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Abstract

Xenon (129Xe) nuclei are sensitive probes for nuclear magnetic resonance (NMR)
applications. Spin exchange optical pumping yields a significantly increased Xe nuclear
spin polarization for studying interactions of the noble gas with other molecules at
dilute spin densities. Sensitivity can be further enhanced in dynamic systems where Xe
binds reversibly to macromolecular host structures. Such molecules can functionalize
the chemically inert atoms, which can then be used as reporters for Hyper-CEST
(chemical exchange saturation transfer of hyperpolarized nuclei), a novel and highly
sensitive molecular imaging technique.

Here we investigate the Hyper-CEST signatures of exchanging Xe in macromolecu-
lar hosts when interacting with dynamic biological model systems. This is required
for proper understanding of the Hyper-CEST signal formation.

The tendency of Xe and its hosts to embed into biomembranes was first discovered
in 2011. Biomembranes are complex and highly dynamic systems and are diverse in
terms of composition. We show that differences in biomembrane composition yield
different Hyper-CEST signals, which can be used to generate magnetic resonance
imaging (MRI) contrast based on membrane fluidity. This enabled us to detect changes
of biomembrane properties in terms of (i) fluidity phase, (ii) lipid raft formation,
(iii) cholesterol incorporation and (iv) pore formation, the latter upon antimicrobial
peptide action. Moreover, we took advantage of the hydrophobic-driven membrane
interaction to deliver Xe hosts as a MRI contrast agent selectively to cells via a
peptide-labeled nanocarrier, which bypasses elaborate chemistry of the host molecules.
Furthermore, we show that the competitive binding into host molecules between
Xe atoms and small organic molecules produced by enzymes can be used to detect
enzymatic activity.

The obtained results illustrate that Hyper-CEST can be used as an alternative
to optical methods for investigating biomembrane dynamics or enzymatic activity.
This can be particularly helpful when existing methods are not applicable, for ex-
ample fluorescence techniques in combination with opaque samples. Furthermore,
the gained knowledge will be substantial when interpreting Hyper-CEST data in
biological systems as biomembrane dynamics can interfere with other contrast-relevant
parameters, such as Xe host concentration. In particular the development of liposomal
nanocarriers will enable Hyper-CEST to be a complementary diagnostic imaging
method and help to understand the development, diagnosis and therapy of different
diseases, such as cancer.






Kurzzusammenfassung

Xenon-Kerne (129Xe) stellen sehr sensitive Sonden fiir Kernspinresonanzanwendungen
(NMR) dar. Eine deutlich erhohte Xe-Kernspinpolarisation kann durch optisches
Pumpen von Rubidium-Atomen mit darauffolgendem Spinaustausch erreicht werden.
Dies ermdglicht Studien iiber die Wechselwirkung des Edelgases mit anderen Molekiilen
bei geringer Spin-Dichte. In dynamischen Systemen kann mittels Xe-bindenden Makro-
molekiilen, die Sensitivitat zusétzlich erhoht werden. Solche Wirts-Molekiile dienen
auch dazu, die chemisch inerten Atome zu funktionalisieren, wodurch eine neuartige
sensitive NMR-Anwendung, die auf dem chemischem Austauschséttigungstransfer
von hyperpolarisierten Kernen (Hyper-CEST) beruht, moglich wird.

Hier untersuchen wir Hyper-CEST Signaturen von Xe-Atomen und deren Wechsel-
wirkung mit Molekiilen, in die sie vorriibergehend binden, in biologisch relevanten
Modellsystemen. Diese Studien ermdéglichen ein systematisches Verstdndnis des
Hyper-CEST-Signalaufbaus.

Im Jahr 2011 wurde zum ersten Mal die verstarkte Wechselwirkung von Xe-Atomen
und deren molekularen Bindungspartnern mit Biomembranen nachgewiesen. Biomem-
brane sind komplexe und hoch dynamische Systeme, die unterschiedlich aufgebaut
sein konnen. Wir zeigen, dass Unterschiede in der Biomembranzusammensetzung
zu unterschiedlichen Hyper-CEST-Signalen fithren, was zur Kontrastgenerierung in
der NMR-Bildgebung verwendet werden kann. Dies ermdoglichte die Detektion von
Anderungen unterschiedlicher Biomembraneigenschaften wie (i) der Phase der Biomem-
branfluiditét, (ii) der Separierung solcher Biomembranfluiditatphasen innerhalb einer
Biomembran, (iii) der Inkorporierung von Cholesterin und (iv) der Porenbildung,
wobei letzteres durch antimikrobielle Peptide induziert wurde. Des Weiteren kon-
nten wir basierend auf der hydrophoben Wechselwirkung des Xe-Kontrastmittels mit
Biomembranen Zellen selektiv mittels liposomaler Trager markieren. Dadurch kénnen
in Zukunft aufwendige chemische Modifikationen am Wirts-Molekiil als Kontrast-
mittel umgangen werden. Zusétzlich zeigen wir, dass die kompetitive Bindung von
Xe-Atomen und von durch Enzyme produzierten organischen Verbindungen mit den
Wirts-Molekiilen dazu benutzt werden kann, die Enzymaktivitdt nachzuweisen.

Die erlangten Ergebnisse zeigen, dass Hyper-CEST als Alternative zu optischen
Methoden angewendet werden kann, um dynamische Aspekte von Biomembranen
oder Enzymaktivitat zu untersuchen. Dies kann vor allem dann von Vorteil sein, wenn
vorhandene Methoden nicht angewandt werden konnen, wie zum Beispiel Fluoreszenz
bei undurchsichtigen Proben. Weiterhin werden die Ergebnisse entscheidend sein,
um Hyper-CEST-Daten von biologischen Systemen korrekt zu interpretieren, da zum
Beispiel die Effekte der Biomembrandynamik andere Kontrast-relevante Parameter,
wie etwa die Kontrastmittel-Konzentration, iiberlagern kénnen. Insbesondere durch
die Entwicklung des Nanotrigersystems bringen unsere Studien Hyper-CEST einen
Schritt weiter, um in Zukunft als komplementére diagnostische Bildgebungsmethode
zu fungieren und damit zum Versténdnis iiber die Entwicklung, Diagnose und Therapie
von verschiedenen Krankheiten, wie zum Beispiel Krebs, beizutragen.






Fir Emil.
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Motivation

Nuclear magnetic resonance (NMR) provides the possibility to sense non-invasively
dynamic processes. For example, on the macroscopic scale the diffusion and non-
covalent interaction of xenon (Xe) atoms can be used to probe the ventilation of void
spaces such as human lungs [1, 2] and the transition from gas phase into blood and
tissue. In model solutions of mixed phases, Xe atoms also partition into aqueous
and lipid environments [3, 4], which enables investigations of dynamic microscopic
processes as they particularly take place in biology.

Biological membranes are dynamical systems and feature high complexity and
diversity [5]. Membrane fluidity, which is mainly determined by the membrane
components, plays a key role in essential biological functions such as membrane
trafficking and signal transduction. Therefore, it is an important parameter in
development of diseases. For instance, higher membrane fluidity allows a higher cell
metabolism which enhances the malignancy of cancer cells [6, 7] or is a requirement
for bacterial cell division [8].

Physics provides many techniques to probe for those membrane properties, and
some of them come with the ability of spatial encoding to allow for diagnostic imaging.
An emerging field is molecular imaging that can help to understand disease develop-
ment in general and allows to diagnose diseases specifically to make therapies more
efficient [9]. It enables to visualize, characterize and quantify biological processes at
cellular and subcellular levels in living organisms [10]. In the past decades the diversity
of molecular imaging technologies has increased, but still several challenges remain
[11]. The classical different imaging technologies comprise ultrasound, radionuclide,
optical, computer tomography, magnetic resonance (MR) techniques and combinations
thereof. Beside these, novel techniques are emerging such as Raman imaging [12],
photoacoustic imaging [13] and intravital microscopy [14].

Typically, molecular imaging techniques require imaging agents when they are
not performed with endogenous tracers. In this thesis we use Hyper-CEST [15], a
highly sensitive indirect MR-based detection technique, which uses hyperpolarized Xe
atoms as the imaging agent. These can be functionalized through encapsulation in
molecular hosts to form sensitive probes. Recently, first in vitro studies of untargeted
[16] and targeted [17-20] cell labeling were performed. Both Xe and its molecular
hosts favor to partition into biomembrane environment [21], which provides favorable
conditions for Hyper-CEST. Based on the efficient partitioning into phospholipid
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bilayer, we demonstrate that Hyper-CEST is capable to sense biophysical properties
of biomembranes, such as the fluidity and lipid raft formation, which can — among
others — be used to generate MRI contrast. Furthermore, we show that beside the
dynamics of biomembranes also small organic molecules can influence these signatures
which has to be considered when interpreting results, e.g. in terms of concentration
determination, in future in vivo experiments.

Xe MRI in the context of existing molecular imaging techniques

As an inexpensive and readily to implement technique ultrasound imaging takes
advantage of low-dosed contrast agents that are nontoxic. By varying the ultrasound
frequency, it is possible to obtain images of tissue which lies close below the organism’s
surface as well as from deeper tissue [9]. Also targeted ultrasound contrast agents
are available and can be used for drug delivery [22]. However, compared to other
existing molecular imaging techniques it lacks sensitivity which is needed to detect
disease biomarkers at low concentrations. It also lacks sensitivity to detect membrane
internalization of molecular probes.

Higher sensitivity can be obtained by positron emission tomography (PET) and
single photon emission computed tomography (SPECT) which detect decaying ra-
dionuclides [23]. Although these techniques provide high sensitivity, the obtained
images often have high background signal and again, the detected signal is not re-
sponsive to membrane internalization. The production of the radioactive tracers can
be complex and expensive as they have to be produced close to the imaging modality
and are therefore limited available. Furthermore, patients and clinical staff suffer
from the radioactive dose.

Optical imaging techniques comprise fluorescence [24] and bioluminescence [25]
imaging. Both provide comparable high sensitivity as the radionuclide-based tech-
niques, regarding the possibility to detect low contrast agent concentrations, but
are more stable over time as the molecules do not decay radioactively. Fluorescence
detection can be tailored to detect membrane-related association, e.g. by Forster
Resonance Energy Transfer (FRET). Its main drawback is the restriction to image
superficial tissues which makes it commonly used in small animal research. Yet,
fluorescence imaging can be clinically applied, for example in breast studies, for which
already two-near infrared dyes, methylene blue [26] and indocyanine green [27], have
been approved for clinical usage. In contrast to this, bioluminescence can solely be
used in small animals research as it requires the gene expression of luciferase.

MRI provides non-invasively high soft-tissue contrast and is in contrast to the
optical imaging techniques not restricted by penetration depth. In terms of sensitivity,
conventional MRI cannot compete with the radionuclide-based and optical techniques
which can result into long acquisition times. However, contrast agents help to decrease
this sensitivity gap which can almost be leveled by the possibility to boost the signal
of the detected nuclei up to a factor 10° through hyperpolarization [28]. Furthermore,
MR techniques allow functional imaging through, for example, diffusion weighted



imaging [29]. The possibility to image different nuclei and the extra dimension of
chemical shift allow to selectively image for example different target sites or micro-
environments [30] similar to multicolor fluorescence imaging which is not possible
with radionuclide-based techniques.

As such, the molecular specificity of MRI is therefore not yet fully exploited to
develop sensors for interrogating membrane-related parameters.

Structure of the thesis

To provide sufficient background knowledge to the reader, the fundamentals of NMR,
with focus on the ??Xe nucleus, are introduced in chapter 2 of this thesis. In chapter
3 the experimental methods which were used during this thesis are discussed in detail.
In particular the sensitivity boost that can be obtained through the methodologies of
spin hyperpolarization and the indirect detection method Hyper-CEST are described
as well as the principle of magnetic resonance image encoding. The methodology
chapter ends with a discussion of the properties of the environment of interest, the
biological membrane environment.

The experimental results are presented and discussed in chapter 4 as the main part
of this thesis. The chapter starts with a detailed investigation of how xenon and its
molecular host interact with biological membranes. The following section presents the
first 129Xe-NMR studies that were performed on biomembranes that are composed of
well-determined lipid mixtures. The gained knowledge allowed us to interpret changes
in 12Xe-NMR data, which occurred upon the action of antimicrobial peptide on
different biomembranes. The concept that the interaction of Xe and its host cannot
only be used to obtain information about biomembranes and their structure, but also
to deliver the sensor selectively and biocompatible to cells of the blood brain barrier
is demonstrated afterwards. The chapter closes with the presentation of an approach
to detect enzymatic activity via competitive binding in ?Xe-NMR.

Lastly, chapter 5 provides an overall summary and discusses the perspectives of
129X e-NMR . in molecular imaging.






Xenon NMR fundamentals

2.1 The noble gas xenon

Because of its unexpected discovery, Ramsay named the noble gas he discovered
in 1898 “Xenon”, referring to the Greek word (evog [xenos| which means foreigner,
stranger or guest. For his research on noble gases Ramsay was honored with the
Nobel Prize in chemistry in 1904.

With only a concentration of 0.087 ppm Xe is the rarest non-radioactive element
in the atmosphere [31]. The inhalation of an air mixture that contains more than
70 % Xe can induce faint [32] and therefore Xe can also be used as an anesthetic with
no side effects because of xenon’s chemical inertness. This aspect has to be considered
for biomedical applications.

The nucleus of a Xe atom consists of 54 protons and can exist in more than 30
isotopes and isomers whereof 9 isotopes occur in nature which are listed in table
2.1. Two of them, 1?*Xe and ¥%Xe, decay radioactively, yet with a very long half-life.
Because of their non-vanishing nuclear spins the isotopes '2?Xe and '3'Xe can be
detected via NMR. The more than 3 times larger gyromagnetic ratio /27 of '?9Xe
over the one of 31Xe (—11.777 MHz/T of '?Xe vs. 3.491 MHz/T of 13Xe) makes
the detection of 12?Xe easier. Additionally its nuclear spin I of #/2 does not underly
quadrupolar interaction and thus comes along with longer relaxation times compared
to 131Xe with a nuclear spin of 3/2h. The T} relaxation time (as a measure for
recovery of the Boltzmann population (see section 2.2.3) of 29Xe is several hours in
gas phase [33], several minutes dissolved in aqueous solutions [34], around ten seconds
in the presence of red blood cells [35] and 3.6 s after arterial injection into a rat brain
[36].

Fortunately, with 26.4 % the natural abundance of ?Xe is relatively high compared
to the other Xe isotopes, yet low compared to the 99.99 % natural abundance of the
NMR detectable hydrogen (*H) atoms in HoO molecules.
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Table 2.1 — Properties of the naturally occurring Xe isotopes. Adapted from [37].

Isotope I /h ~/2r MP%  nat. abundance / % half life
1245 0 0.09 > 4.8 x 1016 alal
126X e 0 0.09 stable
1285 ¢ 0 1.92 stable
129%e  1/2 11.8 26.44 stable
130¥e 0 4.08 stable
BlXe  3/2 3.5 21.18 stable
132X e 0 26.89 stable
134xe 0 10.44 stable
136X e 0 8.87 > 10 x 102! alP!

[a]: radioactive decay via double electron capture

[b]: radioactive decay via double beta decay

2.2 Basics of Nuclear Magnetic Resonance

Nuclear Magnetic Resonance (NMR) is based on a quantum mechanical phenomenon.
However, several different fields in physics and chemistry rely on NMR applications.
The existence of a quantum mechanical property, termed spin, was initially proposed
by Uhlenbeck and Goudsmit in 1925 [38] to be able to explain certain properties of
optical spectra of atoms. This property is linked to a magnetic moment which can
be probed in magnetic resonance experiments. In the following years Felix Bloch
[39] and Edward Mills Purcell [40] performed independently from each other the first
NMR experiments on condensed matter for which both were honored with the 1952’s
Nobel Prize in physics. Paul C. Lauterbur [41] and Sir Peter Mansfield [42] received
the Nobel Prize in Physiology or Medicine in 2003 for their contributions to the
development of Magnetic Resonance Imaging (MRI).

This thesis cannot offer an in-depth discussion of all theory of NMR spectroscopy
and imaging. Instead, it will focus on a short description of the basic quantum
mechanical principles of NMR and the more exotic principles that are essential for
the understanding of the presented research will be introduced.

2.2.1 Nuclear spin

The nucleus of hydrogen (*H) contains only a single proton and no neutron, whereas the
nucleus of a 1??Xe atom is composed of 54 protons and 75 neutrons. Basically, protons
and neutrons consist of three “constituent” quarks each, uud and udd respectively,
and gluons which bind these quarks together. The nucleons have a spin I = h/2.
However, this picture is only true in low-energy systems, as it is the case in NMR
experiments. In high-energy physics experiments the components of the nucleons can
be described through almost massless “current” quarks which are surrounded by a sea
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of quark-antiquark pairs and gluons [43]. This can also change the spin configuration.

For instance, the spin-state I = 3/2h of the proton is known as the A1 particle.
The simple structure of a 'H nucleus with one proton gives it a spin #/2. In a

129Xe nucleus the single spins of the nucleons add up to a total spin, which is h/2.

A spin Iis a quantum mechanical property of a particle for which the same
mathematical description obeys as for the classical definition of angular momentum.
Its rotations around different axis do not commutate and the fundamental commutation
relation of the spin components Iy, obeys

Ik, 1| = ihegim I (2.1)

Because of this relation /2 commutates with the spin component I, and every
quantum mechanical spin state |I,m.) is uniquely defined by its angular momentum
quantum number I and magnetic spin quantum number m,. Thus the equations that
describe the eigenstates of a spin are

I?|I,m.) = h*(I(I + 1)) |1, m.)

. (2.2)
I |I,m;) =mh|I,m;).
2.2.2 Magnetic moment
Every nuclear spin possesses a magnetic moment /i that is proportional to I
I~ N ge %
=~] = 2.3
A== g (2.3)

The constant v is known as the gyromagnetic ratio that is specific for every particle or
nucleus as it depends on its mass M and on the Landé factor g. The Landé factor of
a proton is gproton ~ 5, 586 whereas of a neutron it is gneutron = —3,826. In equation
2.3, e is the elementary charge and c¢ the speed of light.

If a non-vanishing magnetic field éo is present at the position of a magnetic
moment, its m degenerate energy levels split into 271 + 1 defined energy levels. This
energy splitting is called Zeeman splitting and can be described by the action of the
Hamiltonian R

H = —ji- By = —I - By

(2.4)

=

)ii |I,m,) = —ymhBo |I,m) .

Where we used the assumption go = (0,0, Bp), without loss of generality. Hence, a
nucleus with spin //2 that has the two quantum numbers m = £1/2 can be in two
distinct energy states, denoted by m = +1/2 and m = —1/2. The energy gap between
them is given by

AE() = ﬁ’yBo = h(,c)(), (2.5)
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with wg = vBy. This means that a nuclear spin system with the gyromagnetic ratio
~ shows a resonant transition under irradiation with frequency wg when it is in the
magnetic field By. For 2°Xe, one observes wy = 110.71 MHz at a magnetic field
strength of 9.4 T.

Time evolution of magnetic moments

The dynamics of a magnetic moment can by described by the Heisenberg equation
where the states are time-independent and the operators are time-dependent:

di(t) 1 51 L OR)

— = —|a(t),H| + —— 2.6

= O A+ =5 (2:6)
In general fi(t) does not change explicitly over time and thus the partial derivative in
equation 2.6 can be neglected. Because of the time-independence of the states, it can

be written

(B0 = (B8 = L fagol) = 2 (o) (27)
Thus,

d</;(tt)> _ % <[ﬂ(t)7g}>_ (2.8)

Inserting the definition of fi from equation 2.3 and the Hamiltonian from equation 2.4

we get

This commutator does only vanish if the components of Tand T Bo are the same,
otherwise
dpt)) _ —*
dt  ih
With equation 2.1 we obtain

d(p(t)) _ —7*
dt ih

<[fk(t),f,30,}> ,with k # 1. (2.10)

(ih €xamI(t) Bor)

(2.11)

The magnetic moment of a spin cannot be measured with conventional NMR tech-
niques. However, one can measure the macroscopic magnetization, which is the sum
over the expectation values of all magnetic moments:

o1
M = V;(m) (2.12)
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Combining equations 2.12 and 2.11 with an arbitrary magnetic field B (t) yields the
classical equation of motion of a gyroscope

d]gt(t) — ME(t) x B(1). (2.13)

Hence, the magnetization precesses in a constant magnetic field exactly as a gyroscope
that moves freely (without any friction) in a gravitational field. The Larmor frequency
with which the magnetization precesses in the magnetic field equals the resonance
frequency wp that defines the energy gap in between the energy states of the spins.

2.2.3 Bloch equations

The equilibrium condition is characterized by

dM (t)
dt

= 0. (2.14)

and thus M (t = 0) is parallel to By = (0,0, By)T. With a radio frequency (rf) pulse
él that is (i) in resonance with the precession frequency wy of the nuclear spins and
(ii) has a component that is perpendicular to EO, the magnetization can be flipped
into the transversal xy-plane where the magnetization starts to precess around the
axis of EO.

The precession does not last forever, because of interactions affecting the spins.
The strongest interactions are the spin-spin interaction and the spin-lattice interaction.
Therefore, the time evolution of the magnetization, described through equation 2.13,
has to be extended. The phenomenological extension was found by Felix Bloch in
1946 [39] and is known as the Bloch equations

dMy(t)

B0 010 x By, - 2! (2.15)

) _ 5 at ) By, - o (2.16)
2

DD _ it x By, - U=, (2.17)

Where My is the total magnetization along B, for t — co.
Using Faraday induction in the rf coil of a MR experiment, only the transversal
components M, and M, can be measured. These two components can be summarized
as M| = M, +iM,. With the assumption of a constant magnetic field EO one can
simplify the Bloch equations to

dM (t .
st( ) _ —(iwo + 1/To) M () (2.18)

dM,(t) _ Moy — M. (t)
dt T '

(2.19)
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This system of differential equations can be solved by the exponential functions

M (t) = M, (0)e (wotl/T2)! (2.20)
M, (t) = M,(0)e /™ 4 My(1 — e ¥/™). (2.21)

Where M, (0) and M,(0) are the transversal and the longitudinal magnetization at
t = 0. In a frame that rotates with the frequency wp around the z-axis, M,(t) does
not change whereas M (t) becomes

M| (t) = M (0)e /T2, (2.22)

Thus, the time constants T and T» are the characteristic times with which M, (¢) is
re-established along By (governed by T) and M (¢) vanishes (governed by T3). They
differ for different nuclei in different environments and are important measurement
parameters in NMR and MRI.

2.2.4 Chemical shift of 1?9Xe

Maybe the most powerful property of NMR over other imaging methods is its spectral
selectivity. Different magnetic environments caused by the presence of different atoms
or molecules in the area around the nucleus of interest yield local perturbations of
the external magnetic field strength By experienced by the nucleus of interest. This
yields to a change in the nuclear spin resonance frequency wg = —vBy to

& = =By = —y(1 — [o]) Bo. (2.23)

The shielding or deshielding is represented by the chemical shift tensor [o]. In gaseous
and liquid phase the fast rotation of the molecules averages the tensor’s anisotropic
terms to zero and [o] can be reduced to the scalar o.

The potential of NMR to distinguish nuclei via their signature resonance frequency
through the linear dependency on the external magnetic field, seems to be perturbed
by o. However, by referencing the resonance frequency @ to another resonance
frequency wg, the measured signal becomes independent of the external magnetic field
By. It is defined as the dimensionless chemical shift §:
w— wo

)=

o (2.24)
The difference in the numerator usually is in the order of Hz, whereas the resonance
frequencies are in the range of MHz. Therefore, the chemical shift is generally given
in ppm.

In 29Xe experiments the chemical shifts are usually referenced to the gaseous 12?Xe
signal, which is set to 0 ppm [44]. Because of xenon’s large polarizable electron cloud,
the chemical shift tensor can vary strongly. This results into very large chemical shifts
(up to ca. 7500 ppm for chemical compounds such as XeOé_) compared to protons,
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Table 2.2 — Chemical shifts of 129Xe in selected molecular environments that are relevant for
the field of xenon biosensors.

Molecular environment ¢ / ppm notel?! Ref.
gaseous Xe 0 by definition

Xe in HoO 193.8 295 K, 0.04 ppm/K [46]
Xe in lipids 1941 298 K, —0.3 ppm/K 21]
Xe@CrA 62.7 295 K, 0.3 ppm/K [21, 46]
Xe@QCrAjipig 73 297 K, 0.2 ppm/K [21, 47]
Xe@QCrA ops 71 310 K [16, 19, 20]
Xe@CrA on M13-phage 64.6 310 K [48]
Xe@PFOB 1110 310 K [49]
Xe@CB6 951l 293 K

Xe@QCB7 1050 293 K

[a]: temperature and temperature dependence of §, if available

[b]: depends on lipid concentration, overlaps with the resonance of Xe in H2O,
only resolvable at low temperatures or in presence of multilamellar vesicles

[c]: changes with nanoemulsion droplet size

[d]: see results in section 4.5

which have a typical chemical shift range of ca. 15 ppm. The large chemical shift
range in '?Xe NMR allows favorable spectral selectivity. For example the separation
between the resonance of free Xe dissolved in HoO and the resonances of Xe associated
with different biosensors is in most cases larger than 100 ppm. Table 2.2 gives an
overview of chemical shifts in selected molecular environments that are relevant for
the field of xenon biosensors. Noteworthy is the downfield shift of the resonance in
lipid environment compared to aqueous solutions. This counterintuitive behavior with
respect to polarity is presumably a result of weak surface interactions between xenon
atoms and the lipid molecules in solution, as suggested in [21]. The suggestion is
based on a similar downfield shift of the Xe resonance in aqueous solution that occurs
when adding denaturated proteins to the solution [45].

2.2.5 Polarization of a ensemble of nuclei

A spin system with an external defined temperature T represents a canonical ensemble.

Therefore, the probability P for a spin being in the state |I,m,) with the energy

eigenvalue F,, is given by
o—Em/kpT

P(Em) = 7

(2.25)

with the canonical partition function

Z =Y e En/ksT (2.26)
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Figure 2.1 - Polarization of a 12?Xe spin ensemble in dependence of the temperature (equation
2.27). a) illustrates the validation of the approximation for 7" > 0.01 K at 9.4 T and b)
compares the polarization for different By field strengths around 300 K.

Hence, the polarization of a ensemble of spins that contains only nuclei with spin //2
is given by

nBo _#Bo

ekl _ ¢ kgT

1By ~iBy 11K ~hBo
€r T P anh M0 tanh :
N uBy AN = Wl 2%epT

eFBT + e kBT

P=

(2.27)

For ?9Xe nuclei in a magnetic field of By = 9.4 T, as in the experiments of this
thesis, the last approximation is already valid for 7' > 0.01 K as illustrated in Figure
2.1 a). For T' < 0.1 K the polarization becomes significantly larger with decreasing
temperature. However, at more practical temperatures and temperatures relevant
for medical applications, around 300 K, the thermal polarization of the ?Xe spin
ensemble is only 1075 and does not change significantly when changing By in the
range of today’s available field strengths as illustrated in Figure 2.1 b). Thus the
NMR detection of thermally polarized '??Xe spins is very challenging or requires a
lot of signal averaging.



Methodology

3.1 Boosting sensitivity in Xe NMR

A theoretical maximum polarization of 100 % can almost be achieved without requiring
very low temperatures or very large magnetic field strengths by forcing the spin
ensemble into a non-equilibrium state [50-55]. Polarizations that exceed the thermal
polarization are termed hyperpolarization. In general a hyperpolarized ensemble can
be produced through various methods, namely dynamic nuclear polarization (DNP)
[56, 57], parahydrogen induced polarization (PHIP) [58, 59] or spin exchange optical
pumping (SEOP) [60]. Table 3.1 gives an overview of the different methods and their
maximum reported nuclear polarization. DNP can produce polarizations up to 64
% [61] by transferring the microwave induced free radical electron polarization to
any NMR-detectable nuclei. With PHIP polarizations up to 30 % are reported [62].
It takes advantage of the very long T relaxation time (up to one year) of the para-
hydrogen hyperpolarization and transfers it via J-coupling to other NMR-detectable
nuclei. The largest polarizations (up to 70 % [55]) can be obtained through SEOP.
However, it is restricted to noble gases such as He and ??Xe. In this thesis SEOP
was used for the production of hyperpolarized °Xe and is described in the following.

3.1.1 Sensitivity boost I: Spin exchange optical pumping (SEOP)

It is not possible to manipulate the two spin state system of '??Xe nuclei directly to
obtain a hyperpolarized spin ensemble, e.g. by irradiating a rf pulse. A third energy
level is needed to efficiently pump the atoms and to obtain an overpopulation of one
state. The overpopulation of one of the two nuclear states of 12*Xe can be achieved by

Table 3.1 — Overview of different methods to hyperpolarize different nuclei and their maximum
reported polarization.

Method Applicable nuclei Reported polarization Ref.
DNP all up to 64 % [61]
PHIP IH — 13C, 15N, Y, . B up to 30 % [62]
SEOP  noble gases; mainly ?*Xe and He 60 — 70 % [55]

[a]: polarization transfer through J-coupling
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Figure 3.1 — Optical pumping of the electrons of rubidium atoms with right-handed circularly
polarized light at 795 nm. The continuous pumping of the m; = —1/2 sublevel of the 281/2
ground state combined with non-radiative relaxation through Ny quenching and collisions
with other atoms yields an overpopulation of the mj = +1/2 sublevel.

making a detour via other atoms which than interact through their pumped state with
the 129Xe nuclei. Spin exchange optical pumping (SEOP) is the method used in this
thesis to produce hyperpolarized ??Xe. Basically, SEOP is a two-step process. First
an alkali metal vapor has to be pumped optically to generate an electron polarization.
In the second step the obtained excited electron spin state is transferred to the nucleus
of the noble gas yielding a hyperpolarized nuclear spin ensemble. Both steps are
described in the following.

Optical pumping of alkali metals

In 1950 the base for spin exchange optical pumping, the optical pumping of alkali
metals via circular polarized light, was for the first time experimentally studied by
Alfred Kastler [63]. Later in 1966 he was honored with the Nobel Prize in physics for
the discovery and development of optical methods for studying Hertzian resonances
in atoms. Alkali metals can easily be excited by optically pumping the single valence
electron in the most outer atomic orbital via laser light. The good availability of
relatively cheap, high-quality and high-power laser sources that are suitable to pump
the D1 transition at 795 nm is the main reason why Rb is the alkali metal of choice
in most SEOP processes. Furthermore, a deliberate high vapor pressure with a high
density can easily be obtained by heating Rb above its low melting point at 39.5 °C
[64]. The pumping cell containing the Rb vapor is placed in a homogeneous external
magnetic field which causes Zeeman splitting of the electronic states of the Rb atoms.

Figure 3.1 illustrates the continuous optical pumping of Rb’s ground state 25, /2
In the setup used in this thesis a laser source with 150 W continuous wave total output
power transitions the energy gap of ca. 1.56 eV between the ground state and the
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first excited state 2P, /2. Right-handed circularly polarized light is required to pump
the transition between the sublevels mj; = —1/2 and mj = +1/2 only, because of the
quantum mechanical selection rule Am = 0, &1 and the conservation of the total spin
number. The lifetime of the obtained excited state is reduced by collisions with other
atoms and deliberate Ny quenching. Latter causes a non-radiative decay of the excited
Rb atoms, by transferring the energy into rotational and vibrational motion of the Ny
molecules'. The non-radiative manner of the decay is important because otherwise
the photons emitted by natural decay could depolarize other excited Rb atoms. The
continuous depletion of the m; = —1/2 sublevel of the 2S; /2 ground state combined
with the forced decay of the excited 2P, /2 states results into an overpopulation of
the m; = +1/2 sublevel of the 2S,; /2 ground state. The larger this overpopulation
is, the larger is the Rb electron polarization. Under optimal SEOP conditions with
optimized pumping parameters such as pumping time, pressure and temperature the
Rb electron polarization can approach 100 % and is given by [60]

s, R

PRb ~ S + R’ (31)
where s, = ho, and o, is the z-component of the Pauli matrix of the photons of the
laser light. R is the pumping rate with which the Rb electrons are pumped to the
my = +1/2 sublevel of the excited 2P, /2 state by the photons. The rate ysp describes
the depolarization (“spin destruction”) of the Rb atoms [60, 66]. To get an optimal
Rb polarization high laser powers with an optimal pumping rate R are beneficial to
obtain R >> ~gp, because the Rb polarization process is a competition between the
optical pumping rate and the spin destruction rate ysp.

In general several factors contribute to ysp:
YsD = Kxel|Xe] + Krp[RD] + kN, [N2] + KHe[He] + Yirap + YSE (3.2)

In equation 3.2 ysp depends on the spin destruction coefficients kx and the partial
pressure densities [X], where X stands for the participating atoms Rb, Xe and He
or the molecule No. The rate ~yap represents the depolarization through radiation
trapping due to naturally decaying Rb atoms. The last term ~gg, termed spin exchange

rate, is the rate by which the electron polarization is transferred to the 2?Xe nuclei.

This represents the second major step in SEOP and is discussed below.

Spin exchange to the noble gas

The transfer of the Rb electron polarization to the '2?Xe nuclei is given by the
spin exchange rate ysg. The spin can be exchanged via two ways: either in binary

'The natural linewidth of Rb’s D1 transition is 27 - 5.75 MHz [64]. At high temperatures the
Doppler effect increases the linewidth to ca 250 MHz [65]. Still, this is much narrower than the laser
light bandwidth which is narrowed down to 0.5 nm (equiv. to 237 GHz) using volume Bragg grating.
Pressure broadening aims to reduce this large difference.
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collisions or via the formation of short-lived Rb-'29Xe-Ny clusters due to van-der-
Waals interactions. At high pressure, as used in the experiments, the lifetime of
the van-der-Waals induced clusters is short (ca. 1 ns) and their contribution to the
spin exchange is negligible [67]. The binary collisions which cause the spin exchange
between the optically pumped Rb electrons and the 1??Xe nuclei can be described
as isotropic, magnetic hyperfine interactions. The interaction arises from the Fermi-
contact magnetic field produced by the two atoms which perturbs the wave function
at the ??Xe nucleus in the presence of the Rb atom compared to the absence of the
Rb atom [60]. The absolute value of the perturbation factor 7 is largest for '?9Xe
(In] = 50) of all noble-gas atoms (for He |n| = 9.5) [60]. Thus the isotropic hyperfine
interaction is larger between Rb and Xe than between Rb and He. Furthermore, the
spin-exchange cross section of Rb-Xe collisions is with approximately 18000 barn much
larger than 2 barn for Rb-He collisions [60]2. Thus, both, the larger perturbation
factor and the much larger spin-exchange cross section for Rb-Xe pairs compared
to Rb-He pairs, allow a much more efficient production of hyperpolarized ??Xe
than hyperpolarized 3He using SEOP. A better way to obtain hyperpolarized 3He is
metastable exchange optical pumping [68].

Once the spins are exchanged to the ??Xe nuclei, they can loose their polarization
in collisions with other atoms or molecules or by interacting with the surface of
the experimental setup, such as the glass wall of the pumping cell or the plastic
tubes that guide the hyperpolarized gas to the NMR spectrometer or MR scanner.
This depolarization rate is given by - . Antirelaxation surface coatings on the
glass wall of transport containers can reduce 77 spin relaxation and enable to ship
hyperpolarized noble gases for example from Germany to Australia. Often a high-
purity aluminosilicate sol-gel film is used as surface coating [69]. The film reduces the
probability of spin depolarization of the noble gas during collisions with the container
surface because it shields possible paramagnetic impurities in the bare glass material.

Taking together ysg and 7y, and the fact that the 12*Xe polarization cannot exceed
the Rb polarization, because one excited Rb atom can polarize only one 2?Xe nucleus
due to the conservation of the total spin number, the ??Xe polarization can be
described mathematically as

d Pxe

dt

Assuming that the system is in steady state and the rates ysg and 7 and the Rb
density are constant in time equation 3.3 can be solved by

= sE(Prb — Pxe) — YwXe- (3.3)

YSE
Pxo= —E  poy. 3.4
¢ yeE + Y (34)

3.1.2 Sensitivity boost II: Hyper-CEST

Overcoming the low sensitivity remains the everlasting challenge in NMR. On top of
the Xe hyperpolarization trough spin exchange optical pumping (see section 3.1.1) the

21 barn= 10"2% m?
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temporary and reversible encapsulation of Xe atoms in molecular hosts can yield a
further boost in sensitivity by a factor of ca. 10® and is termed Hyper-CEST (chemical
exchange saturation transfer of hyperpolarized nuclei) [70]. The term Hyper-CEST
origins from the temporary trapping of dissolved hyperpolarized Xe atoms into a
molecular host molecule which changes the Xe NMR resonance significantly. This
change in resonance frequency is much more pronounced than the resonance frequency
change that occurs upon proton chemical exchange processes, as for example of labile

protons from a protein backbone that exchange with protons from water molecules [71].

When the polarization of such an exchanging spin ensemble is saturated by applying
a selective rf pulse, the loss of polarization is transferred between the exchanging spin
ensembles. This combination of chemical exchange and saturation transfer is termed
CEST [72, 73]. Taking advantage of CEST in combination with hyperpolarized nuclei
makes the exchange-driven signal amplification even more efficient.

Principle of Hyper-CEST

The amplification through Hyper-CEST requires at least two spin ensembles that can
exchange Xe atoms and that resonate at different NMR frequencies, as illustrated
in Figure 3.2. Generally these are one abundant spin ensemble, usually dissolved
Xe, and one dilute spin ensemble to which the Xe atoms belong to for just a few
milliseconds. Since the noble gas usually does not participate in bond formation, the
second spin ensemble of different chemical shift are the Xe atoms that are temporarily
encapsulated in molecular host systems. A selective rf saturation pulse that specifically
depolarizes the small spin ensemble lasts for much longer, usually a few seconds, and
thus allows to label a large number of spins that exceeds the number of molecular
hosts by far. The number of spins that can be labeled by the saturation pulse depends
on the concentration of the molecular hosts and the in and out exchange rates (kin
and koyut) of Xe. A high exchange rate ko, is desirable for Hyper-CEST as it allows
labeling a large number of spins that transfer the depolarization out of the molecular
hosts. However, kot cannot be too high. The average time a Xe atom is encapsulated
in a molecular host can be approximated by k:;ult. After that time, the spin will
exchange and belong to the other, abundant spin ensemble which is separated by a
chemical shift difference Ad. If kL is much faster than A§~! only a single resonance
in the NMR spectrum is observed and thus Hyper-CEST is not applicable. The
chemical shift difference Aé of useful molecular hosts for Xe atoms can easily exceed
100 ppm (see Table 2.2). This corresponds to a resonance frequency difference of
A§ = 100 ppm x 11.777 MHz/T x 9.4 T =~ 11 kHz at 9.4 T. Thus, the large
chemical shift difference at this magnetic field strength makes Hyper-CEST applicable
to molecules that host Xe atoms for times as low as 0.1 ms, which corresponds to
kout = 10 kHz. The boost in sensitivity obtained through Hyper-CEST allows to
detect molecular hosts down to femtomolar concentrations in NMR spectroscopy
[74, 75] and at nanomolar concentrations in MRI applications [17, 76].
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Figure 3.2 — Schematic of the Hyper-CEST principle. A saturation pulse applied to the
Xe@CrA resonance at 60 ppm depolarizes the ensemble of 12°Xe atoms that are temporarily
(ca. 30 ms) encapsulated in the molecular hosts during the saturation pulse (order of seconds).
The chemical exchange of '29Xe atoms into the surrounding aqueous solution transfers this
loss of magnetization and the reduced net magnetization causes a signal depletion of the
dissolved Xe resonance. Remaining polarized '29Xe atoms can then be encapsulated in CrA
and get affected by the saturation pulse subsequently. The overall remaining longitudinal net
magnetization M, that is normalized to the initial magnetization Mo before applying the
saturation pulse yields the Hyper-CEST effect.

Figure 3.3 shows the different parts of a Hyper-CEST experiment and their
approximate duration that are required to detect the molecular hosts. A Hyper-CEST
experiment basically consists of three parts. First, the freshly hyperpolarized Xe
gas is dissolved in solution by bubbling the gas into solution. This is followed by a
short wait time required to allow possible remaining bubbles to collapse. Immediately
afterwards, the selective saturation pulse is applied. For in vitro experiments this is
usually a continuous wave pulse as it provides the most efficient labeling. But also
different shaped pulses have been tested [77] that depose less energy into the object of
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Figure 3.3 — Hyper-CEST sequence with approximate durations of the different parts (note:
the length of the bars does not represent their actual duration). The duration of the Xe
bubbling can be up to 20 s as for example in cell experiments. The bubble collapse wait time
might have to be prolonged if for example no anti-foaming agent is used. The cw saturation
pulse can be short (ca. 1 s) for fast exchanging Xe host structures, e.g. cucurbiturils, and
might have to be longer if the Hyper-CEST effect has to be increased. The excitation pulse is
usually a 90°-pulse to flip the complete z-magnetization into the transversal xy-plane. The
duration of the data acquisition depends on the read-out method. For example an echo planar
imaging read out takes ca. 1 s.

interest as they will become important for possible future in vivo applications. Finally,
an excitation pulse is used to read out the remaining longitudinal magnetization. This
can be either the recording of a normal free induction decay (FID) or in imaging
applications the MRI pulse sequence.

As the saturation pulse is applied specifically with a certain resonance frequency and
bandwidth, the described Hyper-CEST experiment for collecting an entire spectrum
has to start over again with redelivery of hyperpolarized Xe into solution. After the
bubbling the frequency of the saturation pulse is changed and a spectral range can
be covered subsequently to obtain a whole spectrum. Such a spectrum is termed
CEST- or z-spectrum, as the remaining magnetization along the z-axis is detected.
Figure 3.4 shows such a simulated CEST-spectrum. When the saturation pulse
frequency hits the resonance frequency of the abundant Xe in solution ensemble, the
whole z-magnetization is destroyed almost instantaneously which results into complete
saturation of M,. Plotted is usually M, normalized to the initial magnetization
M,9. When the saturation pulse hits the resonance frequency of a spin ensemble
that interacts with a molecular host, which induces a distinct chemical shift, as for
example Xe@CrA, the depletion of M, /M,y depends mainly on the concentration of
the molecular host and the exchange dynamics [78, 79].

The shape of a resonance at the chemical shift d,es in a Hyper-CEST spectrum
can be modeled by an exponential Lorentzian function of the form [78§]

U
7 A(6pes — 0)2 +w? |’

f(6) =exp |— (3.5)
in which ¢ is the chemical shift that corresponds to the frequency of the saturation
pulse, w is related to the width of the resonance in the CEST-spectrum and the
depletion of the dip determined via parameter A.
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Figure 3.4 — Principle of a Hyper-CEST spectrum. The saturation pulse is swept over a
frequency range and the remaining z-magnetization M, of the signal of dissolved Xe atoms is
detected subsequently and normalized to its initial signal intensity M,o. The Xe exchange
allows detecting spin ensembles that are masked by the noise in a conventional NMR spectrum.

Depolarization Laplace Transform Analysis

On-resonant saturation at d..s with increasing saturation times tg,; yields a mono-
exponential depolarization process [78]

f(T7 tsat) — e*tsat/T(kout7T2y¢)’ (36)

where 7 is the depolarization time. This parameter depends on the exchange rate kqut,
the relaxation time 75 of Xe@host and the local concentration ratio ¢ = [Xe@host]/[Xe
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in solution|. Such a mono-exponential process has also been observed experimentally
when Xe was interacting with CrA as a molecular host [75].

Because of the fast Xe exchange Hyper-CEST resonances are often broad (up
to several ppm) and thus multiple resonances can overlap when they resonate at
the same or a similar frequency. In particular Hyper-CEST responses from different
biomembranes are broad which hampers their separate detection. In such cases where
Hyper-CEST resonances overlap, equation 3.6 becomes the superposition of multiple
depolarization processes, each with a depolarization time 7 that is weighted with its
probability F'(s)ds, such that

Fltoat) = / F(s)e st ds, (3.7)
0

where s = 1/7, F(s) > 0 and [;° F(s)ds = 1. Equation 3.7 is the Laplace transform
(LT) of F(s), called L{F(s)}. Analyzing exponential decays by finding the inverse
Laplace transform £7! {f(tsat)} is a common tool in different fields [80-84].

Here, the inverse LT £~ {f(tsat)} vields the corresponding depolarization time
distribution. Hence, an inverse LT serves as the key element for depolarization LT
analysis, DeLTA. In theory this is done by solving the Bromwich-Integral

c+iy
) 1 s
F(S) =£ ! {f(tsat)} = Tm 'ylLHolo / f(tsat) . eStsa dtsat (38)
c—1iy

by contour integrating over the complex plane of tg,;. To numerically solve the
Bromwich-Integral, it has to be discretized and some noise €, ;_,, has to be added:

n
Zl F(sy)-e7obat ey,
f(tsat) ==

- , (3.9)
VZ::I F(Sy)

where n is the number of molecular environments, F'(s,) is the probability density of
the signal of environment v and 7, is the corresponding depolarization time. Figure
3.5 illustrates the action of DeLL.TA on a simulated exponential decay of the form

Fltsas) = 70/ 1 (3.10)

where 10 % Gaussian noise (€) of the maximum value (= 1) was added.

It is known, that the analysis of a multi-exponential decay via the inverse LT
approach is highly ill-conditioned [85]. Therefore, one requires an extra condition to
ensure a unique solution. In this thesis a modified version of the MATLAB routine
rilt.m [86], which is based on CONTIN [87], uses the Tikhonov regularization [88] as
an extra condition to numerically obtain £7! { f(tst)}. The Tikhonov regularization
ensures that F'(s) is as smooth as possible in s. In rilt.m this is done by minimizing

m n

V(ia) = (f(ts)—e "% -F(s;))*+a”- > (2-F(s;)—=F(sj+1)—F(sj-1))>. (3.11)

i=1j=1 Jj=1
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Figure 3.5 — Principle of DeLTA. The numerically determined inverse Laplace transform of
the simulated data yields the depolarization time distribution.

The first term includes the difference of the m experimental data points f(t;) and
the (discrete) LT of the guessed F(s;). This term equals a conventional fit residual x?.
A least squared minimization of the second term, which represents the curvature of
F(s), is performed, weighted with the smoothing parameter o. For large alpha values,
the depolarization time distribution F'(s) will be smooth and one might miss small
peaks. For a = 0, F(s) will be totally free and not at all continuously differentiable.
Therefore the data has to have as less noise as possible to be able to choose « as
small as possible. For the analyses in this thesis « was set between 0.05 and 0.1. The
minimum of V' («) is obtained when F'(s) has the least degree of curvature and its LT
represents the experimental data well, i. e. x? is minimized as well. The code of the
modified MATLAB routine rilt.m can be found in the appendix (section B).

The figures 3.6 and 3.7 demonstrate the robustness of the MATLAB routine
DeLTA. In Figure 3.6 a tri-exponential decay

3
Fltsar) = > e/ 4 ¢ (3.12)
j=1

consisting of 16 data points, similarly distributed as in the experiments, was simulated.
The tri-exponential decay contained three depolarization times (7; = 0.1, 1 and 10 s
with j = 1,2 and 3) with the same amplitude. To check the influence of noise on
the outcome of DeLTA different levels of Gaussian noise ¢ (0, 1, 3, 6 and 10 %)
were included in the simulations. DeLTA yielded the correct logarithmically spaced
depolarization time distribution and amplitudes up to a noise level of 3 %. At a noise
level of 6 % the fastest depolarization time of 0.1 s was not found correctly by DeLTA.
Also the amplitudes were off. At a noise level of 10 % all three depolarization times
that were fitted by DeLTA were off. A similar result was obtained when simulating a
mono-exponential decay and analyzing it with a linearly spaced depolarization time
distribution with DeLTA (Figure 3.7). Also in that case, only noise levels larger than
6 % produced incorrect results for the simulated depolarization process with 7 = 10 s.
The hyperpolarizer setup that was used for the experiments produces a polarization
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with a shot-to-shot noise of ca. 1 %. Thus, DeLTA should be applicable for the
analysis of the recorded depolarization processes.

In summary, DeLTA can determine the contributing 7’s and the number n of
different molecular environments without any prior knowledge. Yet, one important
requirement for the detection of caged Xe in different molecular environments with
similar chemical shifts is a difference in k, T5 or ¢. This difference has to be large
enough to yield medium differences in 7. Too pronounced differences in 7 might
make slow depolarization invisible when a process with much shorter 7 happens at
the same time in the same micro-environment. The same holds for depolarization
processes with a small probability, for example due to a small Xe ensemble in a certain
molecular environment. Those depolarization processes might be masked be much
larger spin ensembles.

Molecular xenon hosts

The molecular host that can encapsulate Xe atoms has two functions. First it
produces a chemical shift that separates the encapsulated Xe ensemble from the
dissolved Xe ensemble and second it can functionalize the inert noble gas atoms
through chemical modifications of the molecular hosts. The molecular hosts are either
macro-molecules that can host a single Xe atom at a time, such as cryptophanes or
cucurbiturils, or larger structures that can host more than one Xe atom at a time,
such as perfluorooctylbromide (PFOB) nanoparticles [30, 49] or gas vesicles [18]. In
this thesis only molecules that can host one Xe atom at a time were used and are
introduced in the following.

Cryptophane-A: The most prominent molecule that can host a single Xe atom
is cryptophane-A-monoacid (CrA?®). Its chemical structure is shown in Figure 3.8.
CrA represents one type of cryptophanes that were originally developed in 1981 with
the purpose to temporarily encapsulate small uncharged guest molecules to facilitate
subsequent chemical reactions [89]. The first use of Xe as a guest in cryptophanes, in
particular in CrA, was demonstrated in 1998 [90].

The common structure of all cryptophanes consists of two cyclotriveratrylene
“caps”, each containing three aromatic rings connected by methylene bridges, and
a series of linkers holding these two caps together. CrA is characterized by three
methoxy groups on one cyclotriveratrylene cap and two methoxy and one acid group
on the other cyclotriveratrylene cap. The two caps are connected via three ethyl
linkers. The three ethyl linkers give CrA an internal cavity volume of 88 A3 [91]
which provides enough space to fit one Xe atom in, that has an average van der Waals
volume of ca. 42 A3, With the fact that the strongest host-guest interaction happens,
when the guest occupies ca. 55 % of the host volume [92], CrA suites very well as a

3Cryptophane-A-monoacid is usually denoted as CrA,,.; for reasons of simplicity and as only
CrAn. and not cryptophane-A-diacid was used in this thesis I will use the abbreviation CrA throughout
this thesis.
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Figure 3.6 — DeLTA of a simulated tri-exponential depolarization process (equation 3.12)
with the depolarization times 7; = 0.1, 1 and 10 s with 7 = 1,2 and 3 with noise levels of
e=0, 1,3, 6 and 10 %. The obtained depolarization times and the corresponding amplitudes
are denoted in the different plots.
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Figure 3.7 — DeLTA of a simulated mono-exponential depolarization process with the
depolarization time 7; = 10 s with a linearly spaced depolarization time distribution with
noise levels of e =0, 1, 3, 6 and 10 %.
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MeO,

Figure 3.8 — Chemical structure of the monoacid version of cryptophane-A (CrA). The acid
group can be used for chemical coupling reactions with other molecules, e.g. targeting cell
moieties, denoted by R.

Xe host. When the distance in between the two cyclotriveratrylene caps is changed,
the chemical shift of Xe@host can change up to 40 ppm [93].

Measurements of the resident time of Xe in CrA revealed that Xe stays between 30
and 300 ms in CrA in water, dependent on the temperature and salt concentrations
[94, 95]. The Xe exchange rate can change drastically when CrA is in a different
molecular environment. For example 100 uM CrA dissolved in DMSO provide a Xe
residence time of ca. 3 ms at 295 K [79] and it is assumed that it gets shorter the
more lipophilic the environment is.

The groups that are attached to the cyclotriveratrylene caps and the linkers can be
also changed in different ways allowing great possibilities for chemical modifications,
for example to obtain cryptophanes with increased water solubility compared to CrA’s
poor solubility of only a few micromolar [74, 94, 96, 97].

Yet, not only the cryptophane molecule itself can be modified, also other molecular
structures can be attached to the host molecule. For example, for better or even
specific cell detection receptor-binding transferrin can be coupled to the CrA molecule
[98], an antibody can be linked via a biotin-avidin bridge that is coupled to CrA
[17] or several CrA can be attached to a M13 bacteriophage [48] or a bacteriophage
against an epidermal growth factor receptor [19].

Cucurbiturils: Cucurbiturils (CBs) are macrocyclic molecules made of glycoluril
monomers linked by methylene bridges. The oxygen atoms of the glycolurils are
located along the edges of the linked molecules and are tilted inwards, forming a
partly enclosed cavity. CBs got their name due to their structure with a shape similar
to that of a pumpkin of the family Cucurbitaceae.

CBs were first discovered in 1981 [99]. The first type was CB6, a CB that is
composed of 6 glycoluril monomers. Until today CBs composed of 5, 6, 7, 8, and 10
glycoluril monomers can be produced synthetically and are stable [100]. They have a
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n=5,6,7,8,10

Figure 3.9 — Chemical structures of a glycoluril monomer and CBs. A CB structure is
obtained when glycoluril monomers are coupled together via methylene bridges in the presence
of formaldehyde under acidic conditions. As an example the 3D structure of CB7 is shown as
well. Reproduced from reference [101]. Copyright © 2012 The Royal Society of Chemistry.

common depth of 9.1 A and provide an internal cavity size of 82, 164, 279, 479, and
870 A3, respectively. The structure of a glycoluril monomer that is conjugated via
the methylene bridges to form a CB and an example 3D model of CB7 are shown in
Figure 3.9.

The solubility in water of CB5 and CB7 is with 20 — 30 mM much higher than
the solubility of CrA. Interestingly, changing the number of glycoluril monomers can
change the water solubility drastically. The water solubility of CB6 and CB8 is only
18 uM and less than 10 uM, respectively. However, chemical modifications of CB6
improved its water solubility to 0.2 M [102, 103]. The water solubility for CB10 is
not determined so far [100].

The small cavity size of CB5 provides a strong binding constant for Xe atoms
(1300 M~1! [104]) in contrast to the larger CBs (200 M~! for CB6 [103]) that must

have quite fast Xe exchange rates on the NMR timescale due to their cavity size.

Due to the fast Xe exchange the Xe resonance in a conventional NMR spectrum is
broadened which makes the direct detection of Xe@QCBx with x > 5 difficult.

Not only Xe, also other atoms and small molecules can be encapsulated temporarily
in the CB derivatives. For example small fluorescent molecules or small molecules that
are produced when for example the enzyme lysine decarboxylase (LDC) processes the
amino acid lysine, show binding affinity for CB6 or CB7 [105-108]. The use of dyes
that change their fluorescence behavior upon binding to CB can therefore be used to
study enzyme activity in case the product shows a higher binding affinity to CB than
the fluorescent dye.
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3.2 Magnetic resonance imaging

Information about the spatial distribution of MR detectable nuclei can be obtained
via Magnetic Resonance Imaging (MRI). First MRI data was acquired in the 1970’s by
Paul C. Lauterbur [41] and Sir Peter Mansfield [42]. Since then a lot of MR imaging
techniques have been developed.

3.2.1 MR image encoding

The principle of MRI relies on magnetic field gradients G that are applied along the
three spatial dimensions x, y and z. The applied magnetic field gradients G change
the resonance frequency of the nuclei to

w(Z) = y(By+ G - T). (3.13)

The frequencies from different spatial origins are encoded in the (three dimensional)
frequency space, known as “k-space”. The spatial origins can be obtained by Fourier
transformations of the recorded signals in k-space via slice encoding along the z-axis
and frequency and phase encoding in the xy-plane. The different encodings have to
be applied before and during data acquisition as described in the following.

Slice selection

A slice of a three-dimensional object can be selected by adding a gradient along the
z-axis? G, to the static magnetic field By, which changes the precession frequency to

w(z) =v(Bo + G z). (3.14)

Technically, the selected slice cannot be infinitesimal narrow as it depends on the
bandwidth Aw of the applied rf pulse and the gradient G,. For small flip angles its
width can be approximated by

Aw 27

A = =
© G, vG.T, ’

(3.15)

where 7, is the duration of the rf pulse. For larger flip angles usually iterative methods
have to be used to determine the slice profile and its width [109]. A confined interval
Az with relative sharp edges can be obtained by modulating the rf-pulse with a
sinc-envelope
sin(Aw(t — 7,/2))
Aw(t —T1,/2)
as its Fourier transform is a block function. In reality such block functions have
wiggles at the edges, as the rf pulse has a finite length which causes dephasing between
the precessing spin packages. Such dephasing can be reversed by applying a refocusing
gradient along the z-axis of the duration 7,/2 (see also Figure 3.10).

By™(t) = By(t) - (3.16)

4w.l.0.g. we have chosen the z-direction
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Phase encoding

The signal S after applying slice encoding origins from the magnetization that precesses
in the two dimensional xy-plane

S //Ml(:c,y) dzx dy. (3.17)

Adding a gradient G, with the duration 7, before data acquisition allows phase
encoding along the x-axis. Phase encoding causes the spin packages to precess with
the same wp but with different phase angles ¢(z) = YGy1px = kyx, with ky = vGu7y,
which yields

S(ky) x //]MJ_(x,y)\ eF=T d dy. (3.18)

Inverse Fourier transformation of equation 3.18 yields a projection of the three
dimensional object onto the x-axis. Hence, to obtain a fully reconstructed three
dimensional MR image a further encoding along the y-axis is required.

Frequency encoding

In contrast to phase encoding, where the gradient was switched on before data

acquisition, for frequency encoding a gradient G, is added during data acquisition.

This causes the spin packages to precess with different frequencies w(y) = v(Bo+ Gyy)
and together with the phase encoding the signal from the selected slice along the
z-axis is given by

Skt o [ [ IML(o,)] e+ do dy. (3.19)

Thus, an inverse two dimensional Fourier transformation of equation 3.19 into the
spatial domain provides the spatial distribution of the magnetization M (z,y):

1 .
M, (z,y) < o / / S(ky, ky)e ez huy) g dk, (3.20)

To detect the signal in equation 3.20, the frequency encoded signal along the
y-direction has to be discretized into IV, points, with respecting the Nyquist theorem,
which yields IV, data points along one line in k-space. Repeating the frequency
encoding M, times, each time with a changed phase encoding gradient G, yields
M, x Ny data points in k-space. Discrete Fourier transformation over n and m, where

—%<n<%—1and—%<m<7””
1 ,
M (zp, Yn) o Z Z S(kg,, kyn)e_l(mAkmCEm“rnAkyyn) (3.21)
m n

yields the real space MR image matrix, where z,, and vy, are the discrete points in
real space.
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Figure 3.10 — RARE pulse sequence. After the 90° excitation pulse several 180° pulses
followed by the frequency encoding and phase encoding (changed after every repetition)
gradients are repeated to yield a full MR image.

3.2.2 RARE fast spin echo pulse sequence

The above described basic principle of three dimensional MR image acquisition requires
a lot of time, as for each line in k-space the magnetization has to be excited. Modified
pulse sequences can be used to record the data of an MR image much faster, e.g. by
sharing the excited magnetization between different lines in k-space.

An imaging sequence consists basically of the excitation of the nuclear spins, the
application of the spatial encoding gradients and the data acquisition of a spin echo.
In this thesis a RARE (rapid acquisition with relaxation enhancement) fast spin echo
sequence [110, 111] was used for MRI experiments as it favors long 7} relaxation
times as it is the case for 1?9Xe nuclei. The pulse sequence is shown in Figure 3.10
and its components are explained briefly in the following.

After an initial slice-selective 90° excitation pulse the sequence uses a repetition
of 180° pulses to evoke a train of multiple individually phase encoded echoes. The
slice-selective gradient that lasts during the 90° excitation pulse gets inverted after the
end of the excitation pulse for spin rephasing. This is followed by a short dephasing
frequency encoding gradient pulse is applied to reach the edge of k-space. Next, a
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180° pulse is irradiated accompanied by a slice-selective gradient. A phase encoding
gradient pulse follows, after which the read-out frequency encoding gradient is applied
and the sampling of the first spin echo occurs. The spin echo acquisition is immediately
followed by a rephasing phase encoding gradient.

The last part of the sequence, starting with the 180° pulse, gets repeated several
times whereas in each repetition the phase encoding gradient is changed to record
another line in k-space.

The advantages of all fast spin echo methods such as the RARE sequence are
that with a single excitation pulse several echoes can be acquired to encode the
entire k-space or a large fraction thereof. This provides a highly efficient method
for obtaining strongly To-weighted images or for dynamic imaging where fast data
acquisition is fundamental. The SNR of a RARE sequence is near that of standard
spin echo imaging, yet it is much faster. Its SNR generally surpasses that of images
acquired using gradient-recalled echo methods [112] such as the echo planar imaging
(EPI) pulse sequence [113, 114]. Furthermore, the RARE pulse sequence is much
more robust against magnetic field inhomogeneities than an EPI sequence. One whole
MR image using the RARE sequence can be acquired with a single 90° excitation
pulse if the T3 relaxation time of the detected nuclei is long enough. With the RARE
sequence several MR images of decent resolution can be obtained in a multi-slice
acquisition in approximately less than a minute.

Disadvantages of the RARE sequence are first the presence of Th-dependent effects
along the phase encoding dimension of the k-space and an increased rf power deposition
due to the multiple 180° pulses. The last issue can be overcome by a method developed
in 1991 that takes advantage of pulses with a smaller flip angle than 180° [115].



32

Chapter 3 — Methodology

7 1,

HOY:=
H

Figure 3.11 — Chemical structure of cholesterol.

3.3 The lipid environment

Xe hosts are usually hydrophobic and therefore tend to partition into biological
membranes that are composed of lipids. NMR signatures of CrA molecules that
interact with lipids were first reported in 2010 by Meldrum et al. [21]. Lipids
constitute a broad group of naturally occurring molecules that include fats, waxes,
sterols, fat-soluble vitamins (such as vitamins A, D, E, and K), monoglycerides,
diglycerides, triglycerides, phospholipids, and others. They are not classified together
because of a structural similarity but because of their common physical property:
they do not dissolve in water, but they do dissolve in organic solvents [116]. Lipids
can act as important signaling molecules, or energy storage and they are the main
building material for membranes and cellular organelles [5]. More than 600 lipid
species can be found in most biological membranes [117]. The formation of such
biological membranes is based on the hydrophobic or amphiphilic character of most
of the lipids that allows them to form structures such as vesicles or lipid bilayers.
Cellular membranes of different cell types can vary a lot in lipid composition. For
example nerve cells need a high level of cholesterol (Figure 3.11) which provides a very
rigid cellular membrane whereas others contain almost no cholesterol [5]. The highly
dynamic lipid bilayer not only gives cells a structure, it also allows proteins that
are involved in important cellular functions to anchor into it. Additionally the lipid
bilayer acts as a barrier for molecules that should not cross passively the membrane.
The inner and outer side of a cellular lipid bilayer usually contains a different mixture
of components. For example, the brain gets protected from unwanted substances
through the blood by brain endothelial cells. They possess a highly negative charged
glycocalix on the outer side that is produced by a large amount of glycolipids to which
negatively charged cell surface heparan sulfate proteoglycans are coupled [118, 119].
However, the main component of lipid membranes are phospholipids [5] which are
introduced in the following. Their influence on membrane dynamics is discussed after
that.
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Figure 3.12 — Chemical structure of DPPC (a) and POPC (b). DPPC contains two fully
saturated fatty acid chains, POPC has only one.

3.3.1 Phospholipids

In biological membranes, phospholipids have both a structural and a functional role.

The structure is mainly determined by the amount of cholesterol and the four major
classes of phospholipids, namely phosphatidylcholine (PC), phosphatidylethanolamine
(PE), phosphatidylserine (PS) and sphingomyelin. The functional role of phospholipids
is mainly given by the net charge of the head group and the backbone. The functional
group consists of phosphatidylglycerol (PG), phosphatidylinositol (PI), phosphatic
acid and several types of gangliosides. The classes of phospholipids are distinguished
by (i) the head group, (ii) the backbone and (iii) the number of C-atoms and double
bonds in the fatty acid chains.

The overall most dominant species in mammalian cells are PCs [5]. For example
with 32.7 and 32.0 mole-% 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (16:0 PC,
DPPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (16:0-18:1 PC, POPC)

are the most abundant PCs in egg yolk [5]. Figure 3.12 shows their chemical structures.

DPPC has two fully saturated fatty acid chains made up of 16 carbon atoms, named
palmitoyl. POPC consists of one palmitoyl fatty acid chain next to one unsaturated

oleoyl fatty acid chain that consists of 18 carbon atoms with one unsaturated bond.

Both have the same glycerol backbone and phosphocholine headgroup. Because of
their abundance in mammalian cells and their distinct properties, e.g. the different
lipid phases (as discussed below), these two lipids together with cholesterol were
mainly used as components for model membranes used in the experiments of this
thesis.
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3.3.2 Membrane fluidity and lipid phases

The membranes of cells have to be flexible enough to allow cell movement, cell division
and reorganization of for example membrane proteins. On the other hand it has to be
tight enough to function as a barrier and provide a base for proteins. The flexibility
of the lipid bilayers is termed fluidity. As it is not a physical parameter in the
classical sense fluidity cannot be quantified. It comprises the viscosity, lateral diffusion
and rotational mobility of a lipid bilayer and the anchored components. Hence, the
intra-lipid diffusion of molecules and atom that are embedded into a membrane, such
as CrA and Xe, is strongly influenced by its fluidity. This influence, combined with
the fact that membrane fluidity also affects the molecules’ and atoms’ permeation into
a membrane, can be detected using '??Xe Hyper-CEST, as demonstrated in chapter
4.

Basically three different phases of membrane fluidity are known [120, 121]. They
are defined as the liquid-disordered (L4) phase (sometimes in the literature also termed
fluid phase or L, phase), a solid-ordered (S,) phase (sometimes termed crystalline,
gel or Lg phase) and a liquid-ordered (L,) phase.

L; and S, phase: The Ly phase is characterized by a disordered fluid state, in
which the lipids are loosely packed and have a high lateral mobility. A membrane
that contains only one type of phospholipids is in the Lg phase at a temperature
above the phospholipid’s characteristic transition temperature 7,.. Phospholipids
with unsaturated acyl chains usually have a low T, compared to fully saturated
phospholipids, e.g. T popc = 271 K and T, pppc = 314 K [122]. Below T, a
biomembrane that consists of one type of phospholipids is in the S, phase. In the .S,
phase the phospholipids are tightly packed, ordered and have less lateral motion.

L, phase: The L, phase can exist in lipid bilayers when for example cholesterol
is incorporated in a POPC bilayer [123]. The addition of cholesterol increases the
ordering of the acyl chains [124] and reduces the passive permeability of lipid bilayers
[125]. However, this ordered phase still possesses a high lateral mobility, as the Ly
phase, and is therefore called the L, phase [126, 127]. Although, different studies
yielded slightly different results [120], which can be attributed to the different indirect
methods used to establish the phase boundaries, basically at 310 K a cholesterol
concentration of less than 15% produces a L, phase (Figure 3.13). At cholesterol
concentrations larger than ca. 45 % only the L, phase is present.

3.3.3 Lipid rafts

In POPC bilayers that contain cholesterol at a concentration between 15 and 45 %,
the Ly and L, phases coexist at 310 K as shown in Figure 3.13. When both phases
are present simultaneously lipid rafts of the L, phase are formed [128, 129]. Lipid
rafts are spatially separated in-plane fluid domains in cellular membranes and are
thought to act as platforms for proteins that cause for example cell signaling.
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Figure 3.13 — Binary phase diagram for mixtures of POPC and cholesterol in water. a)
POPC with a deuterated palmitoyl chain. Data points from reference [130]. Phase boundaries
(symbols) determined from 2H-NMR spectra, in the ordered phase only. b) Data points
from reference [126] obtained with normal POPC. Phase boundaries (symbols; liquid phase
only) deduced from distribution of fluorescence lifetimes of trans-parinaric acid. ¢) Data
points from reference [131] obtained with normal POPC. Phase boundaries (symbols; liquid
phase only) are determined from fluorescence polarization of diphenylhexatriene (DPH) and
lifetime-weighted quantum yield of trans-parinaric acid. Reproduced from reference [120].
Copyright © 2010 Elsevier B.V.
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Figure 3.14 — Binary DPPC:POPC phase diagram obtained via differential scanning calorime-
try measurements. Open circles are data points from reference [134] and solid circles are data
points from [135]. In the inner part of the phase diagram, the Ly and S, phase coexist. On the
periphery corresponding snapshots from Monte Carlo simulations are shown (their positions
in the phase diagram are indicated by the letters). White represents the S, phase and black
represents the Ly phase. Reproduced from reference [135]. Copyright © 2012 Elsevier Inc.

Along with the spatial separation of lipid rafts they are also different in lipid
composition compared to the membrane from which they are derived. They generally
contain up to 5-fold the amount of cholesterol than the surrounding bilayer [132]. The
immiscibility of lipid rafts with the surrounding membrane is thought to minimize the
free energy between the different phases [133]. A difference in membrane thickness of
the lipid rafts and the surrounding membrane results in a hydrophobic mismatch at
the boundary between the regions. This mismatch might increase the local surface
tension which may lead to the formation of larger and more circular lipid rafts to
minimize the surface tension and thus the free energy.

Lipid rafts are not only found in bilayers that contain cholesterol, they can also
for example be present in binary DPPC:POPC mixtures. In that case the S, phase,
produced by DPPC, and the L4 phase, produced by POPC can coexist as a function
of the concentration ratio and the temperature [127, 134]. Figure 3.14 shows a phase
diagram of a binary DPPC:POPC mixture. The phase diagram was obtained via
differential scanning calorimetry measurements and is supported by Monte Carlo
simulations. The experiments revealed that at a high DPPC to POPC ratio, the
lipid raft formation in DPPC:POPC mixtures can be accompanied with remarkable
fluctuations in domain size [135]. For example Figure 3.14 j) shows a snapshot of
a Monte Carlo simulation in which the solid domains, represented in white, are not
compact and do not have a well defined size.
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3.3.4 Model Biomembranes

The complexity of biological membranes makes their direct investigation difficult.
Artificially prepared model biomembranes present a good alternative. They are much
easier to examine yet are still excellent models of biomembranes [136], which lead to
their extensive use. Such model biomembranes have the advantage that they are for
example more robust, better manageable and can be consistently prepared.

In aqueous solutions phospholipids self-assemble and usually tend to form vesicles
made up of lipid bilayers, if they possess two acyl chains. With only a single acyl chain
it is most likely that they form micellar structures. The vesicles can have different sizes.
The smallest possible vesicles (because of curvature tension) can easily be obtained by
sonication of a solution that contains lipids. They have a diameter of 10 — 50 nm and
are called small unilamellar vesicles (SUVs). Their high surface tension facilitates the
fusion of several SUVs to larger vesicles to reduce the free energy, which complicates
in particular their long term storage. The largest vesicles can be several micrometers
in diameter and are called giant unilamellar vesicles (GUVs). They are large enough
that optical microscopy methods can be used to study them. However, to obtain
stable GUVs a special preparation method, which is described below, is required. In
contrast to the SUVs, GUVs tend to break apart to form smaller (also multilamellar
vesicles). The intermediate sized vesicles that are termed large unilamellar vesicles
(LUVs) or liposomes have usually a size around 100 nm. Mainly because of their
stability liposomes are the most used vesicles to mimic cellular membranes. Liposomes
cannot only be used to model biomembranes, due to their stability they are also used
as nanocarriers to deliver drugs to a site of interest [137]. The vesicle preparation
and their physical characterization are described in the following.

Preparation of lipid vesicles

Independent of the final application and the desired properties of the lipid formulation
the preparation of lipid vesicles involves basically three steps. The three elements are
first the preparation of the lipids for hydration, second the hydration with agitation,
and third the sizing to a homogeneous distribution of vesicles with either sonication or
extrusion. The single steps to produce homogeneously sized liposomes are explained
in in the following. This is followed by a brief description how to prepare of GUVs
that were used for fluorescence microscopy studies.

Liposome preparation

1. Preparation of the lipids for hydration
When preparing liposomes, the lipids must be first dissolved in organic solvents
in the desired ratio to mix completely. Usually pure chloroform or a chloro-
form:methanol mixture (1:1, vol/vol) is used. The use of methanol ensures the
dissolution of lipids with charged headgroups. Typically 20 mg lipid should
dissolve well in 1 mL organic solvent. If a hydrophobic substance should be
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loaded into the liposomes’ bilayer, it should be mixed with the lipids in the
organic solvents. Any hydrophilic substance that should be encapsulated in the
liposomes, can be added later along with the hydration solution (see below).

Once the components are mixed, the solvents are removed by either using a
dry argon or nitrogen stream or rotary evaporation. Latter is particularly
useful when dealing with large amounts (> 1 mL) of organic solvents. Once the
solvents are removed, a thin lipid film has formed on the surface of the round
bottom flask. The lipid film should be dried thoroughly by placing the flask in
a vacuum overnight, to ensure the complete evaporation of possible remaining
solvents.

. Hydration and vesicle formation

Hydration of the dried lipid film is accomplished by simply adding an aqueous
solution into the flask. Usually a buffer, e.g. Hepes or PBS, is used as aqueous
solution to ensure a stable pH as a change in pH can cause osmotic pressure onto
the final vesicles which forces them to shrink or bloat. For the hydration process
it is important that the temperature of the lipid film and the aqueous solution
is above the characteristic transition temperature T, of the lipid component
with the highest T.. The temperature above T, allows the lipids to hydrate in
its liquid phase, which guarantees an easier vesicle formation. The hydration
process should occur slowly and it can take up to one hour until the whole lipid
film is removed from the flask wall. The obtained lipid suspension contains
multilamellar vesicles of a heterogeneous size distribution.

. Sizing of vesicles

To obtain a homogenous size distribution of unilamellar vesicles, energy is
required, as the entropy of the suspension is decreased. Usually the applied
energy is either applied through sonication or extrusion.

Sonication disrupts the multilamellar vesicles into SUVs, with sizes that depend
on lipid composition and concentration, temperature, power and duration of
sonication. Since it is nearly impossible to reproduce exactly the same conditions
from batch to batch, differences in size distribution are not uncommon. Due to
the small diameters of the vesicles and hence a very high degree of curvature,
the small unilamellar vesicles that are produced via sonication are inherently
unstable and will fuse to form lager vesicles.

Extrusion is a technique in which the lipid suspension is mechanically pushed
several times (> 15 times) through a polycarbonate filter with a defined pore
size [138]. An odd number of pushes ensures that the syringe of the extruder
that contains the final suspension is not the syringe that contained the starting
suspension. Prior to the extrusion the multilamellar vesicles have to be disrupted
in several freeze-thaw-cycles. Up to 5 cycles from liquid nitrogen temperature
to a temperature above the highest T, should be sufficient. This procedure
facilitates the mechanical extrusion and improves the homogeneity of the final
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size distribution. The extrusion process is facilitated a lot when being performed
at a temperature above T.. Otherwise the S, phase of the vesicles might not
pass through and hence block the polycarbonate filter, which makes an extrusion
almost impossible. Usually a filter size of 100 nm is used to yield vesicles with a
similar diameter that provides good stability, even for several months [20].

Giant unilamellar vesicle preparation Liposomes with a diameter of approxi-
mately 100 nm are not suitable for optical microscopy. Only the larger GUVs, with
a diameter in the micro-meter range can be used for optical imaging methods. The
challenge in GUV preparation is their unilamellarity and stability, whereas latter
depends mainly on the lipid composition. The rapid preparation method [139] pro-
duces GUVs with a heterogeneous size distribution that are stable for at least some
hours. In the following the method which was used in this thesis to prepare GUVs is
described briefly.

The preparation of GUVs works similar to the preparation of liposomes. However,
in this case the lipids have to be dissolved in chloroform at a concentration of ca.
100 mM. 20 uM of that stock solution are then added to a chloroform:methanol
solution (ratio 10:2, 1000 and 200 pL) in a large round bottom flask (ca. 50 mL).
Before the organic solvents get evaporated in a rotary evaporator, ca. 7 mL Hepes
buffer (10 mM HEPES, 100 mM NaCl, pH 7.5) have to be added carefully along the
flask walls to the solution. Next, the volatile organic solvents have to be removed by
rotary evaporation down to 100 mbar. This should yield approximately 6 mL of a
turbid solution containing HEPES buffer and the GUVs with a concentration of ca.
300 puM.

3.3.5 Physical characterization of lipid vesicles

Concentration determination: Stewart assay

After liposome preparation the concentration of the prepared stock solution was
determined via the spectrophotometric Stewart assay [140]. The Stewart assay is
based on the ability of phospholipids to form a one-to-one complex with ammonium
ferrothiocyanate which absorbs light at 485 nm. Another method to determine the
phospholipid concentration is the Bartlett assay [141], which is based on the destruc-
tion of the phospholipids to inorganic phosphate and its complex formation when
adding ammonium molybdate and the following reduction to a blue colored complex
by 4-amino-2-naphthyl-4-sulfonic acid during heating. The advantage of the Stewart
assay over the Bartlett assay is that the presence of inorganic phosphate does not inter-
fere and therefore PBS buffer or other phosphate based buffers can be used. However,
one drawback of the Stewart assay is its inability to quantify phosphatidylglycerol
(PG) because its headgroup does not form a complex with ammonium ferrothiocyanate.
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Table 3.2 — Sample compositions for the Stewart assay absorbance calibration curve.

Sample SFS / mL Chloroform / mL AFS / mL

0 0.0 2.0 2
1 0.1 1.9 2
2 0.2 1.8 2
3 0.4 1.6 2
4 0.6 14 2
5 0.8 1.2 2
6 1.0 1.0 2

The Stewart assay workflow is as follows:

o Prepare an ammonium ferrothiocyanate solution (AFS) that is stable for more
than 12 months at room temperature by dissolving 27.0 g of ferric chloride
hexahydrate and 30.4 g of ammonium thiocyanate in 1 L distilled water.

o Prepare a 10 mL standard phospholipid solution (SFS) by dissolving 0.1 mg/mL
phospholipids in chloroform.

e Mix and vortex chloroform, AFS and SFS for 20 s as listed in table 3.2 in
centrifuge tubes.

e Centrifuge the samples for 10 minutes at 1000 rpm.
e Remove the upper layer using a pipette.

e Measure the optical density of the remaining solutions at 485 nm. The ab-
sorbance calibration curve of POPC, representing a PC headgroup, is plotted in
figure 3.15.

e Calculate the concentration of a phospholipid sample with unknown concentra-
tion from the fit of the absorbance calibration curve.

Size verification: Dynamic light scattering

Dynamic light scattering (DLS) is a common method to determine the size distribution
of a suspension containing small particles such as lipid vesicles [142]. It is based
on the detection of intensity fluctuations over time of Rayleigh scattered linearly
polarized laser light that arise from the Brownian motion of the particles of interest in
the suspension. Constructive or destructive interference of scattered laser light from
different particles yield the fluctuating intensities. The intensity fluctuation contains
information about the translational diffusion of the scattering particles which depends
on their hydrodynamic radius. The dependence is given by the Stokes-Einstein
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Figure 3.15 — Stewart assay absorbance calibration curve for phosphocholine (PC) headgroup
lipids. The linear fit is f(x) = 0.02218 + 6734x.

equation, that relates the translational diffusion coefficient D, i.e. the “velocity” of
the Brownian motion, of a spherical particle with radius r in a solvent with known
temperature T and viscosity 1 via

kT

T(an7D) = 67T77D

(3.22)

It is important to note that the measured radius is the hydrodynamic radius, i.e. the

size of for example a polymer can only be measured by its rotational averaged radius.

Furthermore the obtained size will include any other molecules or solvent molecules
that move close to the particle’s surface.

Figure 3.16 demonstrates the stability of liposomes for a period of 83 days that
was measured via DLS. The liposomes were prepared via extrusion with a filter size
of 100 nm and loaded with CrA into their lipid bilayer. The sizes are listed in Table
3.3. The liposomes showed a slight swelling but did not break apart or formed larger
vesicles up to 83 days. For the experiments usually liposomes were freshly prepared
and used within 24 h after preparation.
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Figure 3.16 — Stability of liposomes loaded with CrA measured by DLS after one day, 14
days and 83 days.

Table 3.3 — Size distributions of liposomes loaded with CrA at different time points after
preparation measured by DLS.

Day size / nm

1 120 £ 20
14 144 + 20
83 153 £ 32

3.4 Forster Resonance Energy Transfer

Forster Resonance Energy Transfer [143] between a membrane-associated dye Nile red
[144] and fluorescently-labeled CrA molecules is used to determine the partitioning
coefficients Kp of CrA molecules into the lipid bilayers of model biomembranes in
section 4.1.1. For the determination of the partitioning coefficients some pre-knowledge
about the studied FRET system is required, which is given in the following.

The FRET efficiency FE depends on the distance R between the FRET pair and
their FRET radius Ry, which is defined by the distance between the FRET pair at
which the radiation-free energy transfer efficiency is 50 %:

_ Ry
~ R§+ RS
The FRET radius depends on the FRET pair and can be calculated via [145]

(3.23)

Ro = {/8.79 x 10-5x2n~4JQp, (3.24)
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where x? is the orientation factor of the dipole moments of the FRET pair, n is the
refractive index of the surrounding medium, @)p is the fluorescence quantum yield of
the donor in absence of the acceptor and J is the integral of the spectral overlap of
the donor emission and the acceptor absorption.

Usually the orientation factor x2 is assumed to be 2/3, when both, donor and
acceptor, can freely rotate and diffuse in all three dimensions. In our case, the donor
is embedded into the lipid bilayer which yields anisotropic conditions. Therefore, we
chose k% = 5/4, which has been used for similar FRET conditions [146, 147].

The refractive index n was taken as an average of the refractive index of water
(n = 1.33) and lipid bilayers (n = 1.42 — 1.49) [148-151] and therefore was n = 1.40
for liposomes in the L, phase and n = 1.45 for liposomes in the S, phase.

The normalized overlap integral J can be calculated by

S _ JEp(e(AtdA
T [Fp(vdx

(3.25)

where Fp(A) is the donor fluorescence intensity at the wavelength A and €(\) is the
acceptor molar extinction coefficient.

The fluorescence quantum yield of the lipid-bilayer embedded donor nile red @ p
was obtained by comparing its fluorescence intensity Fp(A) with the fluorescence
intensity of a standard Fg(\) with a known quantum yield Qg in solutions with known
refractive indices np and ng and absorbance factors fp and fg at the excitation
wavelength Aex via [152]

fsex)n%, [ Fp(A)dA
fD(Aex)n%st()\)dA

The dyes rhodamine 101 (Qg = 0.90) and cresyl violet (Qg = 0.55) were chosen as

Qp = Qs

(3.26)

standards as they are well established dyes with known quantum yields [153, 154].

Their quantum yields were mutually checked and yielded 0.92 and 0.53 for rhodamine
101 and cresyl violet, respectively. The determined quantum yields of nile red for the
different liposomes are listed in table 3.4.

Table 3.4 — FRET parameters to calculate the partitioning coefficients in different liposomes.

Lipid  phase QpP Vie /1/mollPl  Ap / A%l Ry /A

EYPC Lq 0.67 0.76 69.4 73.7£14
POPC Lg 0.67 0.74 68.3 73.9£14
DPPC Lq 0.54 0.74 64.2 71.3£1.3
DPPC So 0.74 0.69 47.9 70.3+1.5

[a]: Error 10 %.

[b]: According to references [155-157].

[c]: Average interfacial area per lipid molecule, assuming a 2D-sphere.
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FRET measurements were performed at different lipid concentrations and different
CrA-dye conjugate concentrations. The partitioning coefficients Kp were derived
by performing a global fit analysis using the following equation that is known from
two dimensional FRET experiments in phospholipid vesicles using other FRET pairs
[158, 159], with the parameters listed in table 3.4

QRZK Vo
FI=f-{Ajexp [—klccm, ot 021 "ol ]

A + ALK pVina CL

3.27
2R2K pVinol ] (3.27)

A —k C T O
+Agexp [ 2V CrA, t tAL + ALKPVmOICL

Therein FI is the detected donor fluorescence intensity, f corrects for the quantum
yields of the dyes, A1, Ao, k1 and ko are dimensionless parameters that depend on
the closest approach a of the FRET pair and the Forster radius Ry (Table 3.5).
The remaining parameters in equation 3.27 are the total concentration of the CrA-
conjugate in the suspension Ccra, tot, the molar concentration of lipid molecules Cf,,

the lipid molar volume Vj,,o], the average interfacial area per lipid molecule Ay, (see
table 3.4).

Table 3.5 — Numerical parameters for the determination of partitioning coefficients by FRET
via equation 3.27. Data is taken from reference [159].

a/Ro Al AQ kl kQ
0.0 0.6463 0.3537 4.7497 2.0618
0.25 0.6290 0.3710 4.5752 1.9955
0.5 0.6162 0.3838 4.0026 1.4430
0.7 0.6322 0.3678 3.1871 0.7515
0.8 0.6344 0.3656 2.7239 0.4706
0.9 0.6336 0.3664 2.2144 0.2909
1.0 0.6414 0.3586 1.7400 0.1285
1.1 0.6327 0.3673 1.3686 0.4654
1.3 0.6461 0.3539 0.4899 0.5633

Considering half the thickness of a POPC or DPPC lipid bilayer (ca. 18 A) and
a Forster radius of 70 A the ratio a/Ry of the closest possible approach and the
Forster radius must be 0 < a/Ry < 0.25. Fitting sets of values of A, Aa, k1 and k2
for a/Ry = 0 and 0.25 gave identical partitioning coefficients within error bars and
an average thereof was used for the determination of the partitioning coefficients in
section 4.1.1.



Results and Discussion

4.1 NMR signatures of CrA partitioning into pure

model biomembranes

The first indications of an interaction between the xenon host CrA and phospholipids
were discovered in 2010 by Meldrum et al. [21]. Xe in lipid-associated CrA produced
a resonance (Xe@QCrAj;,) around 70 ppm in the Xe NMR spectrum, with respect
to the Xe gas phase signal as a chemical shift reference at 0 ppm. Thus, the lipid
environment shifts the resonance of Xe encapsulated in CrA in aqueous solution
(Xe@CrA,q, at ca. 60 ppm) downfield by ca. 10 ppm. Figure 4.1 shows a Xe NMR
spectrum where the Xe in HoO, Xe@CrA,q and Xe@QCrAy;, resonances are visible.
The observed large chemical shift difference of ca. 10 ppm is remarkable because the
chemical shift difference of Xe in HyO and Xe in lipids is significantly smaller (ca.
2 ppm, dependent on the lipid type; see also table 2.2). This small chemical shift
difference might be caused by a Xe exchange in and out of the lipid environment that
is fast on the NMR timescale and is only resolvable at temperatures close to 273 K.
At room or body temperature the Xe in lipids resonance only appears as a shoulder
on the Xe in H2O resonance and only if the lipid concentration is high enough. Hence,
the encapsulation of Xe into CrA paradoxically makes it more sensitive to its chemical
environment than being free.

Very similar chemical shifts of the resonances are observed when Xe and CrA
interact with cells such as macrophages [16], endothelial cells [20] or breast cancer
cells [19]. An exception are red blood cells which produce a Xe resonance that is
shifted downfield by ca. 24 ppm due to the presence of the iron-containing heme
groups [160]. The similarities between the NMR signatures in model membranes and
real cells motivated many of the studies in this thesis to systematically understand
the Xe exchange in model membranes under well defined conditions.

Xenon’s large sensitivity to its chemical environment combined with the para-
doxically large chemical shift difference of ca. 10 ppm allows selective MRI using
Hyper-CEST of either Xe@QCrA,q or XeQCrAy;,. In 2010 the NMR pulse sequences
and the Xe polarization were good enough to obtain selective MR images of Xe@QCrAy;,
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Figure 4.1 — 29Xe-NMR-spectrum of 1.5 mM POPC and 50 uM CrA at 277 K (number of
averages N = 32). Four of the five Xe pools are detected: Xe in gas phase (0 ppm), Xe@QCrA,,
(~ 60 ppm), Xe@CrAy, (~ 70 ppm) and Xe in HyO (~ 195 ppm). Xe in lipid usually
overlaps with Xe in HoO and is not separable. Reproduced from reference [47]. Copyright
© 2014 Elsevier Inc.

in the presence of 100 uM CrA at a Intralipid®' to water ratio of ca. 0.1 by volume
[21]. The obtained image resolution of 14 mm? was obtained in ca. 14 min per data
set using chemical shift imaging. Today, improved Xe polarization and optimized
acquisition pulse sequences [76] enables us to effortless detect 20 pM CrA that interact
with 500 uM egg yolk phosphatidylcholine (EYPC) in a single Hyper-CEST image
acquisition that takes only ca. 15 s in total to yield an in-plane resolution of 0.2 mm?.

Figure 4.2 demonstrates this improved frequency-selective Hyper-CEST MR imaging.

The capability of Hyper-CEST to detect such a lipid environment-associated CrA
ensemble at low concentrations enables for example to reduce cell density in solution
in cell experiments. This should facilitate screening of novel Xe biosensors that are
designed to specifically target a certain cell type, which might be difficult to culture.
Furthermore a reduced cell density becomes important with regard to the relaxation
of the hyperpolarized Xe atoms which can cause unwanted signal loss through a
shortened T relaxation time beyond certain cell concentrations.

ntralipid® is a 20 % (by volume) sterile fat emulsion that is mainly used for intravenous
administration to deliver calories and essential fatty acids. It contains 20 % soy bean oil, 1.2 % egg
yolk PC, 2.25 % glycerin and H2O.
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Figure 4.2 — Hyper-CEST MR Imaging of 20 uM CrA interacting with 500 uM EYPC at 296
K. Applying a saturation pulse to the Xe@QCrA,, resonance at 60 ppm (1 a) and dividing by
the intensity after off-resonant saturation at 303 ppm (2) yields signal for both compartments
(a 5 mm NMR tube inside a 10 mm NMR tube) (3 a). When applying a saturation pulse
to the invisible Xe@QCrAyj;, resonance at 71.5 ppm (1 b) and dividing by the intensity after
off-resonant saturation (2), only the inner compartment containing EYPC shows up (3 b).
Saturation pulse parameters: By = 8 uT, tgys = 8 s.

4.1.1 Partitioning of CrA and Xe into lipid environment

Both Xe and hydrophobic CrA are taken up into lipid environments very efficiently
and yield high local concentrations: The Xe solubility in phosphocholine lipids is ca.
14 times higher compared to that in water [4] and CrA concentrations of 1075 —10~% M
can partition completely into the lipid environment once the lipid fraction in aqueous
solution is larger than 0.1 [21]. Latter was observed through the disappearance of
the Xe@QCrA,q resonance in a direct NMR spectrum once the lipid to water ratio was
larger than 0.1. The high solubility of Xe and CrA in lipid environment provides
favorable conditions for Hyper-CEST high-sensitivity detection, which allowed us to
study the CrA-lipid interaction in more detail as demonstrated in this section.

This subsection is based on the collaborative publication [161] (Sloniec and Schnurr
et al., Biomembrane Interactions of Functionalized Cryptophane-A: Combined Fluo-
rescence and 12Xe NMR Studies of a Bimodal Contrast Agent, Chem. Eur. J. 19 (9),
3110 — 3118, 2013), which was published by Jagoda Sloniec and me within a shared
first authorship .
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Figure 4.3 — Chemical structures of the two fluorescent CrA-dye conjugates CrA-DY680 (a)
and CrA-DY682 (b).

Partitioning coefficients of fluorescent CrA-conjugates

The complementary use of fluorescence and NMR spectroscopy was chosen for a more
detailed interpretation of NMR data. Hence, to prove and further investigate the
partitioning of CrA into lipid bilayers we coupled chemically fluorescent dyes to CrA
and performed fluorescent studies. The fluorescent dyes were hydrophobic DY680
and hydrophilic DY682 (Dyomics GmbH, Jena, Germany). We chose two different
dyes to check whether the coupling of such relatively large molecules has big influence
on the hydrophobicity-driven partition of CrA into the lipid environment. Figure
4.3 shows the chemical structure of CrA-DY680 and CrA-DY682. The chemical
coupling was done in a collaboration with Andreas Hennig from the Bundesanstalt
fiir Materialforschung (BAM). The two fluorescent dyes were selected according to
their absorption and emission in the near infrared (NIR) range. Hence, the two CrA
conjugates may also serve as potential future in vivo bimodal contrast agents and
provide capabilities for MRI and fluorescence imaging of small animal models.

The partitioning of the CrA-dye conjugates into the lipid environment was first
investigated by fluorescence microscopy. Therefore, 4 uM of either CrA-DY680 or
CrA-DY682 were added to a suspension (10 mM Hepes, 100 mM NaCl, pH 7.5)
that contained giant unilamellar vesicles of POPC. Figure 4.4 shows the obtained
fluorescence microscopy images that feature a bright fluorescence in the lipid bilayer of
the GUVs. In the medium surrounding the GUVs no fluorescence was observed for the
hydrophobic compound CrA-DY680 and only a weak fluorescence was found for the
more hydrophilic CrA-DY682, as depicted in Figure 4.5. The vesicle’s cavity showed
some minor fluorescence only in the case of CrA-DY680. Qualitatively this indicates
a preferential association of the two CrA-dye conjugates with the lipid environment,
as assumed by Meldrum et al. [21]. However, as to be expected, CrA-DY680 showed
a stronger tendency to partition into the lipid environment than CrA-DY682, because
of the difference in hydrophobicity.

The stronger tendency of CrA-DY680 to embed into lipid environment was also
found via Forster Resonance Energy Transfer (FRET) [143]. For the FRET exper-
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Figure 4.4 — Fluorescence microscopy of giant unilamellar POPC vesicles after addition of
4 uM CrA-DY680 (a) and CA-DY682 in 10 mM Hepes, 100 mM NaCl, pH 7.5 (b). Images
were recorded with identical acquisition parameters. The final DMSO concentration in (a)
was 1 vol-%. The length of the scale bar is 10 um. The respective intensity profiles of the
white diagonal lines are shown in Figure 4.5. Reproduced from reference [161]. Copyright
© 2012 John Wiley & Sons, Inc.

iments we inserted the highly hydrophobic fluorescent dye nile red into the lipid
bilayers and used it as the FRET donor. Figure 4.6 shows its absorption and emission
spectra, as well as the absorption spectrum of CrA-DY680 in the Hepes buffer that
was used for the experiments (10 mM HEPES, 100 mM NaCl, pH 7.3). Nile red was
excited at 519 nm and the corresponding emission spectrum provided a large overlap
with the absorption spectrum of CrA-DY680. This should yield an efficient energy
transfer between the FRET pair.

To quantify the partitioning coefficients Kp (here defined as the ratio of the volume
specific CrA-conjugatey;, concentration (nip/Vip) and CrA,q concentration (naq/Vaq))
of CrA-DY680 and CrA-DY682 into the lipid bilayer via FRET, we observed the
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Figure 4.5 — Fluorescence intensity profiles of the straight lines through the fluorescence
microscopy images shown in Figure 4.4 of CrA-DY680 (a) and CrA-DY682 (b). Reproduced
from reference [161]. Copyright © 2012 John Wiley and Sons, Inc.
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Figure 4.6 — Absorption (blue) and fluorescence spectrum (pink) of the FRET donor nile red
and absorption spectrum of the FRET acceptor CrA-DY680 (yellow). Nile red was excited at
519 nm. Reproduced from reference [161]. Copyright © 2012 John Wiley and Sons, Inc.

change in fluorescence intensity of nile red at 625 nm upon adding CrA-DY680 or
CrA-DY682. Because of the energy transfer the fluorescence intensity at 625 nm
decreased with increasing CrA-conjugate concentration, whereas the fluorescence
intensity for A > 700 nm increased (Figure 4.7). We excluded a potential fluorescence
quenching by the CrA molecule itself by an unchanged nile red fluorescence intensity
upon addition of CrA without any conjugated dye. Furthermore, direct excitation
of the CrA-conjugates was ruled out by the absence of fluorescence emission in the
spectral region of the acceptor when nile red was omitted under otherwise identical
conditions.

The determined partitioning coefficients, determined via equation 3.27 in a global
fit analysis of different lipid concentrations, are listed in table 4.1, which was the
average of an analysis with a/Ryp = 0 and 0.25. The overall higher Kp values for
CrA-DY680 agree with its stronger tendency to partition into the lipid bilayer than
CrA-DY682 as seen using fluorescence microscopy (Figure 4.4 and 4.5). However, the
partitioning coefficients of both CrA-DY680 and CrA-DY682 were in the same order
of magnitude in all the model biomembranes, even when the lipid phase was different.
However, the Hyper-CEST approach revealed a larger difference as discussed next.

Hyper-CEST signatures of different phospholipids

As demonstrated with the fluorescence experiments (see above) both CrA-conjugates
showed strong interaction with the lipid environment. Although the partitioning
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Figure 4.7 — (a) Example of fluorescence spectral changes of a solution containing 0.2 uM
Nile Red and 50 pM EYPC upon addition of increasing amounts of CrA-DY682 (0 — 0.58 puM)
(Aexc = 519 nm). (b) Changes in donor fluorescence intensity (Aem = 625 nm) with increasing
amounts of CrA-DY682 at varying EYPC concentrations (50 — 260 uM). Fitted lines were
obtained by global analysis of the titration data according to equation 3.27. Reproduced from
reference [161]. Copyright © 2012 John Wiley and Sons, Inc.

Table 4.1 — Partitioning coefficients of CrA-DY680 and CrA-DY682 in liposomes of DPPC,
POPC and EYPC at 298 K obtained by FRET measurements and equation 3.27.

Phospholipid Lipid phase Kp of CrA-DY680 Kp of CrA-DY682

DPPC So 3500 + 200 480 £ 40
POPC Lq 1130 £ 120 620 £ 40
EYPC Lq 1380 £ 70 700 £+ 30

Errors are from global fitting analysis with different lipid concentrations (N = 6).

coefficients of CrA-DY682 were slightly lower than the ones of CrA-DY680, the NMR
experiments focused on CrA-DY682, which comes along with better water solubility
and therefore should have greater potential in future biological applications. In
general, NMR and fluorescence measurements are challenging to compare as it is
a known fact that fluorescence and NMR approaches commonly require different
concentration ranges because of the much lower sensitivity of NMR [162]. Also in
our case, conventional hyperpolarized ??Xe NMR spectroscopy yielded no signal
from only 4 uM CrA-DY682 after 16 acquisitions. However, with the high sensitivity
provided by Hyper-CEST it was possible to sense the CrA-DY682 interaction at a
concentration of 4 uM using NMR.

Figure 4.8 shows the Hyper-CEST-spectrum of 4 uM dissolved CrA-DY682 in
Hepes buffer. Two peaks at ca. 63.5 ppm and 67.5 ppm were detected, which we
ascribe to monomeric CA-DY682 and an aggregated form, respectively.

When model biomembranes of POPC, DPPC or EYPC were present in the
solution a third larger peak appeared (Figure 4.9). It had the characteristic ca. 10
ppm downfield shift for CrA that interacts with lipid environments. Compared to
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Figure 4.8 — Hyper-CEST spectrum of 4 uM CrA-DY682 in Hepes buffer at 298 K. The
signal at 63.5 ppm corresponds to monomeric CrA-DY682 and the signal at 67.5 ppm to an
aggregated form. Reproduced from reference [161]. Copyright © 2012 John Wiley and Sons,
Inc.

the two resonances of monomeric and aggregated CrA-DY682, the CrA-DY682;;,
resonance was much broader and had similar chemical shifts for different phospholipids.
Interestingly, the Hyper-CEST effects of the CrA-DY682);, resonances for different
phospholipids did not reflect what would have been expected from the partitioning
coeflficients obtained from the fluorescence measurements, where CrA-DY682 had
similar Kp values for all three phospholipids (Table 4.1). Here, Hyper-CEST revealed
large differences in signal intensities as shown in Figure 4.9a — c. In particular, a
much stronger Hyper-CEST effect was observed in the presence of POPC vesicles
compared to EYPC and DPPC.

The stronger Hyper-CEST effect in POPC compared to DPPC and EYPC at 298
K could have different origins:

« a shorter T relaxation time of Xe@QCrA-DY682;,

e an increased concentration of CrA-DY682

 an increased concentration of Xe@CrA-DY682y;,

« a higher Xe exchange rate in and out of CrA-DY682;;,

e a higher Xe exchange rate in and out of the lipid environment

A shorter Ts relaxation time would lead to significant signal broadening in POPC.
However, as depicted in Table 4.2 that is not the case, where the Hyper-CEST
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Figure 4.9 — Hyper-CEST spectra of 4 uM CrA-DY682 dissolved in Hepes buffer containing
200 uM DPPC (a, d), POPC (b, ) and EYPC (c, f) at 298 K (a — ¢) and 333 K (d —€). The
black circles show the experimental data, the exponential Lorentzian fits (3.5) are shown as
black lines and the corresponding sums as grey lines. Saturation parameters: By = 1.6 uT,
tsat = 8 8. Reproduced from reference [161]. Copyright © 2012 John Wiley and Sons, Inc.

response is the broadest for DPPC (by a factor of 1.5 to 1.7 compared to POPC and
EYPC). An increased concentration of CrA-DY682 in POPC than DPPC contradicts
the smaller partitioning coefficient for POPC compared to DPPC and can therefore
also not be the origin of the stronger Hyper-CEST effect in POPC. An increased
concentration of the Xe@QCrA-DY682y;, can only be the result of a higher binding
constant of Xe to CrA-DY682 in POPC. A higher Xe concentration in POPC, which
would yield the same result, can also be ruled out by the similar Osswald solubilities
of Xe in all phosphocholine based phospholipids [4]. A higher Xe exchange rate in
and out of either CrA-DY682y;, or the lipid environment (or both) are the remaining
possibilities that can cause the stronger Hyper-CEST effect in POPC compared to
DPPC and EYPC.

Xe that participates in the Hyper-CEST labeling procedure has to penetrate
into the membrane, travel to host sites and escape back into the aqueous solution
to transport the information from induced depolarization. Hence, differences in
membrane fluidity are expected (amongst other effects) to influence the efficiency of
this process reflected in the intensity and build-up of the Hyper-CEST response. The
effect of membrane composition has also been found to influence the MR signal in
the context of MRI DIACEST agents [163].

The L4 phase in POPC at 298 K, that is characterized by the loose packing of
the lipids that have a high lateral mobility, may facilitate permeation of Xe into the
POPC bilayer as well as the intra-lipid diffusion of both CrA-DY682 and Xe compared
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Table 4.2 — Chemical shifts and FWHM from the fits of the Xe@CrA-DY682;;, resonances
in POPC, DPPC and EYPC shown in Figure 4.9.

Phospholipid and temperature Chemical shift /ppm FWHM / ppm

DPPC, 298 K 73.7£0.2 5.5 £0.5
DPPC, 333 K 75.5£0.1 6.9+04
POPC, 298 K 73.4+£0.1 3.7£0.2
POPC, 333 K 76.8 £0.2 9.3£0.5
EYPC, 298 K 72.0£0.2 3.2£0.5
EYPC, 333 K 75.1+0.2 4.0£0.3

to the S, phase in DPPC. The presence of cholesterol, proteins and other molecules in
the lipid-bilayer in natural EYPC can also have negative impact on the Hyper-CEST
effect efficiency.

Indications that the lipid phase properties caused the different Hyper-CEST effects
were obtained with Hyper-CEST experiments at 333 K, where both POPC and
DPPC membranes are in the L; phase. The Hyper-CEST spectra at the higher
temperature are shown in Figure 4.9 d — f and the resonances details are listed in
Table 4.2. The most apparent changes include a downfield shift of all resonances by
approximately 2-3 ppm. However, the chemical shift difference between the monomer
and the Xe@QCrA-DY682y;, resonance decreased for all three phospholipids. This is
consistent with the initial experiments by Meldrum et al. [21] where a less pronounced
temperature dependence was found for the Xe@CrAy;, resonance compared to the
Xe@CrA,q resonance. Furthermore, the FWHM of the Xe@QCrA-DY682;;, resonances
consistently increased among all phospholipids, which was most apparent for POPC
and thus the FWHM assimilated. This assimilation might be caused by the same
lipid phase of DPPC and POPC at 333 K. The overall broadening of the resonances
is most likely caused by thermodynamical effects that cause a higher exchange rate of
Xe and a higher mobility of CrA-DY682.

More evidence that the Xe exchange rates are influenced by the lipid phase or the
presence of cholesterol require more experimental data, which will be given in the
following sections of this thesis. First, another detection technique is introduced that
allows to extract more information from the broad Xe@CrAy;, resonance.

4.1.2 Hyper-CEST with spatially separated biomembrane

environments

Even though the large electron cloud of a Xe atom provides high molecular specificity
and yields usually large chemical shifts in a NMR spectrum, conventional Xe NMR
and Hyper-CEST are not applicable to distinguish resonances from Xe@CrAyj;, only
by chemical shift as shown in section 4.1.1. Hence, an individual spectrum is not
suitable for meaningful characterization of model biomembranes in terms of fluidity
because the detected Xe@CrAy, resonance might be a superposition of different
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Figure 4.10 — Hyper-CEST-spectra of 5 uM CrA in 200 uM DPPC (blue triangles (down)),
200 uM POPC (pink triangles (up)) (each measured in a 10 mm NMR tube (b)) and two
nested NMR tubes containing both solutions (yellow diamonds, a 5 mm NMR tube in a 10
mm NMR tube (¢)) at 303 K. Saturation parameters By = 10 uT, ts = 5 s. Reproduced
from reference [164]. Copyright © 2013 Royal Society of Chemistry.

biomembrane environments that differ in fluidity. In this section the Depolarization
Laplace Transform Analysis (DeLTA) is introduced as a useful measure to study and
dissect the Xe@CrAj;, resonance and to allow to detect phospholipid environments
which differ in membrane fluidity. This section is mainly based on publication [164]
(Schnurr et al., Functionalized '2?Xe as a Potential Biosensor for Membrane Fluidity,
Phys. Chem. Chem. Phys. 15 (34), 14178 — 14181, 2013).

Hyper-CEST resonance superposition

Figure 4.10 demonstrates again how the Xe@CrAj;, resonances at ca. 74 ppm from
5 uM CrA interacting with 200 uM of either POPC or DPPC at 303 K have the same
chemical shift and that it is not possible to resolve them according to their resonance
frequency. In accordance with the experiments in section 4.1.1 that were performed
with fluorescent CrA-conjugates the Hyper-CEST effect of CrA alone is again much
less intense for DPPC than for POPC.

When we analyzed a Hyper-CEST spectrum of both, POPC and DPPC, simultane-
ously in neighboring compartments (yellow diamonds in Figure 4.10), also only a single
resonance with an intermediate Hyper-CEST efficiency at 74.0 ppm was detected.
This resonance should be made up of a superposition of the two resonances of POPC
in the inner and DPPC in the outer compartment. Hence, all three resonances were
similar in terms of chemical shift but different in depletion and width. Thus, the
information about differences in depolarization build-up in different compartments
that can origin from differences in membrane fluidity is lost when acquiring a global
signal from the two nested NMR tubes simultaneously.
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Resolving the superposition through DeLTA

Spatial information of the signal origin in NMR can be obtained by the use of MRI.
We acquired Xe MR images of the two nested NMR tubes after applying saturation
pulses of variable length (tsy = 1072 — 20 s) at 74 ppm (Figure 4.11). The MRI signal
of the outer compartment, that contained DPPC, decreased slower compared to the
MRI signal in the inner compartment that contained POPC. Thus, the difference in
dynamic signal depletion of the two compartments was already visible when acquiring
a stack of Hyper-CEST MR images with different saturation times. For example
choosing ts,t ~ 6 s yielded sufficient contrast which allowed to distinguish the two
compartments due to a larger signal in the outer compartment than in the inner
compartment. Thus, we know that two compartments with different Hyper-CEST
effects contributed to the intermediate (blue) resonance in Figure 4.10. However,
still the signal of the inner and the outer compartment might be a superposition
of multiple Hyper-CEST responses. To clarify, if the signals of the inner and outer
compartment are superpositions of more signals we analyzed the MRI data further
via DeLTA, as this approach can provide information about the number of decays.

Figure 4.11b shows the signal decays of both NMR tubes together and its the two
individual compartments. The fits were obtained via DeLLTA and the depolarization
times are summarized in Figure 4.11c. They are the maxima of the corresponding
depolarization time distributions which are inset into Figure 4.11c. The MR signal
of the inner compartment showed a depolarization time Tpopc = 3.0070% s and
disappeared faster than the signal of the outer compartment which had a depolarization
time Tpppc = 22.157519 s.

We ascribe the ca. 7-fold difference of the depolarization times to differences
in membrane fluidity of the POPC and DPPC model biomembranes, as the lipid
concentration, temperature, Xe concentration [4] and, as we know from section 4.1.1,
the CrA concentration were the same in both compartments. The 7-times faster
depolarization time in POPC than in DPPC is most likely caused by a higher turnover
of Xe atoms that were depolarized during the saturation pulse. The same arguments
as in section 4.1.1 hold for this.

In the discussed case we did not obtain more information by using DeLTA, except
for the quantitative depolarization time. However, one big advantages of DeLTA over
acquiring a Hyper-CEST spectrum is the much faster acquisition time. Acquiring
a data set that contains sufficient enough data points so that DeLTA is applicable
takes around 5 min whereas recording a Hyper-CEST spectrum takes around 10 min.
The difference is because DeLLTA takes also advantage of saturation pulses with short
saturation times and requires only a few data points with long lasting saturation
pulses. Additionally, DeLL.TA usually requires only around 10 data points to yield
reliable results. Therefore, using DeLTA can allow to save some measurement time
once the resonance frequency of interest is known. The real advantage of DeLTA
becomes obvious next.

Interestingly, when analyzing the two nested NMR tubes together the depolarization

time distribution yielded two different depolarization times, Tpopc+ = 2.23:1):% S
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Figure 4.11 — Axial Hyper-CEST imaging (4 averages) of the two nested NMR tubes (a)
with on-resonant saturation at 74.0 ppm with B; = 10 uT and variable 5. Images were
smoothed using an adaptive weights filter with a local quadratic model [165]. (b) shows
the decreasing Hyper-CEST signal f(tsat) of both NMR tubes (yellow diamonds), only the
outer compartment (blue triangles (down)) and only the inner compartment (pink triangles
(up)). The solid lines are the fit results from the DeLTA. The outer compartment’s noisy
data might be the result of remaining gas bubbles in between the two glass walls during data
acquisition. The depolarization times at the maxima of the probability density functions F'(7)
(see inset) are shown in (c). Reproduced from reference [164]. Copyright © 2013 Royal Society
of Chemistry.

and Tpppc* = 19.75;%%.13?0 s. Tpopc* can be assigned to Tpopc and Tpppc* to TpppC

because they are pairwise the same within errors. Thus the yellow signal in Figure 4.11b
decays bi-exponentially. The information that the signal consists of two components
can not be obtained from a Hyper-CEST resonance. It could only be obtained by
introducing a further dimension that can be varied, the saturation time. However, it
has to be mentioned, that DeL.TA works only, if the amplitudes of the two components
are similar. Otherwise one component dominates the other one.

MRI contrast based on membrane fluidity

The MR image series in figure 4.11 has a resolution of 32 x 32 pixels. With a field
of view of 15 x 15 mm? this yields a 625 x 625 um? in-plane resolution. Instead of
taking the averaged signal from either the inner or the outer compartment one can
further increase the resolution by analyzing every single pixel using DeLTA. This
analysis, which took ca. 12 s per pixel, yielded a depolarization time distribution for
every single pixel, as shown in the appendix in Figure A.1 and A.2. The pixels of
the inner and the outer compartment clearly showed a single depolarization time in
the distribution. Only a few pixels showed more maxima in the depolarization time
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Figure 4.12 — Depolarization-time map of the two nested NMR tubes. A 'H image is
superimposed. For each pixel (625 x 625 um? in plane resolution) the depolarization time is
obtained via DeLTA that yields the corresponding depolarization time distribution that is
shown in the appendix in Figure A.1 and A.2. Reproduced from reference [164]. Copyright
© 2013 Royal Society of Chemistry.

distribution. Those pixels were mainly pixels with partial volume effects, mainly at
the edge of a compartment, or in data sets with very low SNR.

Figure 4.12 shows the corresponding false-color encoded spatial distribution of the
depolarization times of the two nested NMR tubes. The spatial distribution is in very
good agreement with the results when analyzing the signal averaged compartments
(Figure 4.11). If the number n of maxima in F'(s) for a certain pixel was found
to be > 1 the dominant 7 was assigned as that very pixel value. Furthermore,
Figure 4.12 illustrates the applicability of generating MR-contrast based on different
depolarization times in different molecular environments. The need for high resolution
is obvious. Otherwise one might end up with multiple depolarization time maxima in
a single pixel (think of a pixel as large as the two nested NMR, tubes together).

4.1.3 Hyper-CEST dependence on host and lipid concentration

So far all, the results showed were obtained with a fixed CrA and lipid concentration.
The experiments in this section demonstrate how the Hyper-CEST effect depends
on the concentration of the host, the concentration of phospholipids and the type
of phospholipid. Again, artificially prepared model membranes of either DPPC or
POPC were used for the experiments.

Hyper-CEST spectra

First we acquired Hyper-CEST spectra at different lipid and CrA concentrations of
both POPC and DPPC to get qualitative information about how the Hyper-CEST
effect is built up at different concentrations of both CrA and lipids. Figure 4.13
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shows the spectra. Almost throughout all Hyper-CEST spectra the two characteristic
resonances were visible. The one at ca. 60 ppm can be assigned to Xe that interacts
with dissolved CrA (Xe@CrA,q), whereas the left one at ca. 72 ppm is assigned to
Xe that interacts with lipid bilayer-embedded CrA (Xe@CrAy,). As expected, in
all spectra the Hyper-CEST effect of both resonances became more intense when
the CrA concentration was increased, simply because more Xe atoms could become
depolarized when more CrA was present.
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Figure 4.13 — Hyper-CEST spectra with varied POPC concentration (1 uM (a), 10 uM
(b), 100 uM (c) and 1000 pM (d)) and DPPC concentration (10 pM (e), 100 uM (f) and
1000 uM (g)) at 293 K. The CrA concentrations were 0.1 — 18.2 pM. Saturation parameters:
Bi =10 uT, tei = 5 s.
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The Xe@CrA,q resonance: The Xe@CrA,, resonance was not affected when
changing the lipid concentration, except for spillover effects from the Xe@CrAy;,
resonance. Figure 4.14 supports this when plotting only the fit functions of the
Xe@CrA,, resonance, extracted from the fits in Figure 4.13. That the XeQCrA,q
resonance is not affected by changing the lipid concentration is particularly visible
when comparing spectra where the two resonances do not overlap which was the case
for POPC concentrations of 1 and 10 uM and for DPPC concentrations of 10 and 100
puM. From this we learn that although CrA is highly hydrophobic, the additional lipid
volume (ca. 6.3 x 10'7 (nm)? at a concentration of 1 mM)? provided by increasing the
lipid concentration from 1 to 1000 uM does not change the Xe@QCrA in HyO resonance
significantly. The larger amount of CrA in solution might explain this. The amount
of CrA in solution should still be by a factor 10 larger than in lipid environment,
assuming a partitioning coefficient of CrA without a dye of ca. 1000.

It is worth to note, that for both lipids, POPC as well as DPPC, the Xe@QCrA,q
resonance behaved very similar upon changing the CrA concentration. This can
also be explained with the tendency of CrA to embed into the lipid bilayer which
should be similar for both phospholipids, as they provide a similar hydrophobic
environment with similar dimensions and as it is demonstrated in section 4.1.1 by the
similar partitioning coefficients for the CrA-dye conjugates. Thus, for the Xe@QCrA,q
resonance we can summarize that it did neither depend on the lipid concentration
nor on the lipid type.

21 mM of phospholipids in a total volume of 1.5 mL equal 1 mMx1.5 mL= 1.5 x 10~% mol=
9 x 10'7 phospholipids. With a diameter of 100 nm one liposome contains ca. 86000 phospholipids
[166] and its hydrophobic lipid bilayer core has a volume of ca. 60352 (nm)®. Thus the overall volume
of the lipid environment is ca. 6.3 x 10'” (nm)®. The overall volume of the aqueous solution is
1.5 mL = 1.5 x 10*' (nm)?.

a b
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Figure 4.14 — Comparison of the Xe@QCrA,, resonance fits in the presence of different
concentrations of DPPC (a) and POPC (b), extracted from the fits in Figure 4.13.
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The Xe@CrAj;, resonance: The results are completely different for the XeQCrAy;,
resonance. It depends strongly on the lipid concentration and the lipid type. At a
POPC concentration of 1 uM almost no resonance was visible at any measured CrA
concentration (Figure 4.13). However, already at a POPC concentration of 10 uM the
Xe@QCrAy;, and the Xe@CrA,, resonances were similar in terms of depth and width
(Figure 4.13b), whereas at higher POPC concentrations the Xe@CrAy;, resonance was
even more pronounced than the Xe@CrA,q resonance for all CrA concentrations (Fig-
ure 4.13c and d). This can be explained with the fact that hydrophobic CrA prefers
to embed into lipid environment and that Xe reveals a 14-fold higher solubility in
phosphocholine-based lipids than in water [4]. Hence, the local higher concentrations
of the hosts and guests can produce a more efficient Hyper-CEST effect. This also
means that the NMR detection limit of CrA can be pushed further down by taking
advantage of the interaction with phospholipids. This can for example be helpful,
if one aims to detect very low concentrations of a novel synthesized CrA-conjugate.
Furthermore, this is promising for in vivo experiments in the future, as long as a big
part of the tissue is made up of lipids.

Such a strongly pronounced Hyper-CEST response as in POPC liposomes was not
found in DPPC liposomes (Figure 4.13e — g). A DPPC concentration of 10 uM was not
sufficient to generate a Xe@QCrAy;, resonance — with the used saturation pulse power
and time (Figure 4.13e). Therefore data was not acquired at DPPC concentration
lower than 10 uM. At 100 pM the resonance was visible for CrA concentrations
larger than 2 uM (Figure 4.13f). Compared to the resonances at 100 uM POPC the
corresponding DPPC resonances were much less pronounced, yet broadened but did
not surpass the intensity of the Xe@CrA,, resonances. Not before using a DPPC
concentration of 1000 uM (Figure 4.13g), the Xe@QCrAy;, resonances were deeper than
the Xe@CrA,, resonances at any measured CrA concentration. The observation that
the Xe@CrAj;, resonances of DPPC were less pronounced compared to the ones of
POPC is consistent with results from section 4.1.1. Again, this can be explained with
the different membrane phases of the lipid bilayers. At 293 K, the temperature used
in the experiments, DPPC membranes are in the S, phase whereas POPC membranes
are in the Ly phase. The characteristic high lateral mobility and tumbling of the
phospholipids in the L; phase should facilitate the permeation of Xe in and out of
the membrane. This should also influence the exchange dynamics of Xe in and out of
CrAjip providing a more efficient Hyper-CEST effect in a biomembrane that possesses
a high fluidity, such as POPC.

Depolarization times

The non-linearity of the Hyper-CEST effect, its dependence on several parameters and
in particular the presence of four spin pools complicate a quantitative comparison of
the Hyper-CEST effects spectra via fitting routines [79]. Recording the depolarization
processes by fixing the frequency of the saturation pulse to the Xe@CrAy;, resonance
and varying its length from 107% to 20 s facilitates the situation. This allows to
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quantify and thus to compare the efficiency of the Hyper-CEST effects in between
different data sets with a single number, the depolarization time 7.

The recorded depolarization processes in presence of POPC and DPPC are shown in
Figure 4.15. The fits were obtained via DeLTA. The mono-exponential depolarization

process got faster with increasing CrA concentration and increasing lipid concentration.

Hence, qualitatively the same can be said as in the discussion of the Xe@CrAy;,
resonances in the Hyper-CEST spectra. However, the dependence of the depolarization
time on the CrA and lipid concentration (Figure 4.16) can yield more information, as
discussed next.

For DPPC the maximum depolarization time ((180 £ 34) s) was found for 0.5 pM
CrA and 10 uM lipids. Its fastest depolarization time ((2.4 + 0.3) s) was found for
18.2 uM CrA and 1000 uM lipids. At the same conditions, but with POPC instead of
DPPC, the fastest depolarization time was (0.35 + 0.03) s. For POPC the slowest
depolarization time was found for 0.1 uM CrA and 10 uM lipids. At any measured
concentrations of CrA and lipids the depolarization was more efficient in the presence
of POPC than of DPPC.
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Figure 4.15 — Depolarization processes by varying the saturation time of varied POPC
concentration (1 uM (a), 10 uM (b), 100 uM (c¢) and 1000 uM (d)) and DPPC concentration
(10 uM (e), 100 puM (f) and 1000 uM (g)) at 293 K. The CrA concentrations were 0.1 —18.2 uM.
Saturation parameter B; = 10 uT. The fits were obtained via DeLLTA and the obtained
depolarization times are plotted in Figure 4.16.
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Dependence of 7 on the lipid concentration: When the CrA concentration was
kept constant and the lipid concentration was varied (Figure 4.16a — f) the decrease
of Tpopc as well as of Tpppg with increasing lipid concentration could be modeled
very well with a power law of the type

7(z) = ax™?, (4.1)

where z represents the lipid concentration. The constant factor a determines the
overall depolarization efficiency, whereas the S-exponent determines the slope in a
log-log plot and thus, in this case, the dependence on the lipid concentration.

The [-exponents obtained from the fits are listed in Table 4.3. In general, the
exponents for POPC are larger than for DPPC. We hypothesize, that changing
the concentration of unsaturated phospholipids (POPC) had a bigger impact on

the Hyper-CEST effect than changing the concentration of saturated phospholipids.
However, starting out with nearly a 5-fold difference in 5 (0.14 + 0.07 s for POPC vs.

0.03 +0.01 s for DPPC), with increasing CrA concentration the S-exponents became
more similar and were the same within the error for [CrA] > 5.8 uM. The large
difference at low CrA concentrations might be due to a hindered Xe exchange in and
out of CrAy;, in the lipid bilayer. This should result into a less efficient Hyper-CEST
effect in DPPC. Once enough CrA was available inside the lipid bilayer to depolarize
the initially available lipid embedded Xe atoms during the saturation pulse, the

difference might only be given by the difference of Xe permeation into the lipid bilayer.

As already mentioned above, the permeation of Xe atoms into DPPC should be much
more difficult because of the much more densely packed and ordered phospholipids,
which should have produced the overall slower depolarization times in DPPC.

Table 4.3 — B-exponents of the power function fits shown in Figure 4.16. In the first part the
lipid concentration was varied and the CrA concentration was kept constant and vice versa in
the second part.

fixed parameter [B-exponent Figure 4.16
[CrA] / uM POPC DPPC

0.1 0.14 £+ 0.07 0.03 £ 0.01 a
0.5 0.44 + 0.01 0.30 £ 0.01 b
2.0 0.52 £ 0.03 0.47 £ 0.07 c
5.8 0.59 + 0.07 0.60 £ 0.09 d
9.5 0.72 £ 0.10 0.60 £ 0.20 e
18.2 0.74 £ 0.05 0.74 £ 0.08 f
[lipid] / uM POPC DPPC

10 0.50 + 0.08[4! 0.33 £ 0.100%! g
100 0.79 + 0.10 0.45 + 0.05 h
1000 0.92 + 0.03 0.70 £ 0.05 i)

[a]: data at [CrA] = 0.1 uM was not considered for the fit
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Figure 4.16 — Depolarization times of Xe@CrAy;, in presence of POPC (black squares,
dashed line) and DPPC (grey circles, solid line) at different lipid concentrations (a) — f)) and
at different CrA concentrations (g) —i)). The fits are a power function ax=?, in which x
stands for the concentration either of the lipids or CrA. The §-exponents are listed in table
4.3.

Dependence of 7 on the CrA concentration: Next we checked the influence
of different CrA concentrations with fixed lipid concentrations on the Hyper-CEST
effect (Figure 4.16g — i). Interestingly, for a lipid concentration of 10 and 100 uM the
data with [CrA] > 0.5 uM could also be modeled with the power law from equation
4.1, this time with = representing the CrA concentration. Yet, towards small CrA
concentrations (0.1 uM) the depolarization time did level off and could not be fitted
with the power law. The kink seems to be more pronounced for DPPC compared to
POPC. Furthermore, at 10 uM DPPC the depolarization times for 0.1 and 18.2 uM
CrA were not significantly different ((90 & 24) s and (68 + 10) s, respectively, Figure
4.16g). This indicates, that at such low lipid concentrations the amount of Xe atoms,
that were present in the lipid environment was very small and all lipid-associated Xe
atoms were depolarized completely after a short time when applying the saturation
pulse. To depolarize more Xe atoms during the saturation pulse, more atoms had to
permeate from the surrounding solution into the lipid bilayer. As mentioned above
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this should be more difficult in DPPC. Such an effect was not observed at high lipid
concentrations, where enough capacity for the Xe atoms should be provided by the
lipid environment. Thus, at high lipid content the difference in depolarization time
should mainly be determined by the Hyper-CEST dynamics inside the lipid bilayer
and the permeation of Xe into the lipid bilayer should be less important.

Comparison of mpppc and 7popc: The depolarization times in POPC and DPPC
are summarized in Figure 4.17, where the ratio Tpppc/7popc is plotted for every
CrA (a) and lipid (b) concentration. At a CrA concentration of 0.1 uM the ratio
is close to one over the whole range of lipid concentration. The ratio increases only
slightly over the whole lipid concentration when a CrA concentration of 0.5 uM was
used. Hence, in that case the determining factor of the depolarization process was
the small amount of CrA. Providing more lipid environment did neither result into a
more efficient depolarization process for POPC over DPPC nor vice versa.

When more CrA was used, the effect of different lipids became more significant and
the ratio was 14.7 £ 1.5 at maximum with a lipid concentration of 100 uM and a CrA
concentration of 9.5 uM. In general the ratio was the largest for a lipid concentration
of 100 uM (for [CrA] > 2 uM). We believe that the provided volume by 100 uM of
lipids was not saturated with CrA as it should be the case with the 10 times smaller
volume provided by 10 uM lipids, in which enough CrAy;, was present to depolarize
all the lipid associated Xe atoms during the saturation pulse. Therefore, more Xe
that permeated into the lipid bilayer could be depolarized additionally. Thus, the
hindered permeation of Xe atoms into the DPPC bilayer produced the large ratio
Toppc/TPopc. At a lipid concentration of 1000 uM the ratio Tpppc/Tpopc decreased
to ca. 7. We believe that this lipid concentration was large enough to host more Xe
atoms than the number of atoms that could be depolarized during one saturation
pulse. Thus, the contribution to the Hyper-CEST effect of the additional Xe atoms
that permeated into the lipid bilayer was negligible. Hence, the ratio Tpppc/Tpopc is
only determined by the difference in exchange rate of Xe in and out of CrA that is
embedded in the lipid bilayer.

4.1.4 Summary

The improved sensitivity compared to 2010 [21], due to higher Xe polarization
combined with the stable Xe redelivery that produced a shot-to-shot noise in the
range of ca. 1 %, enabled us to study the interaction of Xe and CrA with lipid
environments in a detailed manner as it has not been done before. The fluorescence
experiments with novel synthesized CrA-dye conjugates verified the assumption by
Meldrum et al. [21] and Boutin et al. [98] that the resonance at ca. 70 ppm is caused
by CrA-lipid interaction. The Hyper-CEST resonances at ca. 70 ppm behaved clearly
different for different model biomembranes, yet they were not separable by chemical
shift. This could be bypassed by introducing De.TA, which allowed us to dissect the
Xe@CrAj;p, resonances and to generate a novel type of MRI contrast that depends on
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Figure 4.17 — Ratio of the depolarization times Tpppc and Tpopc in dependence of the lipid
concentration at different CrA concentrations (a) and in dependence of the CrA concentration
at different lipid concentrations (b).

membrane fluidity. However, it is important that the same concentration of CrA, Xe
and lipids is used when comparing the depolarization times caused by different model
biomembranes. This is because the depolarization time depended strongly (power
laws) on the CrA and lipid concentrations and it seemed that different regimes exist,
where the build-up of the depolarization process is dominated by different exchange
processes. As the field of Hyper-CEST NMR spectroscopy and MRI is moving towards
the first in vivo experiments and hence quantification is becoming more important,
it is inevitable to consider the biophysical properties of membranes that can yield
significantly different Hyper-CEST effects.
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Figure 4.18 — Schematic binary DPPC:POPC phase diagram. The pink open circles indicate
the parameters that were used for the Hyper-CEST experiments. Reproduced from reference
[47]. Copyright © 2014 Elsevier Inc.

4.2 Sensing Lipid rafts and cholesterol content using
Hyper-CEST

Biomembranes that consist of either DPPC or POPC are in the S, or Ly phase,
respectively, as introduced in section 3.3.2. As demonstrated in section 4.1 the Hyper-
CEST approach is able to distinguish the different lipid phases. However, in the
previous experiments the biomembranes consisting of DPPC or POPC were separated
in different NMR test tubes. This may be at best a simplified representation for the
spatial separation of for example tumor tissue surrounded by healthy tissue if both
tissues differ in membrane fluidity, yet the composition of real cell membranes is much
more diverse. For example, when already only two different types of phospholipids,
e.g. DPPC and POPC, are mixed in a single biomembrane, lipid rafts can be formed
and their domain size can fluctuate at certain concentration and temperature regimes

[135).

Figure 4.18 shows the conditions that were used in the Hyper-CEST experiments
on top of a schematic phase diagram of DPPC:POPC mixtures based on differential
scanning calorimetry measurements [134, 135] (see also Figure 3.14). The work
presented in this section is mainly based on the publication [47] (Schnurr et al.,
Depolarization Laplace Transform Analysis of Exchangeable Hyperpolarized 1?9Xe for
Detecting Ordering Phases and Cholesterol Content of Biomembrane Models, Biophys.
J. 106 (6), 1301 — 1308, 2014).
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Figure 4.19 — Schematic representation of pre-mixed (a) and mixed (b) DPPC:POPC lipid
bilayers.

The first part of this section demonstrates the ability of Hyper-CEST and DeLL.TA
to sense lipid raft formation and their domain size fluctuations in biomembranes
of lipid mixtures. Therefore we prepared different mixtures of DPPC and POPC
containing vesicles. First, we studied binary DPPC:POPC liposomes at different
molar ratios which were mixed before preparing the liposomes (in the following called
pre-mixed liposomes, see Figure 4.19a). Second, we mixed pure POPC liposomes with
pure DPPC liposomes (in the following called mixed liposomes, see Figure 4.19b) at
different DPPC:POPC ratios and measured the corresponding Hyper-CEST effect
and the depolarization times. All the experiments presented in this section were
performed with a concentration of 5 uM CrA and 200 uM lipids.

In the second part of this section POPC:cholesterol mixtures were studied. The
measurements revealed that the depolarization time depends linearly on the choles-
terol content in POPC:cholesterol model biomembranes and therefore allows its
quantification.

4.2.1 Lipid rafts

Binary DPPC:POPC liposomes

Hyper-CEST spectra: Figure 4.20a shows the Hyper-CEST response of CrA
when interacting with pre-mixed DPPC:POPC model biomembranes, with different
DPPC:POPC ratios at 297 K. As in the previous sections, the two characteristic
resonances of XeQCrA,q (at 62 ppm) and Xe@QCrAy;, (at 73 ppm) are visible. The
slightly different chemical shifts compared to the ones in Figure 4.13 can be explained
by the slightly elevated temperature (by 4 K). The Xe@CrA,, resonance remains
unchanged when changing the lipid composition, similar to the spectra that were
performed with different lipid concentrations (see also Figure 4.13). The slightly lower
M. /Mo at a low DPPC content arises from the spillover of the Xe@CrAy;, resonance.

In contrast to the Xe@QCrA,q resonance, the Xe@QCrAy;, resonance at 73 ppm was
affected when changing the DPPC:POPC ratio. When the biomembrane was in the
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Figure 4.20 — Hyper-CEST spectra of 5 uM CrA in the presence of 200 uM pre-mixed (a) and
pure mixed (¢) DPPC:POPC model biomembranes with variable DPPC:POPC concentration
ratios at 297 K. The fits were performed using equation 3.5. The corresponding depolarization
processes of the Xe@CrAy;, resonance at 73 ppm are shown in (b) and (d). The fits were
obtained using DeLTA. The first five data points of the 98 % DPPC data set in (b) were not
used in the DeLTA. Reproduced from reference [47]. Copyright © 2014 Elsevier Inc.

S, phase, at 100 % DPPC, the Hyper-CEST effect M, /M,y was more efficient than
for a DPPC concentration of 98, 95, 91 and 83 %, which yielded the weakest Hyper-
CEST responses. Decreasing the DPPC concentrations below 77 % resulted into a
monotonically improving Hyper-CEST effect. The remarkably weak Hyper-CEST
effects for DPPC concentrations between 83 — 98 % might origin from the coexistence
of the S, and Ly phase that possessed fluctuating domain size as observed in the
same model biomembranes by Svetlovics et al. [135]. We hypothesize that these
fluctuations disturb Xe exchange in and out of CrA compared to conditions in pure
DPPC liposomes.
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Figure 4.21 — Depolarization time distributions of the depolarization processes shown in
Figure 4.20b and d. Mono-exponential depolarization processes were found except for DPPC
concentrations of 71, 59 and 50 % in the mixtures of pure DPPC and pure POPC liposomes
(mixed DPPC:POPC). Reproduced from reference [47]. Copyright © 2014 Elsevier Inc.

DeLTA: Analyzing the depolarization processes as shown in Figure 4.20b using
DeLTA yielded a single depolarization time for each DPPC:POPC ratio. The depolar-
ization time distributions are shown in Figure 4.21 in the two columns to the left. At
a concentration of 100 % DPPC the depolarization time 7 = (14.2+£0.7) s was up to a
factor 4.8 faster than the depolarization times in model biomembranes that contained
a small amount of POPC (98, 95, 91 and 83 % DPPC), e.g. 7 = (69.1 £2.7) s at
98 % (see also Figure 4.22). Again we attribute this drastic increase in depolarization
time to the fluctuations in domain size of the lipid rafts. The fluctuations might
influence the Xe diffusion and exchange in and out of CrA such that it results into a
less efficient Hyper-CEST effect.
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The depolarization became significantly faster when the DPPC amount was smaller
than 77 %. The fastest depolarization time 7 = (2.3 £ 0.1) s was found for pure
POPC.

The ratio of Tpppc/Tpopc =~ 6 is in very good agreement with the experiments
presented in section 4.1.2 (Tpppc/Tpopc ~ 7 for 200 uM of lipids and 5 uM of CrA at
303 K) and section 4.1.3 (tpppc/Tpopc = 7 for 1 mM of lipids and mpppc/7popc ~ 10
for 100 uM of lipids, both with 5 uM CrA at 293 K), even though the absolute

depolarization times were different which we attribute to the different temperatures.

At 77 % DPPC, and hence only 13 % POPC, the depolarization time 7 <
(6.1 £0.4) s was already quite fast and did not change that much to 7 = (2.3 £0.1) s
for pure POPC. We assume that below 77 % DPPC stable domains of POPC in the
L4 phase had been formed which were dominating the depolarization process and
made the remaining, yet large, DPPC contribution negligible. This means that small
amounts of POPC can overcome the depolarization of Xe atoms that are interacting
with DPPC domains. This domination might be explained by a faster exchange rate
of Xe atoms in and out of the L ; domains.

Beside the unusually high depolarization times at high DPPC concentrations
(except for 100 %), it is interesting that mono-exponential decays were found when
analyzing the depolarization data. That is surprising, because the lipid rafts with
either the S, or Ly phase should coexist in this regime [134]. An explanation could be
that the timescale of the saturation pulse (in the order of seconds) is much longer than
the time it takes for the Xe atoms and CrA molecules to diffuse in between the S,
and L, domains. Therefore no biexponential depolarization process, that represents
the two coexisting phases, could be detected. Unfortunately, the diffusion constants
of neither Xe nor CrA have yet been measured in lipid bilayers, in particular not in
DPPC:POPC model biomembranes.

Mixtures of pure DPPC and POPC liposomes

In liposomes that consist of only a single type of phospholipid lipid rafts cannot
establish. They can either be in the S, or Ly phase. At 297 K pure DPPC or POPC
liposomes are far from the S, — Ly phase transition which occurs at 314 K for
DPPC and 271 K for POPC. As a control experiment for the domain formation with
size-fluctuations detected in the pre-mixed liposomes in section 4.2.1, we again mixed
solutions of DPPC and POPC at the same different molar ratios, but this time with
pure liposomes that should not fuse. With that we can also check if the Hyper-CEST
technique is able to sense two different lipids in a solution simultaneously.

Hyper-CEST spectra: The Xe@QCrA,, resonances for different ratios of DPPC
and POPC liposomes at 62 ppm in Figure 4.20c again look very similar in all spectra
as in the case of pre-mixed liposomes (Figure 4.20a), including the spillover of the
broad Xe@CrAyj;, resonance that affected the Xe@CrA,, resonance at low DPPC
concentrations. However, this time the order of intensities of the Xe@CrAy;, resonances
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Figure 4.22 — Depolarization times 7 obtained from the inverse Laplace transforms shown
in Figure 4.21. The error bars represent the width of the maxima in the depolarization time
distributions. The three phases Ly, Lgy + S, and S, in pre-mixed liposomes from reference
[134] (see also Figure 3.14) are separated by the two solid vertical lines. The ranges where
liquid domains and domains of fluctuating cluster size in the pre-mixed liposomes are assumed
[135] are separated with the dashed vertical line. Two depolarization times 71 and 75 were
found for mixed liposomes at DPPC concentrations of 50 %, 59 % and 71 % (represented in
dark and light blue). Reproduced from reference [47]. Copyright © 2014 Elsevier Inc.

was different compared to the resonances of pre-mixed liposomes: M, /M,y decreased
monotonically with decreasing DPPC content. Together with the results from the
pre-mixed liposomes, this indicates, that no phase transition was detected.

DeLTA: Figure 4.20d shows the depolarization processes of the Xe@QCrAy;, reso-
nances in the case of pure DPPC and POPC liposomes. The corresponding depolar-
ization times distributions are shown in Figure 4.21 in the two columns to the right.
This time there was no drastic increase in depolarization time detected, as shown in
Figure 4.22. Because of this monotonicity we assume that the different liposomes
did not fuse (which might be caused by the bubbling of the gas mixture into the
solution) and, as expected, no phase transition with possible domain size fluctuations
was detected.

Interestingly, for high DPPC contents (> 77 %) the inverse Laplace transform
yielded only one depolarization time 7, whereas with further decreasing DPPC content
(71 %, 59 %, 50 %) DeLTA yielded a second T-component (represented in light blue
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and dark blue in Figure 4.22). Such a bi-exponential result agrees with the results
presented in section 4.1.2, when pure DPPC and pure POPC liposomes were spatially
separated in the two nested NMR tubes. However, this time the slower depolarization
time that we attribute to the interaction with DPPC was not slower by a factor of
7. This might be explained by the absence of a physical separation in between the
different types of liposomes which causes interference of the depolarization processes
in DPPC and POPC. For example a Xe atom might travel from a DPPC liposome
to a POPC liposome during a saturation pulse. This might also explain why only a
single, intermediate depolarization time is detected over a large range which was closer
to the faster depolarization process caused by POPC. Yet, when two depolarization
times were found (Figure 4.21), the intensities of the two peaks were similar to the
DPPC:POPC ratio, except for the case with 50 % DPPC.

To be able to interpret the data more quantitatively in terms of partitioning and
Xe exchange in the different liposomes one has to do quantitative modeling of the
data. This would require many more measurements as each Hyper-CEST spectra has
to be recorded at different B values [79]. By extending the maximal saturation time
up to a few mpppc one might resolve the DPPC related depolarization better and
with more accuracy when it has to compete with the faster 7popc without a physical
separation.

4.2.2 Impact of cholesterol content on Xe depolarization

Hyper-CEST spectra and DeLTA

When cholesterol is incorporated into pure POPC bilayers the ordering of the acyl
chains gets increased [124] and the L, phase is established (see section 3.3.2). Because
Hyper-CEST is sensitive to changes in membrane fluidity as demonstrated in the
previous sections it should also be possible to sense the influence of cholesterol on
membrane fluidity. Therefore, we prepared POPC:cholesterol bilayers, where the
cholesterol content was varied in the biologically relevant range of 0 — 50 %.

Figure 4.23 shows the dependence of the Xe@CrAj;, resonance on the cholesterol
content at 310 K. The Xe@CrAy;, resonance clearly became weaker with increasing
cholesterol content which indicates the establishing of a more ordered membrane
structure that hampers Xe exchange in and out of the membrane as well as in and
out of the membrane-embedded CrA molecules.

The Xe@CrA,q4 resonance was much more pronounced than the Xe@CrAyj;, reso-
nance and even completely saturated in all Hyper-CEST spectra with the saturation
power and saturation time used. This must be due to the elevated temperature as
a similar behavior was found when increasing the temperature and detecting the
CrA-dye conjugates in the presence of lipids (section 4.1.1). However, the resonance’s
right shoulder did not change with changing the cholesterol level as much as the
Xe@CrAy;, resonance from which we conclude that the Xe@QCrA,, resonance did not
change significantly.
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Figure 4.23 — Hyper-CEST spectra of POPC:cholesterol liposomes at 310 K. The cholesterol
level is given in %. The inset shows the corresponding depolarization processes recorded
at the Xe@CrAj;, resonance at 77 ppm. For each cholesterol concentration 3 independent
measurements were performed. The 77 relaxation was obtained by applying off-resonant
saturation pulses at 313 ppm. Reproduced from reference [47]. Copyright © 2014 Elsevier Inc.

The broad overlap of the two resonances was due to the fast exchange of Xe atoms
at 310 K [21, 46, 75]. This effect is also consistent with the smaller chemical shift
difference of the two resonances that was caused by an increased temperature as
demonstrated in section 4.1.1. Compared to the Hyper-CEST spectra in Figure 4.20,
which were acquired at 297 K, the Xe@QCrA,, resonance was shifted from 62 to 70
ppm whereas the Xe@QCrAy;, was shifted from 74 to 77 ppm.

In addition to the acquisition of the Hyper-CEST spectra we also applied saturation
pulses of different lengths to the Xe@QCrAy;, resonance and performed DeLTA. The
results are shown in the inset in Figure 4.23. The accuracy and reproducibility of
the method was demonstrated by repeating each measurement three times. DeLL.TA
yielded a single peak in the depolarization time distributions. Figure 4.24a shows
the obtained depolarization times in dependence of the cholesterol content. The
depolarization times increased from (2.4 +0.2) s for pure POPC to (8.9 £0.3) s for
50 % cholesterol. The depolarization time seems to depend linearly on the cholesterol
content. It should be possible to discriminate the amount of cholesterol in POPC
liposomes with an accuracy of at least 5 % when taking the error bars that represent
the standard deviation of the three measurements, into account.
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POPC:cholesterol liposomes shown in Figure 4.23. The depolarization time appears to
depend linearly on the cholesterol level in the measured range. The error bars allow to
determine the cholesterol content with an accuracy better than 5 % (gray arrows). (b) shows
the fluorescence anisotropy measurements on the same POPC:cholesterol model biomem-
branes and the linear fit. (c) compares the Hyper-CEST method with the fluorescence
anisotropy method (both normalized to their maximum) yielding a linear dependence of
y = (0.03+0.09) + (1.04 £ 0.14)z. Reproduced from reference [47]. Copyright © 2014 Elsevier
Inc.

Fluorescence anisotropy control experiments

Usually the cholesterol content in model biomembranes is studied by steady-state
fluorescence approaches, which are sensitive to the packing of the acyl chains of
phospholipids and the presence of cholesterol. One approach is fluorescence anisotropy
({r)) which uses 1,6-diphenyl-1,3,5-hexatriene (DPH) as a fluorescent probe [167]. The
higher the fluidity of a membrane the higher the rotational diffusion rate of the DPH
that is embedded into the membrane, which exhibits a faster decay of (r).
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To validate the correct incorporation of cholesterol into the POPC bilayers we
measured the fluorescent decay of DPH in the different POPC:cholesterol model
biomembranes. Figure 4.24b shows the recorded fluorescence anisotropy (r) of the
different POPC:cholesterol liposomes. Both the depolarization times and (r) appear
to increase linearly with increasing cholesterol content. The linear increase of the
fluorescent decay time of DPH in the presence of cholesterol is qualitatively in very
good agreement to what has been measured at 296 K in reference [168], where DPH
was used as well or at 313 K in reference [126], where trans-parinaric acid was used as
a fluorescent probe. However, the noise of the Hyper-CEST data (adjusted R? = 0.99)
is smaller compared to our measurements of (r) (adjusted R? = 0.88). Figure 4.24c
compares the sensitivities of both methods. The linear fit yields for the y-axis intercept
0.03 £ 0.09 and 1.04 £ 0.14 for the slope. The slope (=~ 1) illustrates that the two
methods possess similar sensitivities by covering a similar dynamical range.

4.2.3 Summary

Hyper-CEST and DeLTA can be used not only to sense the presence of lipid environ-
ment, the highly sensitive detection techniques can also be used to study biophysical
properties of model biomembranes. The performed experiments showed, that it
is possible to discriminate different composed model membranes, especially when
domains of fluctuating sizes are present as proposed in the literature [135], which
caused a drastic increase in depolarization time. Also the presence of cholesterol in
lipid bilayers caused an increased depolarization time which could be sensed with an
accuracy of 5 %.

However, we currently do not believe that it is possible to use the presented
approaches to study real biomembranes from cells, as they are much more diverse.
For example, the breast cancer cell line MCF7, which should have a much higher
cholesterol content in its membrane, did not show the same trend as seen in the model
membranes with Hyper-CEST, when we compared it to the non-tumorgenic epithelial
cells MCF10A (Figure 4.25). We believe that the higher metabolic turnover of the
breast cancer cell line caused a higher CrA cellular uptake than in the control cell
line, which masks the impact of cholesterol on membrane fluidity.

Yet, using Hyper-CEST to study biophysical properties of biomembranes can
provide complementary information to established methods. For example, an advan-
tage of the Hyper-CEST approach is that no elaborate modification of the original
membrane is required as it is the case for example in C NMR spectroscopy, where
the lipids have to be labeled isotopically.
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Figure 4.25 — Comparison of the Hyper-CEST effect of 5 uM CrA in cholesterol-rich human
breast cancer cells and nontumorgenic epithelial cells MCF10A at 310 K. The XeQCrA,,
resonance is at 62 ppm. The Xe@QCrAy;, is at 70 ppm. Parameters: 7 x 10° cells/mL; CrA
was added 60 min before the experiments. Saturation parameters: By = 3 T, tgay = 4 s.

4.3 Sensing antimicrobial peptide action on

biomembranes

Antimicrobial peptides (AMPs) can exhibit antibiotic, virucidal, funigicidal, hemolytic
and tumoricidal activity by interacting with cellular membranes [169]. They are
produced by various organisms, e.g. humans, fungi, amphibians or insects, basically
to defend the organisms in the first line against bacterial infections, even before T
and B cell defense action. Because of that they are not only used naturally by the
organisms, they also play a crucial role in drug research as they do not show cytotoxic
effects against healthy eukaryotic cells (at meaningful concentrations) [170]. Most
AMPs consist of a short amino acid sequence (12 — 50 units, weight < 10 kDa) and
are therefore easy to synthesize.

4.3.1 Classes of antimicrobial peptides

With a mainly hydrophobic or amphiphilic amino acid sequence, AMPs attack bacterial

cells by inducing pore formation in their characteristically charged cellular membrane.

The pores allow ions and other small molecules to pass the cellular membrane which
causes swelling of the cells and osmolysis followed by cell death. Because of different

mechanisms in pore formation, the AMPs can basically be divided into three classes.
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Figure 4.26 — Scheme of formation of barrel-stave pores by AMPs. The to the membrane
attracted and attached AMPs aggregate and form stable pores by aligning their hydrophobic
regions (blue) towards the lipid bilayer and the hydrophilic regions (red) towards the formed
pore interior. Reproduced from reference [175]. Copyright © 2005 Macmillan Publishers
Limited.

The principle of the three classes are sketched in Figure 4.26, 4.27 and 4.28. The
classes are termed barrel-stave, carpet, and toroidal class due to the characteristic way
of membrane interaction. The three classes have in common that at a low AMP /lipid
ratio the AMPs are attached parallel to the lipid bilayer [171]. With increasing
AMP /lipid ratio the AMPs orient perpendicular to the lipid bilayer and insert into it
to form transmembrane pores which can be different for different AMPs.

Barrel-stave class: The peptides of the barrel-stave class form groups of he-
lices that arrange in such a way that they span the lipid bilayer and act as the
staves of a barrel through which ions or small molecules can pass [172, 173]. The
AMP alamethicin is a well-studied representative of the barrel stave class. It is
produced by the Fungus Trichoderma Viride with the amino acid sequence Acetyl-
UPUAUAQUVUGLUPVUUQQ-Phenylalaniol (U stands for a-aminoisobutyric acid),
where the hydrophobic regions of the sequence face the lipids and the hydrophilic re-
gions form the water-filled channel that spans the lipid bilayer [171]. One barrel-stave
pore produced by alamethicin usually is made up of 8 helices [171], but this number
can change depending on the lipid composition [174].

Carpet class: Characteristic for the carpet class is the accumulation of a high
number of AMP molecules that span the surface of the lipid bilayer in a carpet-like
manner [176]. The AMPs are mainly attracted to the lipid bilayer by electrostatic
interactions. Once their concentration is high enough they disrupt the lipid bilayer
like a detergent and start to form transient pores which increases the total membrane
surface so that additional AMPs can attach to the surface. Well-studied representatives
of the carpet model are dermaseptin S from the frog Phyllomedusa with a lysine-rich
but varying sequence [177] and cecropin which can be found in the moth Hyalophora
cecropia and consists of 31 — 37 amino acids [178].
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Figure 4.27 — Scheme of the AMP carpet model. The AMPs orient parallel to the lipid
bilayer surface and span it by forming a carpet-like structure. The hydrophobic regions (blue)
are facing the lipid bilayer surface whereas the hydrophilic regions are facing the surrounding
aqueous medium. Reproduced from reference [175]. Copyright © 2005 Macmillan Publishers
Limited.

Toroidal class: The last class, the toroidal class, is defined by transmembrane pores
in which the lipid bilayer is bent with a very high curvature and the produced water

channel is made up of both, phospholipids and AMP molecules that alternate [171].

The AMPs of the toroidal class tend to align with the head groups of the lipids, which
causes the toroidal-like bending of the lipid bilayer and the alternating AMP-lipid wall
of the pore. The AMPs melittin (main component of the honey bee venom, amino
acid sequence GIGAVLKVLTTGLPALISWIKRKRQQ-NH;), magainin (from the frog
Xenopus laevis), piscidin (found in several fish) are well-studied representatives of the
toroidal class. Although melittin is one of the most studied AMPs, it is not totally
clear if it can be classified into the toroidal class, the barrel-stave class or a mixture

of both [171]. However, most of the studies classify melittin as a toroidal pore AMP.

4.3.2 Techniques to study antimicrobial peptide action

Various techniques, which are briefly described in the following, are used to study
the different interactions of AMPs with cellular membranes. One technique alone
cannot provide full understanding of the interaction mechanism of an AMP, only the
combination of complementary techniques is able to characterize and understand the
mechanisms of the models as described above. The review article by Kim A. Brogden

[175] nicely summarizes and describes the different techniques and their applications.
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Figure 4.28 — Scheme of AMP toroidal pore formation. The AMPs aggregate and get
inserted into the lipid bilayer. They induce a high curvature in the lipid monolayers which
bend. The build pores are made up of both, the phospholipids and the AMPs. Reproduced
from reference [175]. Copyright © 2005 Macmillan Publishers Limited.

Microscopy techniques can be used to visualize the general effects of AMP action,
such as cell death, or to identify general target sites. The methods comprise optical
confocal laser-scanning microscopy, transmission and scanning electron microscopy.
The microscopy techniques helped to understand that different AMPs have different
target sites, as for example shown in reference [179], where the actions of the AMPS
SMAP29 and CAP18 on bacterial cells are compared. Furthermore, the study revealed,
that the bacterial cells were killed after 15 min upon incubation with the AMPs,
however, the peptides could be detected inside the cells almost immediately after
incubation. Hence, to obtain a more detailed picture of the AMP interaction with
cellular membranes further methods are required.

Much more simplified experiments can be performed when taking advantage
of model membranes. They allow to study the AMP interaction with different
phospholipids in detail such as their secondary structure, attachment, incorporation
and orientation on the membrane. Techniques that are used in combination with
model membranes are NMR spectroscopy, X-ray crystallography, neutron diffraction
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and several optical spectroscopy techniques such as fluorescence, Fourier transform
infrared, Raman or oriented circular dichroism.

For example, from solid and liquid state NMR spectroscopy measurements, in-
formation about the secondary structure, orientation and penetration into the lipid
bilayer of model membranes can be obtained [169, 180]. Neutron in-plane and off-plane
scattering could reveal differences in pore size induced by alamethicin and magainin
[172, 181]. Fluorescent dyes, which are encapsulated in model membrane vesicles,
enable for example to study their time-dependent release out of the vesicles upon the
action of AMPs at different concentrations and membrane compositions [182-185],
whereas with differently sized fluorescent dyes pore sizes can be estimated [186]. In
contrast to vesicles, with planar model membranes ion channel formation can be
studied by monitoring the voltage dependent electric currents over a lipid bilayer that
are produced by ion fluxes upon pore formation [187].

With these existing methods it could be shown, that already at very low AMP
concentrations, transient pores are formed by fluctuations, which cause ion conduction
but not leakage of larger molecules over the cellular membrane [188]. Stable pores are
formed beyond an AMP and a membrane specific threshold that also enable larger
molecules to enter or leave the attacked cells [185].

4.3.3 Hyper-CEST experiments

As demonstrated in the previous sections, Hyper-CEST is sensitive to changes in
membrane fluidity. We hypothesized that it also allows to distinguish the different
mechanisms of pore formation caused by different AMPs. For initial experiments
we chose melittin and alamethicin as AMPs and studied their action on prepared
model membranes of either mixtures of POPC and 1-palmitoyl-2-oleoyl-sn-glycero-
3-phospho-(1’-rac-glycerol) (POPG) at a POPC:POPG molar ratio of 3:1 or only
POPC, representing prokaryotic or eukaryotic cell membranes, respectively. Before
the measurements the model membranes (with a lipid concentration of 200 uM) were
incubated with different concentrations of the AMPs at a fixed CrA concentration of
5 uM (used as the Hyper-CEST sensor) in 1.5 mL PBS at 300 K. A Hyper-CEST
spectrum around the CrAy, resonance was recorded to get the resonance’s exact
chemical shift upon which the depolarization process was measured.

Figure 4.29 shows the depolarization times in POPC and POPC:POPG model
membranes in the presence of different concentrations of melittin and alamethicin.

Melittin The depolarization time in POPC model membranes dropped from ca.
1.7 s to ca. 1.2 s once the melittin:POPC ratio was larger than 0.1. A similar,
but much more pronounced drop in depolarization time was induced by melittin
in POPC:POPG mixtures at a approximately 10 times lower melittin:lipid ratio.
We explain the drop in depolarization time with the formation of stable toroidal
pores accompanied with large curvature of the lipid bilayer induced by melittin. The
locally high curvature might have facilitated the traveling of Xe atoms in and out of
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Figure 4.29 — Depolarization times of Xe@CrA in the presence of 5 uM CrA in 200 pM
POPC and POPC:POPG (3:1 mol/mol) in dependence of the concentration of melittin (a, b)
and alamethicin (¢, d) in PBS at 300 K. Errorbars represent the uncertainty of the DeLTA
result. Saturation pulse: By =6 uT.

the membrane which yielded the faster depolarization times. The higher affinity of
melittin for prokaryotic membranes can explain the 10 times lower AMP:lipid ratio,
where the drop in depolarization time occurs.

Also at a melittin:lipid ratio of ca. 0.01 Lee et al. [185] found a significant change
in membrane thickness and orientation of the melittin helices measured by X-ray
diffraction and oriented circular dichroism spectroscopy experiments, respectively.
Figure 4.30 shows the results which were performed with a similar lipid mixture
(DOPC:POPG at a ratio 7:3) at almost the same temperature (298 K). The measured
parameters decreased linearly with increasing melittin:lipid ratios until a melittin:lipid
ratio of ca. 0.01 — 0.02 was reached. Beyond that ratio no further change in the
measured parameters was detected. Lee et al. interpret the range of linear decrease
with the formation of transient pores and the range of unchanged measurement
parameters with the presence of stable pores.
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Figure 4.30 — a) DOPC:POPG membrane thickness measured by X-ray diffraction and b)
the fraction of the melittin helices that are oriented perpendicular to the lipid bilayer measured
by oriented circular dichroism spectroscopy. Reproduced from reference [185]. Copyright
© 2013 National Academy of Sciences.

Alamethicin The situation was completely different in the presence of alamethicin.
In both cases, POPC and POPC:POPG mixtures, the depolarization time increased
significantly from ca. 4 s to almost 8 s in case of POPC and to ca. 23 s in case of
POPC:POPG at a alamethicin:lipid ratio of 1. It is very likely that the formation of
barrel-stave pores caused the increase in depolarization time as the pores could act
as barriers that hindered intra-lipid diffusion of Xe atoms and CrA molecules. This
concept gets supported by the continuous increase of the depolarization time with an
increasing alamethicin:lipid ratio where more stable pores could be formed.

4.3.4 Summary

In initial experiments the depolarization time measurements revealed drastic differ-
ences in the action of melittin and alamethicin on POPC and POPC:POPG model
membranes. The differences are most likely caused by the different pore formation
mechanisms. Melittin causes a high curvature of the lipid bilayers whereas the barrel-
stave pores produced by alamethicin might act as barriers and hinder Xe and CrA
intra-lipid diffusion.

Although AMPs are already well explored, Hyper-CEST might be used as a
complementary approach to study the action of AMPs on cellular membranes, because
Hyper-CEST allows to study the AMP action in the original environment. For
example to perform neutron in-plane scattering experiments, the water surrounding
the model membranes has to be evaporated so that the dried lipid bilayers-AMP
mixtures become oriented multilamellar layers on a flat quartz surface [189)].
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4.4 Liposomal Xe carriers for cell targeting

The hydrophobic character of CrA and the resulting interaction with lipid environments
allows biophysical studies of biomembranes as demonstrated in the previous sections.
Yet, in the context of cell experiments this hydrophobic-driven interaction was initially
reported as an unwanted side-effect that can mask specific cell targeting [98]. Here we
demonstrate that the hydrophobic interaction even provides possibilities in terms of a
biocompatible delivery of CrA to a specific cell type. The results presented in this
section are mainly based on the publication [20] (Schnurr et al., Brain endothelial cell
targeting via a peptide-functionalized liposomal carrier for xenon Hyper-CEST MRI,
Adv. Healthcare Mat. 4 (1), 40 — 45, 2015).

Biocompatibility issues of CrA have to be considered in in vivo Xe-biosensor
studies. CrA is hardly soluble in water and therefore has to be dissolved in a harmful
solvent, e.g. DMSO, for stock solutions that are later diluted for cell incubation. The
presence of a harmful solvent and the direct interaction of CrA with cells impact
cell viability as seen in first cellular in vitro experiments [16, 19, 190, 191]. Figure
4.31 supports the reports about the cytotoxic effect of high concentrations of CrA
on human cells. In this experiment human brain microvascular endothelial cells
(HBMECs) showed a viability of only 70 % when being exposed to 100 uM CrA for 4
hours. To improve the water solubility of CrA by optimizing its chemical structure
requires some noticeable synthetic effort [74, 94, 96]. However, when CrA is embedded
into the lipid bilayer of a liposomal carrier the toxicity of CrA is shielded and there
is no need for a harmful solvent to deliver CrA at a high concentration to cells as
demonstrated in the following.

Liposomal carriers can be used to elegantly target cells by modifying their surface
[137]. Therefore, any targeting or uptake mediating moieties, e.g. peptides, sugar
moieties or antibodies, can easily be anchored into the carriers’ lipid bilayers. Such
liposomal carrier systems already proved their potential in terms of high sensitivity
as a switchable contrast agent, for example in 'H CEST-MRI [192, 193].

As liposomes provide space for hydrophobic compounds in their lipid bilayer and
for hydrophilic compounds in their interior, they can also be used to transport more
than one compound and therefore enable to deliver a therapeutic and a diagnostic
agent together [193]. For cell targeting we anchored short arginine rich peptides
into the liposomal surface via two covalently bound palmitoyl chains (named P2Rn)
(synthesis provided by the group of Michael Beyermann (FMP, Berlin), see also
[194]). Figure 4.32 shows the chemical structure of P2Rn. To have the opportunity
to evaluate the cellular uptake of the carrier system by both fluorescence and Hyper-
CEST carboxyfluorescein-labeled P2Rns were anchored into the liposomal carrier’s
lipid bilayer and loaded them with CrA.

The positive net charge at physiological pH (ca. 7.3) of the short arginine rich
peptide should promote uptake into HBMECs [195, 196], which possess a highly
negative charged glycocalyx and are the main component of the blood brain barrier
[197]. Together with tight junctions in between the HBMECs, the glycocalyx makes
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Figure 4.31 — Cell viability of human brain microvascular endothelial cells at different
concentrations of CrA after 4 h incubation at 310 K. Complete viability (100 %) corresponds
to cells that were not exposed to CrA.

sure that no unwanted substances can travel from the blood into the brain. To
demonstrate the selectivity of the P2Rn-mediated uptake into HBMECs, we used
human aortic endothelial cells (HAoECs) as a control cell line in the experiments,
which have a differently sized and composed glycocalyx, which shows lower affinity
for positively charged peptides such as P2Rn [198].

WKG Rn

OI\
\/\/\/\/\/\/\) NH
Figure 4.32 — Chemical structure of the targeting peptide P2Rn. Two palmitoyl chains are

coupled to the multiple arginine sequence (Rn) by the amino acid sequence Tryptophan (W),
Lysine (K) and Glycine (G).
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Figure 4.33 — The different steps from the preparation of the liposomal carrier for NMR
(and fluorescence) experiments. Before extrusion, the vesicles were loaded with CrA in a
lipid:CrA ratio of 20. The peptide P2Rn was anchored into the lipid bilayer at 310 K overnight.
HBMECs and HAoECs were exposed to the prepared liposomal carriers with and without
the peptide P2Rn for 4 h at 310 K. After washing and trypsination of the cells, Xe was
bubbled into the cell suspension just before data acquisition. Reproduced from reference [20].
Copyright © 2015 John Wiley and Sons, Inc.

Table 4.4 — Physical characterization of CrA+LUV and CrA+LUV+P2Rn via DLS.

Carrier Zeta potential / mV[?! Diameter / nm/?
CrA+LUV —10.5£2.8 116.0 £ 2.0
CrA+LUV+P2Rn —9.0+2.1 1245+ 34

[a]: mean and standard deviation of 2 independent samples with three measurements each

4.4.1 Preparation and physical characterization

Figure 4.33 illustrates the steps from the preparation of the liposomal carrier for the
fluorescence and NMR experiments. The 100 nm liposomes were prepared and loaded
with CrA in a lipid:CrA ratio of 20 as described in section 3.3.4. This corresponds to
ca. 3800 CrA molecules per liposome. This loading with CrA did not influence the
stability of the liposomes as demonstrated in section 3.3.5.

The extruded liposomes were mixed with the targeting peptide P2Rn at a lipid:peptide
ratio of 1000 (ca. 80 peptides per liposome) and stored overnight at 310 K. The
incorporation of the P2Rn peptides into the liposomal bilayer did not change the
size distribution of the liposomes significantly as measured via DLS (Figure 4.34).
Also the zeta potential, which is the electric charge difference between the dispersion
medium and the shear layer of fluid that surrounds the liposome [199], did not change
significantly upon anchoring P2Rn into the lipid bilayer (Table 4.4).

4.4.2 Cytotoxicity

To check the cytotoxic effect of the liposomal carrier on the target cell line, HBMEC,
the cells (cultivated on a 96-well plate with a cell density of 5000 cells per well /100 pL)
were exposed to 2 mL of the liposome preparation containing different concentrations
of CrA for 4 h at 310 K. After that the cells were washed along with the alamar-
Blue assay reagent (10 puL/well) for staining of dead cells. Figure 4.35 shows the
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Figure 4.34 — Size distribution of CrA+LUV and after incubation with P2Rn
(CrA+LUV+P2Rn) overnight at 310 K. The corresponding maximal sizes and zeta potentials
are listed in Table 4.4.

fluorescence intensity at 590 nm of the samples that were incubated with either plain
liposomes (LUV), liposomes loaded with CrA (CrA+LUV) and liposomes loaded
with CrA and anchored peptides (CrA+LUV+P2Rn) at different concentrations of
CrA. Compared to the cytotoxic effect of plain CrA, as shown in Figure 4.31, the
liposomal carriers feature excellent biocompatibility, without significant decrease in
cell viability with either CrA+LUV or CrA+LUV+P2Rn. Hence, the shielding effect

mediated through the lipid bilayer substantially improved the cytotoxic effect of CrA.

Furthermore, anchoring P2Rn into the lipid bilayer did not have a negative effect on
cell viability. This is interesting because it is known that positively charged peptides
alone, such as P2Rn, can mediate cell cytotoxicity [200, 201].

4.4.3 Fluorescence control experiments

Fluorescence microscopy

Qualitative information about the uptake of the liposomal carrier was performed by
anchoring the carboxyfluorescein-labeled version of P2Rn (P2fRn, excitation wave-
length 488 nm) into the liposomal bilayer and incorporating a rhodamine-labeled
phospholipid (1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rho-
damine B sulfonyl) (RhPE), excitation wavelength 555 nm) into the POPC bilayer at
a POPC:RhPE ratio of 100 (weight/weight). The use of the two different fluorescent
molecules allowed to monitor the stability of the liposomal carrier upon cellular
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Figure 4.35 — Cytotoxicity studies of CrA+LUV and CrA+LUV-+P2Rn at different concen-
trations of CrA and plain LUVs (separate column) on HBMECs after incubation of 4 h at
310 K measured with the alamar-Blue assay. Complete viability (100 %) corresponds to cells
that were not exposed to any of the preparations. Reproduced from reference [20]. Copyright
© 2015 John Wiley and Sons, Inc.

internalization and additionally to evaluate the fate of the liposomal lipid bilayer and
the peptide independently.

The fluorescence microscopy experiments (Figure 4.36) confirmed that the labeled
carrier CrA+LUV+P2Rn got taken up by the HBMECs. The intracellular co-
localization of P2fRn and RhPE points to intact liposomal carriers after 4 h of
incubation at 310 K. Furthermore, the dotted fluorescence, which agrees with cellular
distribution patterns of other arginine-rich peptide-labeled liposomal carriers [200],
suggests that the liposomal carriers accumulated in distinct cellular compartments,
which might be lysosomes.

Flow cytometry

Quantitative information about the uptake of CrA4+LUV+P2Rn was obtained by
using flow cytometry analysis. Figure 4.37 shows the geometric mean fluorescence
intensity of RhPE from the liposomal carrier to which the HBMECs and the control
cell line (HAoEC) were exposed to for 4 h at 310 K at a carrier concentration of 13.3
nM. The flow cytometry analysis revealed the specificity of CrA+LUV+P2Rn for
the HBMECs, which showed a significantly higher uptake of CrA4+LUV+P2Rn over
the HAoECs. Additionally, the analysis showed a significantly improved selectivity
over other reported arginine-rich peptide-labeled carriers [200, 202]. Compared to
the system without the targeting peptides P2Rn (CrA+LUV), anchoring P2Rn into
the liposomal bilayer yielded a 7.4 fold increased uptake in HBMECs. Furthermore,
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Figure 4.36 — Confocal laser scanning microscopy of HBMECs incubated with
CrA+LUV+P2Rn for 4 h at 310 K with 13.3 nM of the liposomal carrier (equivalent to 50 pM
CrA). The liposomal carriers were labeled with RhPE (red) (b), the peptides were labeled
with carboxyfluorescein (green) (a) and the nuclei were stained with Hoechst 33342 (blue)
((a) and (b)). (c) shows all three channels plus sectional images of the perpendicular imaging
planes. Reproduced from reference [20]. Copyright © 2015 John Wiley and Sons, Inc.
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Figure 4.37 — Cellular uptake studies via flow cytometry analysis of HBMECs and HAoECs
incubated with RhPE labeled CrA4+LUV and CrA+LUV+P2Rn. #p < 0.05, Mann-Whitney
U test [203]. Reproduced from reference [20]. Copyright © 2015 John Wiley and Sons, Inc.

the use of P2Rn showed much higher specificity for HBMECs than for the control
HAoECs.



92

Chapter 4 — Results and Discussion

z0

1

200 150

100 50 0
Chemical shift / ppm

Figure 4.38 — Conventional 1?Xe NMR spectrum of 2.5 x 105 HBMECs at 310 K exposed
to CrA+LUV+P2Rn (13.3 nM LUV concentration, equivalent to 50 uM CrA) for 4 h at 310
K. Number of averages NS = 4; gas mixture: 5 % Xe, 10 % N2, 85 % He. Except for the
dissolved Xe signal all other resonances are masked by the noise. Reproduced from reference
[20]. Copyright © 2015 John Wiley and Sons, Inc.

4.4.4 Hyper-CEST experiments

Spectroscopy response from liposomal carriers

The incorporation of CrA into the lipid bilayer of the carriers also allowed to perform
Hyper-CEST spectroscopy. The cellular uptake of the liposomal carrier into HBMECs,
that was observed with fluorescent techniques in section 4.4.3, was found in qualitative
similar way using Hyper-CEST but not in conventional 12Xe NMR spectroscopy as
demonstrated in Figure 4.38. Conventional ??Xe NMR. spectroscopy was not sensitive
enough to detect the small amount of CrA that got taken up by the cells, in particular
at 310 K, where the resonances are broadened.

The Hyper-CEST technique allowed to detect as little as 0.5 x 10% cells/mL as
shown in Figure 4.39. This cell number represents a substantial improvement in
detection limit compared to former Xe NMR studies with cells [16, 19, 98]. All recorded
Hyper-CEST spectra showed the two characteristic CrA resonances of Xe@QCrA,q
and Xe@CrAy;, at ca. 62 and 71 ppm, respectively. The resonance at 62 ppm should
result from CrA that got released from the cells after washing and trypsination.
The larger Hyper-CEST effects in the presence of the target HBMECs compared
to the control HAoECs qualitatively agrees with the flow cytometry results (Figure
4.37). The Hyper-CEST effect was the largest, when P2Rn was anchored into the
liposomal carrier’s bilayer and thus supports the cell specificity that is produced
by P2Rn. Moreover, the specificity produced by P2Rn was significantly different
(p < 0.05) when comparing the Hyper-CEST resonances of Xe@QCrAy;, in the presence
of CrA4+LUV (ca. 45 %) and CrA+LUV+P2Rn (ca. 80 %) for HBMECs. There
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Figure 4.39 — Hyper-CEST spectra with 0.5 x 105/mL HBMECs (left) and HAoECs (right)
exposed to CrA+LUV and CrA+LUV+P2Rn for 4 h at 310 K (mean and standard deviation
of three independent cell batches). The p-value vs. saturation frequency from a paired t-test
comparing the Hyper-CEST spectra is plotted as well. Horizontal dashed line: p = 0.05.
Reproduced from reference [20]. Copyright © 2015 John Wiley and Sons, Inc.

was not such a significant difference for the control HAoECs when comparing the
Hyper-CEST effects in the presence of both liposomal carriers.

Targeted MR imaging with liposomal carriers

The final goal for Xe biosensors is to deliver them to the target cell line in vivo
and perform MR imaging. The spatial information that can be provided by MRI
is essential in, for example, tumor diagnostics. To demonstrate the suitability of
the liposomal carrier for MRI, Hyper-CEST MRI was performed at 310 K (Figure
4.40). Therefore the target HBMECs and the control HAoECs were exposed to
13.3 nM carrier concentration (equivalent to 50 uM CrA) of CrA+LUV+P2Rn as
described before (4 h, 310 K) and put into two nested NMR tubes at a cell density of
0.8 x 109 cells/mL. The concentration of the liposomal carrier that was taken up by
the 0.8 x 106 HBMECs/mL could be estimated to ca. 1 nM, which corresponds to a
CrA concentration of 3.8 uM (see section 4.4.4).

This low carrier concentration was enough to produce sufficient contrast in between
the two nested NMR tubes containing the two cell lines. In the field of MRI similar
carrier concentrations are reached only when taking advantage of CEST (DIA-CEST
and PARA-CEST) approaches [193, 204-207]. Yet, without taking advantage of
hyperpolarized nuclei, those approaches have to use incubation concentrations of the
original contrast agent of up to several mM.
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Figure 4.40 — (a) Axial Hyper-CEST MRI of the two nested NMR tubes containing each
0.8 x 10%cells/mL. HBMECs in the inner and HAoECs in the outer compartment, both
exposed to CrA+LUV+P2Rn for 4 h at 310 K at a carrier concentration of 13.3 nM. Number
of averages NS = 20. The single MR images are shown in Figure 4.41. The Hyper-CEST effect
outside the two NMR tubes was set to zero. (b) Histogram of the pixelwise Hyper-CEST
effect in the outer (top) and the inner compartment (bottom). Reproduced from reference
[20]. Copyright © 2015 John Wiley and Sons, Inc.

The cellular uptake of HBMECs mediated by the targeting peptide P2Rn yielded
a Hyper-CEST effect of (68.4 +4.4) %. Compared to the outer compartment, that
contained the HAoECs, this is a difference of a factor 2.9 + 0.7, which showed a
Hyper-CEST effect of (23.4 + 5.3) %. These compartment-averaged Hyper-CEST
effects arise from two clearly distinguishable populations when analyzing the Hyper-
CEST effects pixelwise (Figure 4.40b). Again, this demonstrates the specificity of
the liposomal carrier produced by P2Rn and the ability of Hyper-CEST MRI to
accurately distinguish the two cell lines with only 1 nM carrier concentration.

The MR image shown in Figure 4.40 was determined on the average of 20 Hyper-
CEST MR image acquisitions with a RARE pulse sequence (RARE factor 32; in-plane
resolution 0.4 mm?; slice thickness 20 mm). The raw data of the single MR image
acquisitions without using any post-processing filter is shown in Figure 4.41. The
on- and off-resonant MR images are plotted with the full dynamic range which
varies for different images. This explains the different noise levels. In some cases
the Hyper-CEST effects obtained from a single pair of off- and on-resonant image
already allowed to distinguish the inner and outer compartment. This is particularly
important for future in vivo experiments in which no arbitrary number of MR images
can be acquired. Yet, for in vivo imaging, the MR signal has to be improved further,
by optimizing the ?Xe polarization, the pulse sequences and by using isotopically
enriched 12?Xe.
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Figure 4.41 — Raw single MR image acquisition with applying saturation pulses with on- and
off-resonant frequency (71 and 313 ppm) and the resulting Hyper-CEST effect. The different
noise levels result from different dynamic ranges The average of all 20 MR images is shown in
Figure 4.40. Reproduced from reference [20]. Copyright © 2015 John Wiley and Sons, Inc.
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Estimation of [CrA] per carrier and cell

The concentration of CrA that was delivered by the liposomal carrier to the cells
was estimated by measuring the fluorescence intensity of RhPE. Figure 4.42 shows
the fluorescence intensity calibration curves of RhPE in dependence of the CrA
concentration that was encapsulated in the labeled vesicles. As to be expected, the
fluorescence intensity depended linearly on the RhPE and CrA concentration.

With this calibration we checked the cellular uptake of CrA with the different
liposomal carriers. Figure 4.43 shows the measured fluorescence intensities in the
presence of 3.34 x 10> HBMECs. As in the flow cytometry experiments the RhPE
fluorescence in the HBMECs was much stronger when P2Rn was anchored into the
liposomal surface. Yet, the highest fluorescence was measured in the supernatant
(Figure 4.43b). This means that the largest amount of the carriers was not taken
up by the HBMECs and remained in solution. Figure 4.44 relates these fluorescence
intensities to the CrA concentration from the calibration curves in Figure 4.42.

1.6 uM CrA were taken up into the HBMECs. Thus the number of CrA molecules
delivered through CrA+LUV-+P2Rn into a single cell can be estimated by

1.6 uM
3.34 x 105/mL
Without the peptide P2Rn, the number of CrA molecules can be estimated by

0.1 uM
3.34 x 10%/mL

During the Hyper-CEST experiment only 0.8 x 10® cells/mL were used in the NMR
tube. Therefore the concentration of CrA delivered by CrA+LUV+P2Rn was:

#CrA /cell = X Ng=2.9x10%/cell. (4.2)

#CrA /cell = x Ng=1.8x 10%/cell. (4.3)
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Figure 4.42 — Fluorescence calibration curves of RhPE-labeled CrA+LUV carriers for low
(a) and high (b) fluorimeter sensitivity. Reproduced from reference [20]. Copyright © 2015
John Wiley and Sons, Inc.
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Figure 4.43 — a) RhPE fluorescence intensity at 587 nm of 3.34 x 10° HBMECs incubated
with RhPE-labeled CrA+LUV+P2Rn and CrA+LUYV for 4 h at 310 K and a blank sample
containing HBMECs only. b) The RhPE fluorescence intensity of the supernatant after
incubation. Reproduced from reference [20]. Copyright © 2015 John Wiley and Sons, Inc.

As the ratio of lipids to CrA was 75124/20, the concentration of LUVs that were
taken up can be estimated by

20
75124

[LUV] = [CrA] x = 1.0 nM. (4.5)

4.4.5 Summary

Here, we demonstrated that one can take advantage of the hydrophobic character of
CrA and embed it into the lipid bilayers of liposomal carriers. The carriers shield
the cytotoxic effect of CrA which might be favorable for future in vivo studies. The
specific cell targeting via the anchored peptides combined with the high sensitivity of
Hyper-CEST allowed the detection of less than 10° cells/mL. The biggest advantage
of the liposomal carrier might be that it circumvents direct chemical modifications
of CrA. Furthermore, the carrier system can arbitrarily be modified. For example,
the targeting peptides might be exchanged with antibodies, which can provide even
more specific cell targeting. Adding other drugs and reporters than or next to CrA
should also be possible. Thus, the presented system paves the way towards different
cell targets and should facilitate first in vivo studies with Hyper-CEST MRI.
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[CrA] / uM

Cells Supernatant

Figure 4.44 — CrA concentration in the samples determined from the RhPE fluorescence
intensities shown in Figure 4.42 and 4.43. Reproduced from reference [20]. Copyright © 2015
John Wiley and Sons, Inc.

4.5 Enzymatic activity detected by competitive Xe
binding

In molecular imaging cell targeting is usually achieved by targeted contrast agents or
carrier systems, as demonstrated in section 4.4. Another possible targeting approach
might be the detection of specific enzymes, as enzymatic activity is often upregulated
in diseases, e.g. glycolytic enzymes in cancer [208] or antioxidant enzymes in multiple
sclerosis [209]. This makes enzymes interesting markers for molecular imaging [11, 210—
213].

There have been attempts to sense enzyme activity via a change in chemical shift
in Xe NMR upon enzymatic action. However, the chemical shifts that are produced by
enzymatic cleavage are very small and are therefore difficult to detect. For example the
cleavage of a peptide-labeled CrA induced a chemical shift of the Xe@QCrA resonance
by only 0.5 ppm [214].

Here we designed a sensor for enzymatic activity that is based on a similar
approach as introduced in the previous section by looking at the loss of a Hyper-
CEST resonance. This time the reduction of the Hyper-CEST effect is caused by
a competitive binding event between Xe atoms and the produced molecule upon
enzymatic activity. As a molecular host we used cucurbiturils (CBs) with either 6 or
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Lys + { Xe LDC » Xe + (Cad

Figure 4.45 — Scheme of the LDC detection via Hyper-CEST. First Xe is encapsulated in
CB (yellow hexagon) and Lys is in solution. The enzyme LDC produces Cad, which shows a
higher binding affinity to CB than Xe.

7 subunits to which the binding affinity of an enzymatic substrate is much smaller
and that of the corresponding product is much bigger than for Xe. Because of the
stronger binding of the product than of Xe to CB, the access of Xe to the molecular
hosts is hindered which results into a vanishing Hyper-CEST resonances of Xe@CB.

Figure 4.45 shows schematically the measured enzymatic reaction in presence
of Xe atoms and CB molecules. We chose the well understood enzymatic process
of decarboxylation of lysine (Lys) to cadavarine (Cad) by the lysine decarboxylase
(LDC).

4.5.1 Mapping enzymatic activity in buffer with CB6

Spectroscopic detection of competitive binding

As the interaction of Xe atoms with CBs has not been studied in such detail by
Hyper-CEST as the interaction with CrA, we first acquired a Hyper-CEST spectrum
of 20 uM CB6 dissolved in 10 mM NH4OAc buffer (pH 6.0) at 298 K (Figure 4.46).
Similarly to the interaction with CrA two resonances were detected. The Hyper-
CEST signal at ca. 193 ppm can be ascribed to the known resonance of dissolved
Xe, whereas the resonance at 105 ppm arises from the encapsulation of Xe in CB6
(Xe@CB6). Compared to Xe@QCrA this is a difference in chemical shift by ca. 45
ppm. Furthermore, the Xe@CB6 resonance is much broader than a typical Xe@QCrA
resonance at similar temperature and saturation parameters. This indicates a faster
exchange rate of Xe out of CB6. Yet the exchange rate is slow enough to provide a
separation in chemical shift between dissolved Xe and Xe@QCB6.

Adding LDC to the solution did not influence the Xe@QCB6 resonance (Figure
4.46), from which we conclude that no significant interaction between CB6 and LDC
is present that might influence the Xe exchange in and out of CB6. This was different
when 100 uM Lys were added to the solution containing CB6 only. A reduction by ca.
1/3 of the Hyper-CEST effect of the Xe@CB6 resonance was observed. This can be
explained by a weak interaction between Lys and CB6 which hampers the interaction
of Xe with CB6. However, when we added 15 pg/mL LDC to the solution containing
Lys and CB6 the Xe@QCB6 resonance vanished completely after a reaction time of 30
min at 298 K. The production of Cad by decarboxylation of Lys through LDC must
cause this vanishing of the Xe@CB6 resonance as Cad shows high binding constants



100

Chapter 4 — Results and Discussion

1
0.8
=" 0.6
EN
0.4
0.2
) Xe@CB6
dissolved Xe
060180 160~ 140 7120 100 80 60
.~ Saturation frequency / ppm |
- - I
P l
(R e |
0.
5 0.6
=
§N

-»—CB6
=e=CB6 + LDC
CB6 + Lys ]
-»=CB6 + LDC + Lys
CB6 + Cad ]

940 130 120 110 100 90 80 70 60
Saturation frequency / ppm

Figure 4.46 — (a) Hyper-CEST spectrum of 20 pM CB6 in 10 mM NH4OAc buffer at 298
K. Dissolved Xe is at 193 ppm; Xe@CB6 is at 105 ppm. (b) Xe@CB6 resonance of 20 uM
CB6 (dark blue spectrum) together with 15 pg/mL LDC (purple), with LDC and 100 pM
Lys (magenta), with 50 uM Cad (yellow) and with 100 uM Lys (light blue). Saturation
parameters: By = 16 uT, tsa = 4 s.

with CB6 [215]. Hence, Cad blocks the CB6 molecules and hinders the encapsulation
of Xe inside CB6. Cad as the product of the enzymatic reaction blocks CB6 which
could be confirmed by adding pure Cad to a solution containing CB6 only, as shown
in Figure 4.46.

These experiments clearly demonstrate the possibility to use Hyper-CEST for the
sensitive MR detection of enzymatic activity via the competitive interaction with CBG6.
Furthermore, the great sensitivity provided by Hyper-CEST allowed the detection
of CB6 which is remarkable as CB6 was first considered to be unsuitable for direct
Xe NMR detection due to its low water solubility [216]. Similar to Xe with CrA
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Figure 4.47 — Xe MRI at 298 K of two nested NMR tubes each containing 600 pL 10 mM
NH4OAc buffer with 20 uM CB6 and 100 uM Lys without LDC (a — ¢) and with 20 pg/mL
LDC (d — {f) in the inner tube. (a) and (d) show the signal intensity after off-resonant
saturation, (c) and (f) after on-resonant saturation at Xe@CB6 and (c) and (f) the respective
resulting Hyper-CEST effects. Saturation parameters: By = 20 uT, tss = 15 s.

experiments, the large chemical shift difference of 88 ppm between the dissolved
Xe and Xe@QCB6 resonances even allows to image and thus to spatially encode the
enzymatic activity as presented in the following.

MRI localization of enzymatic activity

Figure 4.47 demonstrates the applicability of Hyper-CEST MRI to visualize enzymatic
activity at 298 K, here in the case of LDC acting on Lys. Again we used the two
nested NMR tubes, where both of them contained 20 uM CB6 and 100 uM Lys in
600 L 10 mM NH4OAc buffer. In one experiment 20 pg/mL LDC was added 30
min before data acquisition to the inner compartment (Figure 4.47 d) — f)). In a
control experiment (Figure 4.47a — ¢), no LDC was added to the inner compartment
to clearly demonstrate the effect of LDC on Lys.

When applying an off-resonant saturation pulse at 281 ppm (Figure 4.47a and d)
both compartments lighted up in both experiments. The slightly inhomogeneous signal
distribution is due to the different number of bubbling capillaries in the two NMR
tubes (3 in the outer compartment vs. 2 in the inner compartment). Furthermore,
the stronger signal of the inner compartment in Figure 4.47d can be explained by the
absence of the Xe@QCB6 resonance at 105 ppm which results into a sharper resonance
(lack of exchange broadening, better SNR) from Xe atoms in aqueous solution.

When applying an on-resonant saturation pulse at 105 ppm (Figure 4.47d and
e) only the compartment containing LDC remained unsaturated, compared to the
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outer compartment and both compartments in the experiment without LDC. The
pixelwise Hyper-CEST effect, which was calculated by subtracting the signal intensity
after on-resonant saturation from the signal intensity after off-resonant saturation and
normalizing it, clearly highlights the inner compartment in Figure 4.47f where LDC
was present. Without the presence of LDC the Hyper-CEST effect was similarly strong
in the other compartments. Thus the blocking of CB6 by Cad that was produced by
the enzymatic activity of LDC resulted in the spatial change in Hyper-CEST efficiency.
To our knowledge this is the first time that enzyme activity was imaged by Xe MRI.

Compared to the other Xe MR images shown in the previous sections of this
thesis, the high resolution of these MR images is noteworthy. The final in-plane
resolution was 0.05 mm? with a slice thickness of 8 mm obtained from a 64 x 64
matrix, recorded with the RARE pulse sequence (section 3.2.2) with a RARE factor
of 64 and only 6 averages. For even better signal quality one might use isotopically
enriched gas mixtures and take advantage of faster and improved pulse sequences for
data acquisition [217, 218].

4.5.2 Detecting enzymatic activity in a cell lysate with CB7

The larger cavity of CB7 compared to CB6 (279 vs. 164 A [100]) should provide a
much weaker binding of Xe which should result into a faster Xe exchange out of CB7Y.
Because of the weak binding we did not consider CB7 as a suitable host for Xe NMR
at first. However, a faster exchange rate might make it a very efficient Hyper-CEST
agent. When we recorded a Hyper-CEST spectrum of 270 uM CB7 in HyO at 295 K
we observed indeed a clear Xe@QCBT resonance appeared (Figure 4.48). As with CB6,
the resonance vanished upon addition of Cad which hinders the encapsulation of Xe
in CB7. Additionally, the resonance of dissolved Xe narrowed a lot upon adding Cad,
which can be explained by the absence of Xe exchange.
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Figure 4.48 — (a) Hyper-CEST spectrum of 270 uM CB7 in H2O at 295 K. (b) Hyper-CEST
spectrum after the addition of 1.9 mM Cad. Saturation parameters: B; = 11 uT, tg. = 4 s.
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The great water solubility of CB7 compared to CB6 provided the possibility of
recording the enzymatic activity of LDC in the presence of cells. This should simulate
a more in-vivo-like situation than checking the activity of LDC just in buffer. For the
cell experiments with CB7 we cultured 100 x 106 macrophage cells. The cells were
lysed in 1 mL distilled HoO which yielded 5.9 mg/mL proteins, as measured using
the Bradford assay [219]. Protease inhibitors were added to the solution to prevent
the destruction through proteolysis of LDC which was added later.

Before the acquisition of the Hyper-CEST spectra, the protein concentration of
the cell lysate was diluted to 3 mg/mL in 10 mM NH4OAc (pH 7.0) to which 2
mM CB7 were added. The resulting Hyper-CEST spectrum is shown in Figure
4.49. Both the dissolved Xe and Xe@CB7 resonances are very broad, similar to the
Xe@CrA resonances in the presence of lipids or cells. Yet, the Xe@CB7 resonance
was clearly detectable as a pronounced shoulder at ca. 110 ppm. Adding 2.5 mM
Lys caused a reduction of the Xe@CB7 resonance that can be explained by the weak
interaction between Lys and CB7. Yet, the effect on the Xe@QCB7 resonance seems
to be bigger than on the Xe@QCB6 resonance as shown in section 4.5.1. This can be
explained by the larger cavity of CB7 which should facilitate the encapsulation of
Lys. Upon addition of 50 ug/mL LDC the Xe@QCB7 resonance vanished completely
and the dissolved Xe resonance narrowed a lot. Again the production of Cad and its
subsequent encapsulation into CB7 should have dominated the Xe encapsulation and
thus hindered the Xe exchange that is needed for Hyper-CEST.

4.5.3 Summary

These measurements were the first that detected the presence of an enzyme, namely
LDC, using CBs and hyperpolarized Xe in Hyper-CEST NMR and MRI. The concept of
a competitive binding to a host (CB) between a guest that is used for signal generation

(Xe) and the product of interest (Cad) has not been studied with Hyper-CEST so far.

The aim was to establish a complementary approach to existing fluorescence based

methods rather than providing a method for in vivo imaging of enzymatic activity.

The in vivo situation is much more complex than using such a simple cell lysate and
small molecules other than Cad might block the cavity of CB6 or CB7 for Xe, which

would require a higher concentration of the host molecule than the one used here.

However, these issues are omnipresent in the field of all molecular imaging techniques
as well as in biological applications that use supramolecular systems such as CBs. As
demonstrated, CBs can be used as a perfect system to establish a highly sensitive
NMR sensor for decarboxylation. Furthermore, with these results we believe that
other host molecules such as cyclodextrins or calixarenes, that are also considered not
to be suitable for conventional Xe NMR, might be used in Hyper-CEST approaches
to detect other biological events via competitive binding.
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Figure 4.49 — Hyper-CEST spectra of 2 mM CB7 in 10 mM NH,OAc (pH 7.0) at 298 K in
the presence of 3 mg/mL proteins from macrophages (dark blue spectrum), after adding 2.5
mM Lys (light blue spectrum) and after adding 50 ug/mL LDC (purple spectrum). Saturation
parameters: By = 10 UT, tgot = 7 s.



Conclusions and perspectives

With the research presented in this thesis we gained new insights into the origin of
Hyper-CEST responses in cellular environments as they will occur in future in vivo
studies. We also demonstrated the abilities to investigate biophysical properties of
biomembrane systems and simple biochemical processes such as enzymatic activity.

As these were the first experiments with Hyper-CEST on membrane fluidity, we
kept the studied biomembrane systems as simple as possible by using at maximum
binary lipid mixtures. Yet, this allowed us to detect different phases in membrane
fluidity, the formation of lipid rafts and the presence of cholesterol. The developed
DeLLTA approach enabled us to generate MRI contrast via the different phases of
fluidity, which might be used to distinguish malignant tumor cells from healthy cells
in the future. Because real cellular biomembranes can be arbitrarily complicated, as
they contain several different types of lipids, proteins and other molecules, it will be
interesting to investigate further model biomembranes with increasing complexity and
different lipid mixtures in the future. Moreover, investigations of membrane fluidity of
robust and therefore easy to handle bacterias such as bacillus subtilis might provide
more knowledge about the action of membrane organizing proteins [8].

The reversible binding of Xe atoms in Hyper-CEST and their permeation into
biomembranes allowed us also to measure the formation of small lipid domains, that
fluctuated in size. The sensitivity of Hyper-CEST for such fluctuations is a main
advantage over commonly used fluorescence microscopy approaches which are not
applicable to detect domains that are not macroscopically phase separated. Only
Monte-Carlo simulations, differential scanning calorimetry [135] and nearest neighbor
recognition measurements [220] can so far also provide information about lipid raft
formation in terms of submicroscopic domains.

We demonstrated that Hyper-CEST can also be used to distinguish structural
changes in certain membranes that are induced by differently acting antimicrobial
peptides. The toroidal pores, produced by the antimicrobial peptide melittin, caused
a decrease of the depolarization time once the melittin-to-lipid ratio was above a
threshold which was reported in the literature [185]. In contrast, the barrel-stave
pores, produced by the antimicrobial peptide alamethicin, increased the depolarization
time. Although studies about antimicrobial peptide action on artificial biomembranes
started already several decades ago [221], still there exists a highly controversial
discussion about the (different) mechanisms of interaction [171, 175, 185]. The
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presented approach using Hyper-CEST might help to clarify the picture of how
antimicrobial peptides damage and kill microorganisms. Furthermore, the sensitivity
of Hyper-CEST on membrane fluidity might also allow to design experiments that
support the idea that the action of antimicrobial peptides such as melittin depends
not only on the charge of biomembranes but also correlates with the fluidity of the
lipids [222]. An obvious advantage of Hyper-CEST over existing methods is the
possibility to study the antimicrobial peptide interaction on model biomembranes
in their original environment, namely in solution, and artificial conditions, such as
attaching biomembranes to glass surfaces [189] can be bypassed.

The original and still main idea of Hyper-CEST is the use of Xe and CrA as
biosensors to enable molecular imaging of different diseases [15]. By the presented ap-
proach of encapsulating CrA into a peptide-labeled liposomal carrier, biocompatibility
and targeting issues of CrA could be bypassed. The chemistry to develop a novel
imaging agent is a time-consuming and thus an expensive process. Therefore, one
should focus on designing contrast agents based on building blocks. The presented
approach to deliver the Xe host CrA via liposomal carriers to the target is such a
case. This carrier system can arbitrarily be modified, for example by exchanging
the targeting peptides with antibodies [137] or even modify them such that they can
be used for therapy as well [223, 224]. Additionally, the possibility to modify such
contrast agents can allow multiplexing, which means to visualize different chemical or
biological relevant processes simultaneously with one molecular imaging technique
[9]. With the additional dimension in terms of chemical shift, MRI is basically made
for the demands of multiplexing. This could already be demonstrated in the case of
Hyper-CEST [30]. Hence, the next steps regarding liposomal carriers for Hyper-CEST
should now take advantage of the present knowledge in liposomal carrier design to
achieve even more efficient and specific targeting, provided for example by antibody
labeling. For in vivo studies it will be necessary to anchor long PEG molecules into
the carrier’s surface, which will prolong the blood-circulation time of the liposomal
carriers through shielding effects.

For in vivo and in vitro studies competitive binding events of small molecules
should be kept in mind, as blocking the imaging agent can affect the Hyper-CEST
effect drastically as demonstrated with the decarboxylation of lysine. The resulting
decrease in Hyper-CEST effect will unavoidably yield to wrong determinations of the
imaging agent concentration. Our presented approach can be seen as a complementary
approach to existing methods that are used to detect enzymatic activity rather than
using that method in in vivo applications. In the future, fast Hyper-CEST acquisition
methods [218] might extend the concept of detecting enzymatic activity through
competitive binding events and will maybe allow to determine enzyme kinetics.

Almost all technologies that are present in the field of molecular imaging need
imaging agents. A special case holds for conventional MRI which per se does not
require an exogenous agent to obtain an image. However, as it is known, without the
use of such contrast agents the MR images lack sensitivity. Recently, promising MR
methods have been developed that allow the use of modified endogenous molecules as
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contrast agents. For example, hyperpolarized '3C-labeled glucose was used to MR
image tumor glycolysis by observing the conversion of the labeled glucose into lactate
[225]. Imaging endogenous molecules is very promising, as it is still a big challenge to
design or to discover biomarkers that can be used for imaging. Although there are a
lot of therapeutic biomarkers available that allow efficient and successful treatment of
diseases, unfortunately those biomarkers might not be useful for imaging purposes
as they demand different requirements. For example the pharmacological effect of a
therapeutic biomarker is unwanted in the case of a biomarker that shall only be used
for imaging.

To conclude, Hyper-CEST in combination with the presented developed methods
gets closer to compare with existing molecular imaging methods. For example, the use
of the liposomal carrier allowed us to detect less than 10° cells, which is a substantial
improvement in Xe MRI sensitivity. The poor resolution of PET also allows the
detection of ca. 10° cells [9] whereas in terms of sensitivity PET could detect much
less cells. Yet, for the field of molecular imaging it is very important that the various
techniques do not see each other as opponents but that they rather complement each
other.
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Pixelwise DeLTA of Figure 4.12

The depolarization time map shown in Figure 4.12 is obtained by analyzing each pixel
by DeL.TA. On the following two pages the depolarization time distributions of all

pixels that cover the two nested NMR tubes are shown.



Appendix A — Pixelwise DeLTA of Figure 4.12
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Figure A.1 — Pixelwise DelTA of the two nested NMR tubes (left half). For each pixel
DeLTA was performed which yielded a depolarization time distribution. The superimposed

colors represent the maximum depolarization time of each pixel. Reproduced from reference
[164]. Copyright ©2013 Royal Society of Chemistry.



Figure A.2 — Pixelwise DelTA of the two nested NMR tubes (right half). For each pixel
DeLTA was performed which yielded a depolarization time distribution. The superimposed

colors represent the maximum depolarization time of each pixel. Reproduced from reference
[164]. Copyright ©2013 Royal Society of Chemistry.






DelLTA MATLAB routine

DeLTA to analyse depolarization processes
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%% Choose saturation data in raw file and corresponding vdlist

choose an apropriate Filename under which the data will be saved

3
°

r

filename='FileXY'

"rbnmr"

get y-data from a raw data file via the routine

Datafolder

o
S

:', '"Choose data');

uigetdir ('E

cd (Datafolder)

’

=rbnmr;

rbnmr

write y-Data in a new structure

data.YdataB

o
]

rbnmr .Data;

get corresponding x-data automatically (t_sat)

o
°

’

importdata ('vdlist")

data.XdataB
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% To get the correct t_sat, choose every second entry from the data file
hlength=(length(data.XdataB))/2;

for k = 2:hlength

data.Xdata(k-1,1) = data.XdataB(2+k,1);

end

% delete filled zeros in y-data at the end of the file
for k = 2:hlength

data.Ydata(k-1,1) = data.YdataB(k,1);
end
% clear temporarily used variables in struct "data"
data=rmfield(data, 'XdataB"');
data=rmfield(data, 'YdataB');
% normalize data and write into column 2
data.Ydata(:,2)=data.Ydata(:,1)/ (mean(data.Ydata(1:2,1)));
% save original data to the structure {Tsat}

Tsat. (filename)=data;

% clear some variables

clear fnameY fnameX path ans k hlength data.YdataB data.XdataB

% plot the original data

figure

semilogy (data.Xdata(l:end,1l),data.Ydata(l:end,2),'-0', 'Color', 'b");
title('Experimental decay data')

xlabel ('t_{sat} [s]")

ylabel ('Normalized Signal')

set (gcf, '"Color',[1 1 1])

ylim([0.01 1.05])

%% Beginning of routine rilt.m
close all

for i=1:6

filename=['FileXY',num2str(i)];

©200000000000000000000000000000000000000000000000000000000000000000000000000
55555555555 %5%5%5%5%5%5%5%5%%%%5%5%55%5%5%555%5%%5%5%5%5%5%5%5%5555%%5%5%5%5%5%5%5%55555%5%5%5%5%5%5%555555%5%5%%%%
©9900099990000000000999000000000009990000000000999900000000000999900000000009990
5555555555555 555%5%5%5555%5%5%55555%5%5%5%5%55%%55%%55%5%%5%5%%5%55%5%5%5%5%%5%5%5%5%55%%%5%5%%%
2202009009909 000000000000000000000000909000000000009090000000000000090000000000009090
55 555555%%%5%5%5%5%5%555555%%5%5%5%5%55%55550005%5%5%5%5%55050000005%5%5%556000009%5%5%5%55660500%%5%

% Definition of parameters and variables



clear g g0 s sO0 s_new g_new

1l =-2,; % lower limit 1071 in s-space

u = 1.5; % upper limit 10”u in s-space

numPoints = 25; % initial number of points in s-space

loops = 4; % number of increments to increase the resolution (see below)

alpha = 0.05; % alpha value

% comment to alpha:

% In this script the second derivative of g is minimized with
% weight alpha”2 ("principle of parsimony"): hor high alpha

% values, the output g distribution will be smooth and

o\

regular. For alpha==0, the output g distribution will
be totally 'free'.

o

o\

arbitrary target function for the routine to start with:

o°

(starting point for the routine):
Al=15;
A2=3971;
sigmal=0.1;
meanl=15;
sigmaz2=0.01;
mean2=2;
s = logspace(l,u,numPoints) ';
for x=1l:1length(s);
g0 (x)=A1/ (sqrt (2%pi) *sigmal) xexp (- (s (x) -meanl) "2/ (2xsigmal”2)) +
A2/ (sqrt (2+pi) *sigma2) xexp (- (s (x) -mean2) *2/ (2*sigma2°2)) ;
end
% initial s space with lower and upper limit
sO0 = logspace(l,u,length(g0))"';
% initial depolarization time distribution for the routine:
g = ones(size(s));
% read-in x and y data
xx = Tsat. (filename) .Xdata(:,1);
yy = Tsat. (filename) .Ydata(:,2);
% fitting weights
w=ones (length (xx),1);
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% routine based on rilt.m

[g,yfit,cfg]l =rilt(xx,yy,s,g,alpha, 'logarithmic', [],[], 'decay',{'g>0"}, [1,w);
% increase resolution of s and the arbitrary target function

for k =2:1loops;

s_new = logspace (l,u, k*numPoints) ';

s = s_new;

g0 = interpl(s,cfg.g0,s_new, 'linear');%
% add noise to g0 and use the noisy g0 as a new arbitrary target function:
for z=1l:length(g0);
noise(z) = randn(1l)*0.01;
g_new(z) = g0(z) *= (l+noise(z));
end
clear z noise
g=g_new';
g(l:3)=0; % boundary condition for small depolarization times

g(end-1l:end)=0; % boundary condition for large depolarization times

% perform another rilt.m routine with the increased resolution of s and g
lg,yfit,cfg] =rilt(xx,yy,s,g,alpha, 'logarithmic', [],[], 'decay',{'g>0"}, [1,w);
cfg

clear s_new

%plot the intermediate result:

figure (5)

subplot (2,5, k)

sO0 = logspace(l,u,length(g0))"';
semilogx (s0,g0/max (g0),s,g/max(g), 'o-");

title('g-target and g');
% Find Maximum in g(s) = DecayTime and write in output window
maxIndex = localMaximum (g, length(g) /4, true);

DecayTime.MaximumValue = g (maxIndex);

DecayTime.MaximumDecayTime = s (maxIndex);

disp('DecayTime =")

disp (DecayTime.MaximumDecayTime)

disp('k = ")

disp (k)
5555555555555 5555555555555 5555555555555 5555%555555555%5%5%5%5%%%



end
999000099000009000009900000990000090000009990000090900000099000000909000009000000900
5555555555555 555555555555 55555555555%555555%5%555%555%5%55%5%55%5%55%5%5%55%5%55%5%5%55%%%
9990000000000 000000000000000000000000000090000000000000000000000000000000000
S 55Tt 5555555%555%5%
990900090000 0900000900000000000000000000000000000000000000000000009000000000000
5555555555555 55555555555 5%5555%555%5555%5%5%55%5%55%5%5%5%5%5%5%%5%5%5%%55%5%%5%5%5%5%5%5%%
. . . . .

3% Fitting of the depolarization time distribution

s = Tsat. (filename) .Decay.s;

g = Tsat. (filename) .Decay.g;

% enter number of maximas to be fitted here:
e

itting a normal distribution with one maximum
[fitresult,gof, cil=cflpeaks(s, 9g);
sl=fitresult.sl;
ul=fitresult.ul;
Dsll = (sl - ci(1,2));
Dull = (ul - ci(1,3));
% calculate the maxima's properties
peakprop.decayTime = exp(ul-sl1”2);
peakprop.decayTimeUpper = exp (ul-sl1”2)+sqrt (Dull”2+ (2xsl%Dsll)"2);
peakprop.FWHM = sqgrt (exp (2+«ul+sl”2) x (exp(sl”2)-1));
peakprop

elseif numPeaks == 2;

% fitting two normal distributed maxima
[fitresult,gof]l=cf2peaks (s, g);
sl=fitresult.sl;
ul=fitresult.ul;
s2=fitresult.s2;
u2=fitresult.u2;
% calculate the maximas' properties
peakprop.decayTimel = exp(ul-sl1l”2); % MODE of log norm distribution
peakprop.FWHM1 = 2xsqgrt (2xlog(2)) rsqgrt (exp (2xul+sl”™2)x (exp(sl”™2)-1)); SFWHM = factor -
peakprop.decayTime2 = exp (u2-s272);
peakprop.FWHM2 = 2xsqgrt (2«1og(2)) *xsqgrt (exp (2xu2+s2"2) x (exp (s272)-1));
peakprop

else
disp('warning: numPeaks > 2.'")

end
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o

Tsat. (filename) .Decay.
Tsat. (filename) .Decay.
Tsat. (filename) .Decay.
Tsat. (filename) .Decay.
Tsat. (filename) .Decay
Tsat. (filename) .Decay
Tsat. (filename) .Decay.
Tsat. (filename) .Decay.
Tsat. (filename) .Decay.
title (filename)

% save figures

saveas (gcf, filename,
saveas (gcf, filename,

end

% save all the data in the structure

{Tsat}:
alpha=alpha;
s=s;

9=g;
gof=gof;

.peakprop=peakprop
yfit=yfit;

fitresult=fitresult;
X=XX;

Y=Yys

'epsc')

lflql)



Publications

Parts of this thesis are already published in scientific journals. The publications,
which are listed below, include three first author articles ([P2], [P3] and [P5]), one first
author book chapter ([B1]), one shared first author article ([P1]) and one co-author
article ([P4]). The work was additionally presented on conferences by talks ([T1] —
[T4]) and peer-reviewed poster presentations ([pl] — [p5]).

Publications

[P1] Jagoda Sloniec®, Matthias Schnurr®, Christopher Witte, Ute Resch-Genger, Leif
Schroder, and Andreas Hennig
Biomembrane Interactions of Functionalized Cryptophane-A: Com-
bined Fluorescence and 12Xe NMR. Studies of a Bimodal Contrast
Agent
Chem. Eur. J. 19 (9), 3110 — 3118, 2013
DOI: 10.1002/chem.201203773
(¥ both authors contributed equally to this work)

[P2] Matthias Schnurr, Christopher Witte, and Leif Schroder
Functionalized '2°Xe as a Potential Biosensor for Membrane Fluidity
Phys. Chem. Chem. Phys. 15(34), 14178 — 14181, 2013
DOLI: 10.1039/C3CP51227D
(highlighted as inside front cover article)

[P3] Matthias Schnurr, Christopher Witte, and Leif Schroder
Depolarization Laplace transform analysis of exchangeable hyperpo-
larized '22Xe for detecting ordering phases and cholesterol content
of biomembrane models
Biophys. J. 106(6), 1301 — 1308, 2014
DOLI: 10.1016/j.bpj.2014.01.041


http://onlinelibrary.wiley.com/doi/10.1002/chem.201203773/abstract
http://pubs.rsc.org/en/content/articlelanding/2013/cp/c3cp51227d#!divAbstract
http://www.cell.com/biophysj/abstract/S0006-3495(14)00144-1

12

Appendix C — Publications

[P4]

[B1]

Stefan Klippel, Jorg Dopfert, Jabadurai Jayapaul, Martin Kunth, Federica
Rossella, Matthias Schnurr, Christopher Witte, Christian Freund and Leif
Schroder

Cell tracking with caged xenon: Using cryptophanes as MRI re-
porters upon cellular internalization

Angew. Chem. Int. Ed. 126 (2), 503 — 506, 2014

DOI: 10.1002/anie.201307290

(highlighted as back cover article)

Matthias Schnurr, Karl Sydow, Honor May Rose, Margitta Dathe, and Leif
Schroder

Brain endothelial cell targeting via a peptide-functionalized liposo-
mal carrier for xenon Hyper-CEST MRI

Adv. Healthcare Mater. 4(1), 40 — 45, 2015

DOI: 10.1002/adhm.201400224

(highlighted as front cover article)

Matthias Schnurr, Christopher Witte, and Leif Schroder

Caged Xenon in Phospholipid Membrane Environments

New Developments in NMR: Hyperpolarized Xenon-129 Magnetic Resonance —
Concepts, Production, Techniques and Applications, 288 — 300, 2015

Edited by Thomas Meersmann and Eike Brunner

Royal Society of Chemistry

ISBN: 978-1-84973-889-7

Talks

[T1]

[T2]

Matthias Schnurr, Christopher Witte, and Leif Schroder

Investigating biomembrane models using Xenon Hyper-CEST

2nd COST Action TD1103 EuroHyperPol (European Network for Hyperpolari-
sation Physics and Methodology in NMR and MRI), Working group: Chemistry-
Physics Interface, Hersonissos, Greece, Jun 28 — 29 2013

Matthias Schnurr
Caged xenon in membrane environments for MRI contrast
1st FMP NMR retreat, Briickentinsee, Germany, Oct 28 — 30 2013


http://onlinelibrary.wiley.com/doi/10.1002/anie.201307290/abstract
http://onlinelibrary.wiley.com/doi/10.1002/adhm.201400224/abstract
http://www.rsc.org/shop/books/2015/9781849738897.asp

13

(T3]

[T4]

Matthias Schnurr, Karl Sydow, Honor May Rose, Margitta Dathe, and Leif
Schroder

Xenon Hyper-CEST MRI of nanocarrier-targeted brain endothelial
cells

MDC/FMP Campus Symposium, Berlin, Germany, May 26 — 27 2014

Matthias Schnurr

Differences in antimicrobial peptide membrane interactions revealed
with xenon Hyper-CEST

2nd FMP NMR retreat, Rheinsberg, Germany, Jun 10 — 12 2014

Poster presentations

[p1]

[p3]

Matthias Schnurr, Jagoda Sloniec, Christopher Witte, Ute Resch-Genger, An-
dreas Hennig, and Leif Schroder

Discriminating Biomembrane Compositions using Functionalized 129Xe

via Hyper-CEST-NMR and FRET
14th joint PhD Retreat of MDC and FMP, Liebenwalde, Germany, Aug 30 — Sep
1 2012 (Abstract 57)

Matthias Schnurr, Christopher Witte, Jorg Dépfert, Martin Kunth, Stefan
Klippel, Federica Rossella, Jabadurai Jayapaul, and Leif Schroder
High-sensitivity hyperpolarized 129Xe-NMR for detecting differences
in biomembrane fluidity

64. Mosbacher Kolloguium - Membranes in Motion, Mosbach, Germany, Apr 4 —
6 2013 (Abstract O8)

Matthias Schnurr, Jorg Dopfert, Martin Kunth, Christopher Witte, and Leif
Schroder

Depolarization-Time Mapping of Functionalized '?°Xe in Biomem-
branes Possessing Different Fluidity

54th ENC, Asilomar, CA, USA, Apr 14 — 19 2013 (Abstract 299)

Matthias Schnurr, Christopher Witte, and Leif Schréder
Investigating biomembrane models using Xenon Hyper-CEST
EUROMAR 2013, Hersonissos, Greece, Jun 30 — Jul 05 2013 (Abstract 554 TH)



14

Appendix C — Publications

[p5]

[p6]

[p7]

Matthias Schnurr, Christopher Witte, and Leif Schroder

Discrimination of Differences in Membrane Cholesterol Content us-
ing 12°Xe Hyper-CEST

1st FMP NMR retreat, Briickentinsee, Germany, Oct 28 — 30 2013 (no abstract

available)

Matthias Schnurr, Karl Sydow, Honor May Rose, Margitta Dathe, and Leif
Schroder

A peptide-modified liposomal carrier for selective cell labeling via
Hyper-CEST MRI

World Molecular Imaging Congress, Seoul, Korea, Sep 17 — 20 2014 (Abstract
P357)

Matthias Schnurr, Christopher Witte, and Leif Schroder

Cell-selective Hyper-CEST MRI using targeted liposomes

36th Discussion Meeting of the Magnetic Resonance Spectroscopy division of the
German Chemical Society, Berlin, Germany, Sep 29 — Oct 02 2014 (Abstract
P96)



Curriculum vitae

For reasons of data protection, the curriculum vitae is not included in the online

version.






Acknowledgments

For reasons of data protection, the acknowledgments are not included in the online

version.



	Motivation
	Xenon NMR fundamentals
	The noble gas xenon
	Basics of Nuclear Magnetic Resonance
	Nuclear spin
	Magnetic moment
	Bloch equations
	Chemical shift of 129Xe
	Polarization of a ensemble of nuclei


	Methodology
	Boosting sensitivity in Xe NMR
	Sensitivity boost I: Spin exchange optical pumping
	Sensitivity boost II: Hyper-CEST

	Magnetic resonance imaging
	MR image encoding
	RARE fast spin echo pulse sequence

	The lipid environment
	Phospholipids
	Membrane fluidity and lipid phases
	Lipid rafts
	Model Biomembranes
	Physical characterization of lipid vesicles

	Förster Resonance Energy Transfer

	Results and Discussion
	NMR signatures of CrA partitioning into pure model biomembranes
	Partitioning of CrA and Xe into lipid environment
	Hyper-CEST with spatially separated biomembrane environments
	Hyper-CEST dependence on host and lipid concentration
	Summary

	Sensing Lipid rafts and cholesterol content using Hyper-CEST
	Lipid rafts
	Impact of cholesterol content on Xe depolarization
	Summary

	Sensing antimicrobial peptide action on biomembranes
	Classes of antimicrobial peptides
	Techniques to study antimicrobial peptide action
	Hyper-CEST experiments
	Summary

	Liposomal Xe carriers for cell targeting
	Preparation and physical characterization
	Cytotoxicity
	Fluorescence control experiments
	Hyper-CEST experiments
	Summary

	Enzymatic activity detected by competitive Xe binding
	Mapping enzymatic activity in buffer with CB6
	Detecting enzymatic activity in a cell lysate with CB7
	Summary


	Conclusions and perspectives
	Bibliography
	List of Figures
	List of Tables
	Pixelwise DeLTA of Figure ??
	DeLTA MATLAB routine
	Publications
	Curriculum vitae
	Acknowledgments

