical at low temperatures.

Some theoretical considerations can be made to compare the obtained Guinier vesi-
cle diameters perpendicular and parallel to the magnetic field with the expected
diameter reduction due to rigid domains, which represent flat membrane segments.
Fig. 5.22 shows a sketch of a vesicle with one flat domain. For the vesicles consisting
of POPC/DMPE-DTPA-Tm and POPC/DMPE-DTPA-Dy we assumed that the area
of the domain, Apgmain, accounts for 20 % of the total vesicle surface, Aycgicie, and
40 % for POPC/highDMPE-DTPA-Tm, according to the amount of chelator-lipid
(DMPE-DTPA) in the samples. Using Eq.5.4 - 5.6, and assuming a vesicle radius r,
of 50 nm, the short vesicle radius in direction of the domain r, can be calculated.
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Apesicle = 47‘(‘7”3 (5.4)
Adomain = 7”052[ (55
Tg = 7‘2 + rg (5.6)

According to the magnetic field alignable domain model (Fig.5.21), the domains
doped with Tm?* orient with their normal parallel to the magnetic field, resulting
in a reduced diameter in this direction (d” = rs + 7, assuming one domain, d; =
2 r, assuming two domains). In contrast, for domains doped with Dy**, the short
diameter would be perpendicular to the magnetic field as shown in Tab. 5.5.

Table 5.5: Comparison of Guinier vesicle diameters parallel d| and perpendicular d
to the magnetic field with expected diameters assuming one or two flat
domains, which are oriented in the magnetic field. For POPC/highDMPE-
DTPA-Tm, the assumption of one flat domain leads to a domain radius ry
of 63.2nm, which is larger than the vesicle radius, making this assumption
less probable. Guinier diameter were obtained by fitting sectoral averaged
SANS data at 2.5°C and 8T perpendicular and parallel to the magnetic

field.
POPC/DMPE- | POPC/highDMPE- | POPC/DMPE-
DTPA-Tm DTPA-Tm DTPA-Dy

vesicle diameter [nm| | vesicle diameter [nm| | vesicle diameter [nm]|

dy d dy d dy d
assuming
1 domain 100 72.4 - - 72.4 100
assuming
2 domains 100 7.4 100 44.8 7.4 100
Guinier
diameter  95.1 75.3 102.1 09.6 82.2 92.4

For vesicles consisting of POPC/DMPE-DTPA-Tm the theoretically assumed reduc-
tion of the diameter parallel to the magnetic field is in good agreement with the
obtained Guinier diameter. For POPC/highDMPE-DTPA-Tm the theoretical short
vesicle radius assuming two flat domains (44.8nm) is smaller than the obtained

Guinier diameter (59.6nm). This could indicate that more than two domains are
formed with increasing amount of DMPE-DTPA-Tm.

For POPC/DMPE-DTPA-Dy, the Guinier-fit diameters were 92.4 and 82.2nm, in
this case the smaller diameter was measured perpendicular to the magnetic field.
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Figure 5.22: Sketch of a vesicle with one flat domain, r, is the vesicle radius, r4 the
domain radius and r, the short vesicle radius in direction of the domain.

Comparison of Fig.5.8A to Fig.5.3H shows that the scattering pattern of DMPE-
DTPA-Dy is not identical to the scattering pattern of DMPE-DTPA-Tm rotated by
90°, as the anisotropy is less pronounced. According to our model, the POPC/DMPE-
DTPA-Dy sample undergoes the same temperature driven domain formation, with
the domain normal oriented perpendicular to the magnetic field. This explains the
90° shift in the anisotropy of the scattering pattern. Domains oriented with their
normal perpendicular to the magnetic field have an additional degree of freedom, as
they can rotate around an axis parallel to the magnetic field. This could explain
the less pronounced scattering anisotropy of POPC/DMPE-DTPA-Dy compared
to POPC/DMPE-DTPA-Tm. The POPC/highDMPE-DTPA-Tm sample shows a
much more pronounced anisotropy, indicating larger and more pronounced domain
formation (Fig.5.6). Domain formation may also occur for POPC/DMPC, and
POPC/DMPE-DTPA, as edges in the cryo-TEM micrographs indicate (Fig.5.11 B
and C), but they can not be oriented without lanthanides (see isotropic scattering
pattern for POPC/DMPC in Fig.5.9). In POPC/POPE-DTPA-Tm, no evidence of
domain formation is found (SANS: Fig. 5.7, cryo-TEM: Fig. 5.13). This could be due
to the fact that the temperatures investigated are above the phase transition tem-
peratures of both lipids, which is below 0°C. A sample consisting of DMPC/DMPE-
DTPA-Tm, where the phase transition temperature is around room temperature, has
been shown to form flat disks and is discussed in chapter 6.

NMR was used to confirm that the sample morphology is purely vesicular at the
temperatures where anisotropic SANS patterns were obtained, and that no struc-
tures were formed which had evaded the cryo-TEM analysis. 3'P NMR spectra of
POPC/DMPE-DTPA-Tm and POPC/DMPE-DTPA-Dy were difficult to interpret
because of line shift and broadening (data not shown). Instead, spectra recorded
of POPC/DMPE-DTPA:La are shown, where the diamagnetic La®>" was complexed
to the chelator instead of Tm?" or Dy**. This sample lost its magnetic orientabil-
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ity, and gave spectra similar to those of POPC/DMPC. 3'P NMR measurements of
POPC/DMPE-DTPA-La were made at 2.5°C, 25°C and 30°C and of POPC/DMPC
at 2.5°C and 30°C (Fig.5.14). For both samples a powder pattern with very small
isotropic contribution at 0 ppm was obtained at 2.5°C, which is in agreement with
the purely vesicular structure found with cryo-TEM. At 25°C and 30°C the isotropic
peak becomes more dominant, representing faster lipid motion. For POPC/DMPE-
DTPA-La NMR spectra were recorded in the following order: 25°C, 2.5°C, 25°C,
30°C, 25°C. The three spectra at 25°C were identical, indicating that no irreversible
structure changes happened during heating or cooling of the sample, confirming the
reversibility of the SANS measurements.

As mentioned above, the following potential magnetic field effects have not been ob-
served: aggregation/fusion, budding/fission and alteration of permeability. Fusion,
fission or aggregation would lead to a change in size distribution. The size distribution
was monitored with DLS, SANS and cryo-TEM. SANS and cryo-TEM results indi-
cate a slight decrease in vesicle size when temperature is lowered (cryo-TEM Fig. 5.16,
SANS Fig.5.18), contradicting fusion and aggregation. Significant aggregation, fu-
sion or fission of vesicles would have lead to a more drastic size change and were not
observed in the cryo-TEM pictures. DLS measurements before and after SANS mea-
surements show that no irreversible change in size distribution had occurred (Tab. 5.2
lists results before SANS measurements). It appears improbable that fusion, fission
or aggregation would be totally reversible. Furthermore, fusion and fission could not
have explained the structural anisotropy required for magnetic orientation.

Budding vesicles would also represent an anisotropic structure. Even though no proof
against magnetic field induced budding for our samples can be given, no result was
found supporting it. While temperature induced budding has been observed for giant
vesicles (Baumgart et al., 2003), budding is not likely to happen for small unilamellar
vesicles with the highly curved membrane due to energetical reasons (Lipowsky and
Dimova, 2003). Additionally, no hint for budding of vesicles without magnetic field
can be found in cryo-TEM micrographs (Fig. 5.10, 5.11, 5.13).

The anisotropy required for magnetic orientation could have been explained by vesi-
cle aggregates with a non spherical over all shape, but has not been observed, as
mentioned above. Another possible explanation for the anisotropy could have been
the deformation of vesicles from spherical to ellipsoidal shape. Comparison of cryo-
TEM micrographs at 5°C and at room temperature show no temperature induced
ellipsoidal deformation of any sample investigated, contradicting a possible magnetic
field orientation after ellipsoidal deformation caused by low temperatures (Fig.5.10,
5.11). Some ellipsoidal vesicles consisting of POPC/POPE-DTPA-Tm were found at
both temperatures (Fig. 5.13), however no significant anisotropy in scattering pattern
was found for this sample (Fig.5.7). Fitting of SANS data with a ellipsoidal shell
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form factor could not satisfyingly describe the SANS curves.

Leakage measurements of calcein through the vesicle membrane showed no effect of
the magnetic field on membrane permeability. Lowering the temperature below room
temperature increased the permeability of all the samples tested. Leakage occurs
preferentially at packing defects in the bilayer structure (Ono et al., 2002). Such
defects are found at the edges of domains. The fact that the magnetic field has no
influence on the permeability of the vesicles indicates that the domain formation itself
is not influenced by the magnetic field, but by temperature. The domains could then
reposition themselves in the POPC membrane to achieve a lowest energy state, with
an orientation in the magnetic field depending on the lanthanide used.

A mathematical form factor for oriented flat domains in spherical vesicles is under

preparation and will be used to fit the SANS data in order to test the oriented domain
model.
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5.5 Conclusion

The results presented in this chapter show that vesicles consisting of mixtures of
POPC and DMPE-DTPA complexed with paramagnetic lanthanides (Tm3*, Dy3")
react to magnetic fields at low temperatures. This reactivity originates from a tem-
perature dependent demixing of the two lipids, leading to solid domains of DMPE-
DTPA-Lanthanide surrounded by POPC in fluid-analogue state. The domains have
the shape of flat disks and assemble the large magnetic moments conferred by the
lanthanides. The whole domain thus becomes orientable in the magnetic field. The
direction of alignment can be selected by the type of lanthanide used. The domains
orient with their normal perpendicular to the field with dysprosium, and parallel to
the field with thulium.
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6.1 Introduction

Bilayered micelles, or “bicelles” are an important system for the study of membrane
proteins with high resolution NMR. The term “bicelle” is used in this work to denote
a small disk like aggregate, usually formed by a mixture of a long chain phospholipid
and a detergent or short chain phospholipid (Katsaras et al., 2005). The most com-
mon bicelle formulation is DMPC/DHPC, where DMPC (1,2-dimyristoyl-sn-glycero-
3-phosphocholine) forms the flat part of the disk and DHPC (1,2-dihexanoyl-sn-
glycero-3-phosphocholine) covers the edge (Katsaras et al., 2005). In addition to these
bilayered disks, mixtures of DMPC and DHPC can form other morphologies, depend-
ing on temperature, molar ratio of DMPC:DHPC and lipid concentration (Harroun
et al., 2005; Katsaras et al., 2005; Nieh et al., 2001, 2002; Triba et al., 2005, 2006; van
Dam et al., 2004, 2006). The origin of the different morphologies lies primarily in the
temperature and concentration dependence of the miscibility of the two lipids (Triba
et al., 2005). As the temperature is raised, DHPC becomes increasingly soluble in
DMPC, in consequence, less DHPC is available to cover the edges of the bicelles. As a
result much larger structures are formed, such as chiral nematic ribbons or perforated
lamellar sheets (Katsaras et al., 2005; Soong and Macdonald, 2008).

These types of structures are suitable to be aligned in magnetic fields. The force
causing the alignment of the system is the anisotropy of the diamagnetic susceptibil-
ity of the phospholipids, resulting in a preferred orientation with the long molecular
axis perpendicular to the magnetic field (Qiu et al., 1993). The orientation of a single
molecule is opposed by the thermal fluctuation £7T. In a bilayer, where the molecules
are mostly aggregated parallel to each other, the magnetic anisotropy becomes addi-
tive and macroscopic orientation of the aggregates in magnetic fields is feasible (Qiu
et al., 1993).

The magnetic orientability can be influenced by doping the membrane with para-
magnetic lanthanides possessing a large magnetic moment (Binnemans and Gorller-
Walrand, 2002; Nieh et al., 2002; Prosser et al., 1998b). As such, the lanthanides
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are often anchored to the membrane by a complexing agent (DTPA, diethylenetri-
aminepentaacetate) which is covalently bound to a phospholipid head group (DMPE-
DTPA).

While DMPC/DHPC is the most widely studied system, related bicellar formula-
tions have been investigated as well. It has been shown that bicelle formation is
still observed if the chain length of the two saturated lipids is varied to some ex-
tend (De Angelis and Opella, 2007; Hare et al., 1995; Triba et al., 2006; Wang
et al., 1998; Whiles et al., 2002). Furthermore addition of small amounts of the
monounsaturated lipid POPC does not hinder the formation of bicellar structures
(De Angelis and Opella, 2007; Triba et al., 2006). Moreover it is possible to re-
place the short chain phospholipid DHPC by the bile salt analogue CHAPSO (3-
[(3-cholamidopropyl)dimethylammoniol|-2-hydroxy-1-propanesulfonate) (Sanders and
Prestegard, 1990). By adding small amounts of charged lipids, such as DMPG (1,2-
dimyristoyl-sn-glycero-3-|phospho-rac-(1-glycerol)|), the long term colloidal stability
can be enhanced (Prosser et al., 1998b). The pH stability was increased by using
ether-linked phospholipids (Aussenac et al., 2005; Cavagnero et al., 1999; Ottiger and
Bax, 1999). Formation of bicelles has also been found for mixtures of phosphatidyl-
cholines and polethyleneglycol-conjugated lipids (PEG-lipids) (Johansson et al., 2005,
2007; Johnsson and Edwards, 2003; Sandstrom et al., 2008). In such systems the
PEG-lipids are located preferably in the highly curved edges of the disk, whereas the
phospholipids, often with cholesterol, form the planar part of the disk (Johansson
et al., 2007; Johnsson and Edwards, 2003).

This chapter reports on an investigation of a mixture of DMPC and DMPE-DTPA
which contained complexed lanthanide ions. The two phospholipids used here -
DMPC and DMPE-DTPA - have the same acyl-chain length, but differ in head-
group size. The system was studied with small angle neutron scattering (SANS)
measurements, cryo-transmission electron microscopy (cryo-TEM) and 3'P NMR-
spectroscopy. The SANS measurements were performed in a magnetic field of 8 T,
at temperatures ranging from 2.5 to 30°C with DMPE-DTPA which contained com-
plexed thulium ions (Tm?®"). For the NMR measurements, Tm*" was replaced by
the diamagnetic lanthanum ion (La") in order to prevent line shift and broadening
(Prosser et al., 1998b).

It was found that after appropriate preparation steps, i.e. extrusion through a poly-
carbonate membrane followed by a cooling step, bicelles formed from the phospholipid
mixtures, without any need for a short chain lipid to cover the bicelle edge.
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6.2 Materials and Methods

6.2.1 Materials

The phospholipids, 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 1,2-
dimyristoyl-sn-glycero-3-phosphoethanolamine-diethylene-triamine-pentaacetate
(DMPE-DTPA), were purchased as chloroform solution from Avanti Polar Lipids
(Alabaster, AL) and used without further purification. TmCls3 (99.9%), LaCl;
(99.9%), D20 (99.9 atom % D) used for samples containing Tm?3** and D,O (99.9
atom % D, containing 0.05 wt.% 3-(trimethylsilyl)propionic-2.2.3.3-d4 acid, sodium
salt) used for sample containing La*" were from Sigma-Aldrich (Buchs, Switzerland).
Stock solutions of 10 mM TmCl; in MeOH and of 10 mM LaCl; in MeOH/H20 (19/1
v/v) were prepared.

6.2.2 Bicelle Preparation

After weighing the lipid solution and lanthanides into a round bottom flask, chlo-
roform and methanol were evaporated under a rotary evaporator followed by resid-
ual solvent removable under high vacuum overnight. The so formed dry lipid film
was hydrated with D,O and vortexed until a homogeneous suspension was obtained.
Since La®** was not completely dispersed, the pH of the suspension was adjusted
to 7 with 0.1 M NaOH in H,O. Five repeated freeze - thaw cycles were carried out
by plunging the flask into liquid nitrogen followed by slow heating above the phase
transition temperature (about 40 to 45°C). The extrusion was performed under ni-
trogen at 40°C with “The Extruder” from Lipex Biomembranes (Vancouver, Canada)
and Nucleopore polycarbonate membranes from Sterico (Dietikon, Switzerland) (Mui
et al., 2003; Walde and Ichikawa, 2001). The suspension was first passed 10 times
through a membrane with 200 nm pores, followed by 10 times through a membrane
with 100 nm pores. If samples were prepared without extrusion large lamellar struc-
tures were formed, even after freeze - thaw cycles. All samples were prepared with
a DMPC:DMPE-DTPA:Lanthanide ratio of 4:1:1 and a total lipid concentration of
15mM. The samples are denoted as DMPC/DMPE-DTPA-Tm or DMPC/DMPE-
DTPA La in the text. Samples were stored at room temperature before measurements
and were stable over at least one week.
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6.2.3 Cryo-TEM

The samples were analyzed by cryo transmission electron microscopy (cryo-TEM). A
volume of 3.5 pl of the bicellar suspension was mounted onto holey carbon grids (from
Quantifoil, Jena, Germany), blotted to make thin aqueous films under controlled
temperature, followed by plunging into liquid ethane at the temperature of liquid
nitrogen. For samples frozen from room temperature and from 30°C a VitrobotTM
apparatus (from the FEI company, Eindhoven, The Netherlands) was used. For the
samples frozen from 5°C, the sample was pre-cooled in a water bath and the manual
blotting apparatus was transferred into a cold room with 5°C 4+ 0.5°C. Every part of
equipment coming into contact with the sample was held for at least 4h in the cold
room prior to sample freezing. The grids were examined at the temperature of liquid
nitrogen using a cryo-holder (model 626, from Gatan, USA) and a Tecnai G2 F20
microscope (from the FEI company) equipped with a field emission gun and Tridem
energy filter (from Gatan) operated at an accelerating voltage of 200kV. The data
were recorded by a 2048 x 2048 CCD camera (from Gatan).

6.2.4 SANS

SANS experiments were performed on the SANS-I beam line at PSI, Villigen, Switzer-
land using a super conductive magnet with horizontal field of 8 Tesla perpendicular to
the neutron beam. The neutron wavelength was fixed at 8 A. Data were collected on
a two-dimensional *He detector at distances of 2, 6, and 18 m covering a momentum
transfer q of 0.003 < q < 0.15 A=, After correction for background radiation, empty
cell scattering and detector efficiency, the 2D intensity maps were radial averaged
and sectoral averaged with an opening angle of 15 ° perpendicular and parallel to the
magnetic field direction. Data was fitted with a form factor for partly aligned flat
cylinders.

6.2.5 SANS Model for Partly Aligned Flat Cylinders

The scattering intensity of a flat cylinder I.,(¢) with a given orientation 7 relative
to the scattering vector is given by Eq. 6.1 (Hayter and Penfold, 1984).

qL

2
Ji (qRsin~y) sin (% cos )
qRsinvy 5 Cos7y

Ly(g,7) = (27TR2LA77
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where ~ is the angle between the scattering vector ¢ and the cylinder axis 7. L is the
length of the cylinder, R its radius, An the scattering length density contrast relative
to the solvent and J;(z) is the first order Bessel function of the first kind. v can be
calculated (see Fig.6.1) from the orientation (6,¢) of the cylinder and the direction
of the scattering vector ¢ in the plane of the detector by Eq.6.2.

- cos Y cos
cosy = g — = 0 - | sinfsing | =costycosf+sinysinfcosp (6.2)
117 sin ¢ sin @ cos ¢

If the orientation distribution of the orientation vector 7 is described by p(6,¢) the
scattering intensity is given by Eq. 6.3

qRsin~y % cos 7y

7 T . . (qL 2
Icyl(Q) — /0 /02 d@dgbsm (e)p(97¢> (27TR2LAT]J1 (qRSIHV) Slﬂ( 2 COSW)) (63)

For this form factor it is assumed that the orientation distribution is independent of
o, i.e. p(0,6) = p(#) and that p(f#) = p(m-6), which means that turning the cylinder
by 180° results in the same scattering intensity. Instead of assuming a special pa-
rameterization of p() the orientation distribution was expanded in terms of Legendre
polynomials P;(cosf)

[e.9]

v = Y LR Peos) (6.4)

1=0,even

Due to the symmetry p(6) = p(7-0) all terms with odd values for [ are zero and only
the even terms need to be considered. During our analysis it turned out that it was
sufficient to consider only the terms I = 0 and 2. As [ p(#)sinfdf = 1 the zero
order parameter is (FPy) = 1, so that (P,) is the only fit parameter of the orientation
distribution. (P) can vary between -1/2 (perfectly aligned in the direction 6 = 7)
and 1 (perfectly aligned in the direction § = 0 ). The Legendre polynomial Py (cos 6)
is defined as Py(cosf) = £ (3cos?d — 1).
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beam

Figure 6.1: Sketch which defines the angles of the orientation 7 of partly aligned disks
relative to the scattering vector ¢.

6.2.6 3'P NMR

3'P NMP spectra were acquired at 283 MHz using a Bruker Biospin spectrometer
operating with a 16.4 T field. Temperature was adjusted with a flow of cold nitrogen
gas, heated to the appropriate temperature.
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6.3 Results and Discussion

In the context of a study of possible effects of magnetic fields on phospholipid vesicles
(chapter 5), it was found that a mixture of DMPC and DMPE-DTPA with com-
plexed lanthanides in a molar lipid ratio of 4:1 and a lipid concentration of 15mM in
water forms non vesicular structures. These structures were now investigated using
SANS, cryo-TEM and NMR-spectroscopy. SANS and cryo-TEM are complementary
methods for structure determination of self-assembly systems. While SANS yields av-
erage information over the whole sample volume, cryo-TEM is a model independent
measurement method, whereby individual objects can be observed directly.

6.3.1 Cryo-TEM Measurements

Cryo-TEM micrographs were taken of a mixture of DMPC and DMPE-DTPA with
complexed thulium (DMPC/DMPE-DTPA-Tm). Fig.6.2 shows small disks of phos-
pholipids (bicelles), which are randomly oriented. Some of the bicelles are seen edge-
on (a in Fig.6.2) or face-on (b in 6.2) The bicelles have a radius of roughly 20 nm.

Cryo-TEM micrographs of DMPC/DMPE-DTPA-La frozen from 22°C are shown in
Fig.6.3. The presence of bicelles is again obvious. Fig.6.3 A is taken at a tilting
angle of 0° whereas the sample in Fig. 6.3 B was tilted at 30°. The ice crystal (arrow
b) in both micrographs can be taken as a reference point, the bicelle next to it (arrow
a) is seen edge-on in Fig.6.3 A and face-on in Fig.6.3 B. Fig. 6.4 shows a sketch to
clarify how the two micrographs in Fig. 6.3 were obtained. The solid line in Fig. 6.3A
is parallel to the tilting axis of the sample holder. By tilting the sample holder the
projection of the electron beam through the sample changes, exposing surfaces which
were not visible without tilting. For example, the bicelle shown with arrow (a) is
seen edge-on in Fig. 6.3A. By tilting the sample holder, the outline of the projection
becomes ellipsoidal, thus proving the disk shape of the object. In comparison, the
spherical ice particles indicated by arrow (b) do not change significantly in the tilted
projection, neither would e.g. a spherical vesicle.

Micrographs taken from DMPC/DMPE-DTPA-La frozen from 30°C show bicelles
corresponding in shape and size to those shown in Fig. 6.3 (data not shown).

89



6 Bicelles

Figure 6.2: Cryo-TEM micrograph of the sample used for SANS measurements show-

ing bicelles formed by DMPC/DMPE-DTPA complexed with Tm?*" at
5°C. Arrows point to bicelles edge-on (a) and face-on (b). Scale bar =
200 nm.

Figure 6.3: Cryo-TEM micrographs of bicelles formed by DMPC/DMPE-DTPA-La at

90

22°C. A is taken at 0° tilting angle and B was taken at a tilting angle of
30° around the axis shown by the solid line. Arrow (a) points to the same
bicelle edge-on (A) and face-on (B). Arrow (b) points to a contamination
of ice crystal as reference point. Scale bar = 100 nm.
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|| Sample holder tilted 30°

+— Electron beam

Sample holder
— Sample holder tilting axis
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Plane of projection

Figure 6.4: Sketch illustrating how the two cryo-TEM micrographs in Fig. 6.3 were
obtained. The solid line is parallel to the tilting axis of the sample holder.
By tilting the sample holder by 30° the projection of the electron beam
through the sample changes, exposing surfaces which were not visible
without tilting. For example, the bicelle shown with arrow (a) is seen
edge-on in Fig.6.3 A. By tilting the sample holder, the outline of the
projection becomes ellipsoidal, thus proving the disk shape of the object.
In comparison, the spherical ice particles indicated by arrow (b) do not
change significantly in the tilted projection.

The importance of the extrusion step during preparation is illustrated in Fig.6.5.
Fig.6.5 A shows a mixture of DMPC/DMPE-DTPA-Tm after rehydration and be-
fore the freeze-thaw cycles, Fig.6.5 B show the same sample after five freeze-thaw
cycles, before extrusion. Predominantly large lamellar structures are seen in both
micrographs, and no bicelles are found. The small structures in Fig.6.5 A could be
either ice contamination from the freezing procedure or phospholipid micelles, which
are destroyed in the following freeze-thaw cycles.
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Figure 6.5: Cryo-TEM micrograph of a mixture of DMPC/DMPE-DTPA-Tm at
22°C. (A) is taken from a sample after rehydration and before the freeze-
thaw cycles, (B) after the freeze-thaw cycles but before the extrusion step.
Scale bar = 200 nm.

6.3.2 SANS Measurements

SANS measurements were made with the same sample of DMPC/DMPE-DTPA-Tm
as used for cryo-TEM. The experiments were carried out in presence of a magnetic
field of 8 T. After an initial measurement at 30°C the temperature was lowered step-
wise to 2.5°C. Measurements were made at 30, 22, 17.5, 15, 10, 7.5, 5 and 2.5°C
respectively. The SANS curves were fitted with a model for partly aligned flat disks
(chapter 6.2.5), in accordance to the bicelle structures observed with cryo-TEM and
to the slight anisotropy of the SANS pattern, which clearly indicates an orienta-
tion in the magnetic field. Fig.6.6 shows the SANS sectoral intensity average of
DMPC/DMPE-DTPA-Tm at 2.5°C and 8T from overlayed curves from 18 m, 6 m,
and 2.5 m detector distance, as well as the corresponding fit. The bicelle radius R for
the best fit was 17.1nm and bilayer thickness L was 4.3nm, in agreement with the
size of the bicelles found by cryo-TEM. The second order parameter of the Legendre
polynomial series P, for the best fit was 0.058. The corresponding orientation dis-
tribution (inset Fig.6.6) indicates that the probability of bicelles oriented with the
normal parallel to the magnetic field (§ = 0) is slightly higher than the probability
of an orientation perpendicular to the magnetic field (0 = 7/2).
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Figure 6.6: Sectoral averaged SANS curves of DMPC/DMPE-DTPA-Tm at 2.5°C and
corresponding fit with a model for partly aligned flat cylinders. Filled
symbols mark the 15° horizontal sector in direction of the magnetic field
and open symbols the 15° vertical sector perpendicular to the magnetic
field. Fit results indicate an orientation with the bilayer normal parallel
to the magnetic field as shown in the orientation distribution (inset).

At temperatures between 2.5°C and 22°C SANS measurements were made at 18 m
detector distance only. While this g-range contains information about the overall
size of the bicelles, no information is given about the thickness of the bicelle and an
exact fit of the orientation is not possible. Guinier fits at all temperatures showed
no significant difference in the bicelle radius and no particular trend was observed.
At 30°C additional SANS measurements were carried out with detectoral distance
of 6m. Like at 2.5°C, these resulting sectoral averaged SANS curves could be fitted
to a model for partly aligned flat cylinders. The bicelle radius R for the best fit
was 18.5nm, bilayer thickness L 3.9nm and 2nd order parameter of the Legendre
polynome series P, for the best fit was 0.031. The result indicates that at 30°C
bicelles are slightly bigger and less thick than at 2.5°C, as can be expected for lipids
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in the fluid-analogue state above T,, = 25°C (Caffrey and Hogan, 1992; Koynova
and Caffrey, 1998). Faster lipid motion at higher temperatures can explain the less
pronounced orientation.

6.3.3 *'P NMR Measurements

3P NMR spectra were recorded from the sample analyzed by cryo-TEM shown
in Fig. 6.3 (DMPC/DMPE-DTPA-La). Diamagnetic La*" instead of paramagnetic
Tm3" was used in order to prevent shifts and broadenings of the NMR. line. The
spectra shown in Fig. 6.7 were recorded in sequence from top to bottom. All spectra
showed a single broad resonance at the position of the isotropic chemical shift. This
is in contrast to what would be expected for i) oriented structures or ii) larger enti-
ties such as vesicles. The first measurement (Fig. 6.7 A), taken at room temperature
right after extrusion, shows an isotropic peak at —1ppm. Cooling the sample to
5°C increased the width (Fig.6.7 B), typical for slower phospholipid motion at this
temperature. Reheating the sample (Fig. 6.7 C) resulted in a spectrum differing from
the one recorded before the cooling step (Fig.6.7 A). The peak is now considerably
narrower, indicating that an irreversible change in the size of the bicelles occurred.
If the cooling cycle is performed outside of a magnetic field in a water bath (10h
at 5°C) an identical NMR~spectrum as the one shown in (Fig.6.7 C) is obtained.
This size reduction of the bicelles by a cooling step is supported by size evaluation
of cryo-TEM micrographs. Bicelle radius in the micrograph of a sample before the
cooling step were 20 £8 nm whereas bicelles in the micrographs of the sample after
the cooling step had a size of 18 £5nm. Heating the sample to 40°C (Fig.6.7D)
and cooling it back to room temperature did not lead to any further changes in the
NMR-spectrum (comparison of Fig.6.7C and Fig. 6.7E). All NMR spectra recorded
are in agreement with small bicelles, whose rates of tumbling determine the width of
the resonance. Cooling the sample to 5°C for around 10h led to a homogenization
and a slight size reduction of the bicelles.

Structural information obtained with all three methods used, SANS, cryo-TEM
and 3'P NMR is consistent with small dispersed disk in a aqueous mixture of
DMPC/DMPE-DTPA complexed with either Tm?*" or La®t. Important for the
preparation is an extrusion at 40°C. Furthermore a cooling step at 5°C can help
to homogenize the disks to an average size of 35nm. Samples with thulium can
be oriented in a magnetic field (8 T), as shown with SANS, whereas samples with
lanthanum show no orientation in the magnetic field as shown with NMR.

94



6.3 Results and Discussion
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Figure 6.7: 3'P NMR spectra of DMPC/DMPE-DTPA-La bicelles at (A) T = 22°C,
right after extrusion step, (B) 5°C, (C) 22°C, (D) 40°C, (E) 22°C. The
difference in peak width between (A) and (D) indicates the irreversible
decrease of the bicelle size. Heating of the sample up to 40°C causes
no irreversible change in the 22°C spectra (comparison C and E). The
isotropic peak at —1 ppm correspond with small and fast tumbling bicelles.
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6.4 Conclusion

In this chapter, it is shown that bicelles can be formed from a mixture of DMPC
and DMPE-DTPA-Lanthanide. Usually, phospholipid bicelles consist of a long chain
phospholipid plane with a short chain lipid covering the edges (Katsaras et al., 2005).
Here, bicelles are shown which are formed with only one type of fatty acid tail,
myristoyl. The necessary local curvature to cover the edge of the bilayer disk is most
likely induced by the large headgroup of DMPE-DTPA complexed with either Tm?*
or La*™ (Fig.6.8).
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Figure 6.8: Sketch of a bicelle formed by a mixture of DMPC, building the bilayered

center of the disk and DMPE-DTPA complexed with Tm?* covering the
edges.

The method of preparation, including extrusion through a polycarbonate membrane
followed by a cooling step, is essential to obtain the bicelles. The so formed bicelles
are stable over a temperature range of 2.5°C to 30°C for at least one week as shown
with SANS and cryo-TEM. SANS data obtained in a magnetic field of 8 T indicate
that bicelles with thulium attached to DMPE-DTPA are slightly orientable with the
bilayer normal parallel to the magnetic field.
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7 Concluding Remarks and
Outlook

Within the scope of this work, a magnet rheometer laboratory was set up (chap-
ter 3) and used to investigate the influence of strong magnetic fields on biomolecular
assemblies formed by two types of glycerol based lipids. The first was a triacyl-
glyceride mixture in the form of cocoa butter, the second was phosphatidylcholine
forming vesicles and bicelles. The experiments made in the rheometer laboratory were
complemented by a number of other investigative methods, such as SANS under mag-
netic field, 3P NMR, DSC, DLS and cryo-TEM. As explained in the introduction,
molecular assemblies are more promising to react to magnetic fields than individ-
ual molecules, because of the randomizing thermal fluctuation, k7", which has to be
overcome.

Cocoa butter was crystallized under different conditions in a magnetic field. At
the conditions tested, no significant influence on the crystal type or crystallization
kinetics was found (chapter4). It is unclear, whether a magnetic field effect is not
observed because of the heterogeneous composition of cocoa butter, or whether the
experimental conditions were not suitable for a significant magnetic field interaction.
The results however indicate, that magnetic field crystallization of cocoa butter may
not be promising for industrial application, as the experimental conditions were set
close to industrial tempering conditions. However, additional experiments in stronger
magnetic fields coupled with strong field gradients could be considered, as described
in the introduction. Under these conditions, magnetic orientation of crystal nuclei
could in theory be coupled with a damping of natural convection, which occurs due to
density difference between the compact crystals and the liquid cocoa butter fraction.
As observed for crystallizing proteins, this may have an effect on the crystal quality.
Simulations of the magnetic field generated by the superconductive magnet used in
the magnet rheometer set up (chapter 3.2.2) yielded a maximal field gradient BV B
of 150 T?m~! close to the upper end of the bore, which corresponds to a reduction of
gravity of about 0.1g. A new magnet would be needed to achieve significant magnetic
field gradients.
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7 Concluding Remarks and Outlook

Combination of strong magnetic fields and strong field gradients could also be used to
further investigate the phospholipid structures, where a clear magnetic field effect was
found. Field gradients would induce an additional stress on the membrane, because
the lipids doped with paramagnetic lanthanides would be attracted in direction of the
field gradient, and the diamagnetic phosphatidylcholine background molecules would
be repulsed.

It was shown that vesicles composed of POPC and DMPE-DTPA with chelated lan-
thanides form magnetic field orientable domains at certain temperatures (chapter5).
The direction of orientation depends on the type of lanthanide used. An interesting
continuation of this work would be to form giant vesicles with the same composition
as the vesicles investigated here. Giant vesicles have a much larger aggregation num-
ber, and therefore can be expected to be more responsive to magnetic fields. The
use of giant vesicles would open up other possibilities. They are large enough to be
seen with light microscopy, which could allow direct observation in magnetic fields.
With the use of micro manipulators, asymmetric giant vesicles could be formed by
injecting one type of lanthanide into the vesicle, and adding another from the outside.
By using lanthanides with opposite sign of Ay, additional stresses could be applied
to the membrane.

Chapter 6 reports on a new bicellar structure formed of DMPC and DMPE-DTPA
with complexed lanthanides. This disk like planar structure slightly orients in mag-
netic fields. Related structures composed of a long chain and a short chain phospho-
lipid have been shown to orient in magnetic fields as well (see references in chapter 6),
but only when forming large lamellar phases or at very high total lipid concentrations.
Bicellar phases are used to orient trans membrane proteins for NMR measurements.
Could such structures be used for other applications?

Mixtures of DMPC and DHPC have exhibited a wealth of different morphologies,
some of them orientable in magnetic fields. Fig.7.1 shows an overview of currently
accepted morphologies. The complexity of DMPC/DHPC phase diagrams is due
to the temperature dependent miscibility of the two lipids, and the relatively high
solvability of DHPC in water. For some formulations, doping with Tm?* led to the
formation of an interesting smectic mesophase composed of large lamellar structures
which orient in magnetic fields (Katsaras et al., 2005; Nieh et al., 2002; Prosser et al.,
1998c¢) (7.1 C). Follow up work could investigate, whether such structures could be
modified to exhibit e.g. anisotropic optical or electrical properties, or be used to
direct mass transport. Optimized properties to look for would be orientability at
lower field strengths, increased rigidity, and less complex phase diagrams.
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The here presented novel bicellar structure, formed with all myristoyl fatty acid tails,
could represent a first step in this direction. Further investigation of this system
would help to gain a better understanding of the bicelle forming mechanism, allowing
for a more directed development of novel structures.

Figure 7.1: Different morphologies found for DMPC/DHPC lipid mixtures, adapted
from Katsaras et al. (2005). (A) A nematic phase of bicelles oriented with
the bilayer normals perpendicular to the externally applied magnetic field
(arrow). This type of orientation has only been observed for high total
lipid concentrations, and is believed to be due to a sterical interaction
between the bicelles. (B) A cholesteric or chiral nematic phase, where
bicellar layers twist in a helical formation. The high viscosity observed in
this phase is due to the entanglement of the elongated bilayered micelles.
(C) Positively aligned extended perforated lamellae, or smectic phases,
can form for systems doped with a lanthanide with Ay > 0 such as
Tm3*. The lamellar sheets are believed to be interspersed with holes
rimmed by DHPC. The appearance of this phase is opaque and fluid. (D)
An isotropic dispersion of bicelles. In this phase the bilayered micelles
are randomly distributed in the water solvent, exhibiting no long range
positional or orientational order. The solution is generally of low viscosity
and colorless. (E) Multilamellar and (F) unilamellar vesicles, with holes
rimmed by DHPC.

It would be of interest to further widen the search for magnetic field orientable struc-
tures. New types of chelator lipids were already successfully synthesized in this work.
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7 Concluding Remarks and Outlook

In a further step, the synthesis of lipids with additional desired properties for bi-
celle formation could be envisaged. For example, trials to optimize the system with
respect to rigidity and orientability in magnetic fields could be made with a poly-
merizable (crosslinking) lipid, containing a chelator molecule covalently bound to the
head group.
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