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Aim of the thesis

This PhD project aimed to investigate coordination compounds based on paramagnetic metals
as potential contrast agents for magnetic resonance imaging (MRI). The manuscript describes
the route starting from the design, the development and the characterization of these metal
complexes, until their in vitro and in vivo validation at a preclinical level.

The first chapter is a general introduction about the main topics encountered during this PhD
project. The second and the third chapters describe the development of two novel gadolinium
complexes with promising potential as MRI contrast agents. The forth chapter, originated from
the work carried during the period abroad spent at the MD Anderson Cancer Center in Houston,
Texas, illustrates the use of different metal complexes for measuring pH in the extracellular
tumor environment by a combined and simultaneous use of MRI and positron emission
tomography (PET) techniques. In the fifth chapter, the original studies concerning an iron
complex based on a chelator already used in clinics are reported. The sixth chapter finally
presents the preliminary studies on two improved derivatives of the iron complex described in
the fifth chapter.



Chapter 1

General Introduction



1.1 Magnetic resonance imaging (MRI)

1.1.1 Introduction to MRI

Magnetic resonance imaging (MRI) is a non-invasive diagnostic medical imaging technique
widely employed to generate high quality images of the inside of the human body, through the
use of powerful magnets and low-energy radiofrequency (RF) pulses.! After its first clinical
applications in the early ‘80s, MRI has been routinely used in the last 40 years for disease
detection, diagnosis and therapeutic treatment monitoring. Unlike other imaging methods, MRI
does not rely on ionizing radiations, making it a safer option.?

MRI is based on the nuclear magnetic resonance (NMR) principle: nuclei of atoms that possess
spin, when placed in a magnetic field, absorb and emit energy at a specific radiofrequency.
Nuclear spin or, more precisely, nuclear spin angular momentum, is one of several intrinsic
properties of an atom and its value depends on the precise atomic composition. The nucleus
can be seen as a charged sphere constantly rotating around an axis at a constant rate or velocity.
This self-rotation axis is perpendicular to the direction of rotation. A limited number of values
for the spin are found in nature: it is quantized to certain discrete values that depend on the
atomic number and atomic weight of the particular nucleus.? In addition to its spin, a positively
charged nucleus also possesses a local magnetic field or magnetic moment. For a nucleus, this
magnetic moment is parallel to the axis of rotation. The orientation of the nuclear spin and the
modifications it undergoes due to experimental manipulations applied to the nucleus, provide
the basis for the MR signal.

Given the presence of hydrogen in all biological components, the *H nucleus, consisting of a
single proton, is a natural choice for probing the human body with MRI. Furthermore, the
response of *H to an applied magnetic field is one of the largest found in nature. Therefore,
MRI can efficiently rely on protons within water, fat, and other chemical constituents.®

In MR, the nucleus (e.g., tH) rotates perpendicular to, or precesses about, the static magnetic
field Bo of the spectrometer magnet. This precession will occur at a frequency (an) imposed by
the nature of the nucleus and the strength of the magnetic field of the magnet: e = yBo/2x
(Larmor equation). The Larmor frequency ax is expressed in MHz and the magnetic field
strength Boin T. The gyromagnetic ratio y is a constant for each nucleus and is expressed in s
1T-1 The two possible ways of precession (parallel and antiparallel to Bo) correspond to two
energy states in the presence of a strong magnetic field. According to the Boltzmann
distribution, there are more *H protons in the lower level (parallel to Bg) than in the upper
level.! Consequently, there will be total net magnetization (Mo) of the sample, parallel to Bo
(by definition, the z axis). The z component of the spin vector is the component of interest
because it does not change in magnitude or direction as the proton precesses. The x and y
components vary with time at a frequency ao proportional to Bo as expressed by Larmor
equation. A schematic representation of this process is shown in Figure 1.1.
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Figure 1.1. Inside a magnetic field, a proton precesses about the magnetic field. The precessional axis (z) is
parallel to the main magnetic field Bo. Modified from 4.

Since the magnetization of the spins is parallel to the main magnetic field, it is not feasible to
detect the signal from these spins. To enable signal detection, the magnetization must be shifted
out of alignment with the main field and into the xy-plane. To achieve this, an RF pulse is
employed, which reorients the magnetic field perpendicular to the main magnetic field,
enabling its detection by a surrounding RF receiver coil (Figure 1.2c).
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Figure 1.2. Schematic diagram of the creation of an MR signal. (a) The net magnetization is initially along the
z-axis before excitation. (b) After a 90° pulse at the Larmor frequency, the magnetization is transferred into the
xy-plane. (c) In the xy-plane, the spins precess around the z-axis, initially in phase but slowly becoming out of
phase with time. This causes the decay in signal. Modified from 2,

Itis crucial for the RF pulse to match the Larmor frequency for resonance. Therefore, a magnet,
tissue, transmitter, and receiver coils constitute the fundamental components necessary for
capturing an NMR signal.



MRI images are obtained through the spatial localization of protons present in the observed
tissues and they are constructed by combining thousands of individual signals from different
parts of the body. This process is called data acquisition. The data acquisition process can be
divided into excitation and detection. During the excitation step, the MRI scanner applies a
strong magnetic field and radio waves to the body. This causes the hydrogen atoms to absorb
energy and realign themselves. During the detection step, the scanner measures the radio waves
that are emitted from the body as the hydrogen atoms release the absorbed energy.® The data
acquisition process is repeated many times from different angles around the body. This allows
the MRI scanner to reconstruct a three-dimensional image of the body. Modern MRI applies a
temporary gradient across the subject, acquiring RF signals, with a frequency and/or phase that
are dependent on the position in the subject, which are decoded with a Fourier transform to
produce an image.® The final processing to produce a MR image involves various steps.
Through the signal filtering of the raw signals, noise and unwanted frequencies are removed.
The filtered signals are then used to reconstruct the image that may be enhanced to improve
contrast and readability. The final MR images are a representation of the distribution of
hydrogen atoms in the body and it can be used to diagnose a variety of medical conditions.®
Tissue discrimination is obtained by virtue of the difference in relaxation times of nuclei in
various positions, so that the features are determined by the rate at which excited atoms return
to the equilibrium state. The magnitude of the obtained RF signal depends on the number of
nuclei present (a property called spin density). The shape depends on the time it takes for the
nuclei to relax. The MR signal that is received undergoes a relaxation process, returning to its
pre-excitation state through two independent but concurrent mechanisms known as T1 and T»
relaxation.

~ ¥

(c)

Figure 1.3. (a) Return to equilibrium of the magnetization. (b) Return to equilibrium on the z axis: (M, = Mg
(1-e7™)). (c) Return to equilibrium in the xy plane: My = Mo e™/™2. Modified from 7.
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The longitudinal relaxation time T1 (Figure 1.3b) reflects the return to equilibrium of the
magnetization (Figure 1.3a) along the z-axis (M; = Mo (1-eY™)) and involves the spins’
realignment along the main magnetic field.” This phenomenon results from the enthalpic
interaction of the excited nucleus with its surrounding environment, particularly with magnetic
active agents within this environment (i.e., *H protons and unpaired electrons 7). For the
relaxation to occur, a movement among the molecules (Brownian motion) is needed. Such
motion of nuclear magnetic moments of other molecules (or unpaired e”) induces a distribution
of frequencies. Within this range of frequencies, the resonance frequency of the excited nucleus
can be found, leading to stimulated relaxation. T: longitudinal relaxation, also called spin-
lattice relaxation, relies on the mobility of these entities and, in turn, on the viscosity of the
environment.

On the other hand, the T> transversal relaxation time is characteristic of the decay of the signal
in the xy plane (Figure 1.2c).” This relaxation process, also called spin-spin relaxation, is driven
by entropy and corresponds to the dephasing of nuclear spins in the xy plane. T is always
shorter than Ti. In MRI, a frequently employed parameter is the relaxation time To*: it
encompasses both T, and the effects of magnetic field inhomogeneities, including those
specific to the sample being studied. T>* is, therefore, associated with distinct properties of the
examined tissue and proves to be highly valuable in the realm of medical MRI.

As mentioned above, the spatial distribution of the spin density of a specific atom, usually
water protons, can generate a MR image. The intensity of the MRI signal is influenced by
intrinsic and extrinsic factors, including proton spin density, longitudinal (T1) and transverse
(T2 or T2*) relaxation times, chemical shifts, and instrumental parameters. Tissues naturally
exhibit variations in their MRI signal intensities. These differences can be accentuated by
employing specific MRI sequences that allow for adjustments in instrument parameters.
Moreover, to enhance the visibility of structures such as vascular systems, inflammatory
regions, tumors, and other features, the application of suitable contrast agents (CAs) becomes
crucial. These CAs serve to amplify the contrast in the MR images, aiding in the precise
visualization and characterization of various tissues and pathological conditions.

1.1.2 MRI contrast agents

MRI contrast agents (CAs) are substances that can interact with water protons and alter their
relaxation times. Their role in medicine is crucial, as they can highlight the differences between
healthy and diseased tissues by modifying the intrinsic parameters of the tissue itself (i.e. T1
and T relaxation times). Although a great intrinsic contrast can be achieved with MRI without
the use of CAs, compared to other imaging techniques, contrast enhancement is needed when
evaluating several diseases. Indeed, tens of millions of contrast-enhanced MRI exams are
performed annually around the world.2 Various MRI probes have been developed to create or
enhance contrast, with approximately 40% of clinical scans involving their use.®

Overall, CAs can be classified as positive CAs, when they cause a reduction of T relaxation
time, and negative CAs if they are able to lower the T relaxation time. In T:—weighted images
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the regions containing positive CAs appear brighter, while the regions where negative CAs are
present appear darker on To—weighted images (Figure 1.4).

Superparamagnetic agents such as SPIONs (superparamagnetic iron oxide nanoparticles) are
examples of negative CAs, as they provide darkened MR images. On the other hand, positive
CAs are paramagnetic metal complexes containing lanthanides or transition metal ions.
Examples of positive CAs containing transition metals are Mn(ll)- Mn(lll)- or Fe(lll)-
complexes. Undeniably, the lanthanide gadolinium is the most used metal ion in this context,
and CAs containing the Gd(lll) ion complexed to a chelator molecule are known as
gadolinium-based contrast agents (GBCAS).

A) Tw-MRI B) Tw-MRI + T:-CA

C) Tow-MRI D) Taw-MRI + T>-CA

Figure 1.4. (A) pre- and (B) post-GBCA T:-weighted MRI on a brain metastasis in a melanoma patient (15 min
post-injection); (C) pre- and (D) post-SPION T-weighted MRI on inflamed mouse mammary gland tumors (24
h post-injection). Modified from .

A third category of contrast agents, known as CEST (chemical exchange saturation transfer)
agents, has emerged more recently.! Unlike T1 and T»-agents, these compounds do not directly
affect the relaxation time of water protons. Instead, they contain hydrogens that can chemically
exchange with hydrogens of H2O. When the H protons of these exchangeable hydrogens are
selectively saturated during their exchange with water protons, it leads to a decrease in the
intensity of the H.0 signal, which can be observed locally with MRI.’

1.1.2.1 Relaxivity of MRI CAs

The efficiency of paramagnetic CAs in MRI is determined by a property known as relaxivity
(r.and r2). Relaxivity expresses how much the relaxation rate of water protons can be enhanced
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by a 1 mM solution of CA. A significant challenge in MRI is to reduce the amount of CA
required for obtaining informative images. One approach to achieve this is by increasing the
relaxivity of the CA.

Relaxivity is influenced by both external factors, such as the strength of the applied magnetic
field and temperature, and the molecular properties of the contrast agent.*? In the last 30 years,
an extensive research about the molecular and structural determinants influencing relaxivity
led to well-known protocols for the characterization and the validation of MRI CAs, especially
in the case of the most used GBCAs.

The total relaxivity comprises multiple contributions, regarding the inner, the second, and the
outer coordination spheres:

Ty = rlls + rlss + rlOS

Inner-sphere relaxivity is usually the most crucial and arises from the rapid exchange of water
molecules coordinated to the gadolinium ion with water molecules in the bulk fluid. It can be
expressed as:
s _[CAlg 1
1 55.6 Tym + Ty

[CA] represents the concentration of the contrast agent; q is the hydration state, indicating the number of water
molecules coordinated to the metal ion; Tv is the main residence lifetime of water molecules in the inner sphere
of the metal; Tuw is the relaxation time of water protons located in the inner sphere of the metal 33

The increase in relaxivity is directly proportional to the number of water molecules bound to
the paramagnetic center and the speed at which they exchange with the surrounding water
molecules. Typically, the Gd** ion has nine coordination sites, and the common use of octa-
dentate ligands leaves one site available for coordination with a water molecule, resulting in g
= 1. Reducing the denticity of the ligand can increase the hydration number and enhance the
relaxivity of the complex. However, a reduction in denticity often accompanies a decrease in
thermodynamic stability, which is a crucial feature for CAs.'*!> The exchange speed is
determined by tv. Beyond a certain value, a higher tv leads to lower relaxivity and reduced
CA efficiency. The structural characteristics of CAs, such as their size, shape and charge, can
influence the mean residence time of each water molecule on the paramagnetic center. The
longitudinal relaxation rate (1/T1m) is significantly influenced by the correlation time tc, that
is the shorter of the rotational correlation time (tr), the electronic relaxation time (Tze), Or the
water residency time (tm):8

1 1 1 1

Tc TR ™™ Te

In clinical imaging, especially at common magnetic field strengths (0.5 - 1.5 T), and for small
rapidly tumbling complexes, tc is dominated by the rotational (or reorientational) correlation
time tr, which represents the rotational dynamics of the molecule.!* Increasing tr by reducing
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the molecular tumbling can enhance relaxivity. This can be achieved, for example, by attaching
CAs to molecules with high molecular weight, both covalently or non-covalently.®

1.1.2.2 Gadolinium(I11)-based MRI contrast agents (GBCAS)

GBCAs are the most widely used class of MRI CAs and one of the most successful examples
of inorganic diagnostic agents, as they provide fundamental diagnostic information that is often
unobtainable with other noninvasive technics.®

Gadolinium belongs to the lanthanide group of the periodic table. Since it contains 7 unpaired
electrons, the Gd(l11) ion exhibits strong paramagnetism. These unpaired electrons are able to
reduce the relaxation time of nearby water protons. Although Gd(lIl) ion is very effective as a
CA, itis toxic, so it must be always used as a very stable chelate. Its toxicity is due to the low
solubility at physiological pH, resulting in a slow systemic excretion, and to the competition
with the endogenous Ca(ll) ion. Being the two metal ions very similar in size, gadolinium can
interfere with various biological pathways that are normally controlled by calcium.’ Chelating
molecules are required to encapsulate the gadolinium ions, preserving their paramagnetic
properties while reducing their toxicity. Consequently, the stability of these metal complexes
must be very high.

Structurally, GBCAs can be categorized into two groups based on the type of chelator
employed, namely linear and macrocyclic. Linear agents are made by an elongated chelator
that wraps around Gd**, while macrocyclic agents are characterized by a cage-like structure
with Gd** trapped in a central cavity. It has been demonstrated that macrocyclic GBCAs offer
greater stability compared to linear GBCAs, making them the preferred choice in the
development of new contrast agents.® Indeed high thermodynamic stability and kinetic
inertness are crucial for GBCAs due to the well-known toxicities of the dissociated metal ions.
It is believed that kinetic inertness is the most critical factor regarding Gd(l11) release.®

In the past, a devastating disease named nephrogenic systemic fibrosis (NSF) has been
identified in renally impaired patients undergoing multiple doses of GBCAs.® Although the
risk is considered very low, most NSF occurs after exposure to linear contrast agents.'® In
recent years, increased attention has also been dedicated to the observation that small amounts
of GBCAs, administered intravenously, can extravasate from the bloodstream and enter the
extracellular extravascular compartments of the body, and potentially being retained for long
time.'%-21 Of particular concern is when the organ retaining Gd is the brain, although no clinical
implications have been demonstrated yet.22® In numerous studies, linear GBCAs have
demonstrated a higher propensity to release gadolinium, leading to Gd retention in the body.?*
26 The more stable macrocyclic GBCAs are expected to flow intact through the glymphatic
pathway, although their transit times may vary significantly from one agent to another.®
Nevertheless, the wide employment of gadolinium enhances the risk for this element to be
potentially released into the environment, in particular into rivers, lakes and coastal areas
through industrial wastewaters or exhausted devices. Although still limited information exists
about the effects induced to aquatic organisms by Gd, its impacts in invertebrate aquatic
species were identified at different biological levels, such as alterations on gene expression,
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cellular homeostasis, shell formation, metabolic capacity and antioxidant mechanisms.?’
Consequently, gadolinium may represent an environmental threat and a risk to human health.?
Further research on Gd toxicity towards aquatic wildlife as well as the development of new
water remediation strategies are definitely needed.

1.1.2.3 Iron(l11)-based MRI contrast agents

In recent times, concerns over gadolinium retention in the body along with the potential
environmental threat, have stimulated renewed interest in Fe(lll) complexes as potential
alternatives to the highly successful GBCAs, with the expectation that the use of an essential
paramagnetic metal ion may avoid the issues possibly raised by the exogenous gadolinium.?%%
Fe(l11) complexes exhibit similar biodistribution and pharmacokinetic clearance profiles to the
clinically utilized GBCAs. Moreover, the high thermodynamic stability, the expected low
long-term toxicity, and the large relaxivity that Fe(lll) complexes show at higher magnetic
field, make them promising MRI CAs.

Compared to Gd(I11) and Mn(ll) complexes, the theory of water proton relaxation for Fe(l11)
complexes, has not been as thoroughly studied. However, papers reporting novel investigations
about this class of compounds as MRI CAs are growing every year .33

The Fe(111) ion is endowed with strong Lewis acid characteristics due to its small ionic radius
and high charge. Typically, Fe(ll11) complexes exhibit coordination numbers of six or seven.
Those investigated as MRI probes either lack water ligands or contain a single inner-sphere
water molecule.® The design of these probes has to deal with the non-banal aqueous solution
chemistry of iron complexes with inner-sphere waters. For instance, these complexes may
encounter ligand deprotonation at neutral pH leading to dimeric species with p-oxo bridges.*
Iron complexes have two primary oxidation states, Fe(ll) and Fe(lIl), with various spin states.
In MRI CAs, high-spin Fe(lll) complexes are needed as they yield 5 unpaired electrons in a
stable, long-lived symmetrical electronic state. The spin state is influenced by the geometry of
the complex and the nature of the donor groups. Stabilizing Fe(lll) in the biological
environment is crucial as is guarantees the efficacy of MRI in vivo. Extracellular agents should
have a negative Fe(l11)/Fe(Il) redox potential (< 0.1V or > 0.9 V vs. NHE) to prevent undesired
redox cycle, possibly leading to Fenton reactions.*°

Since the research in this topic is increasing in the last years, Fe(lll) complexes have a
promising future in MRI applications, and may become attractive in diagnosis and therapy.?°

1.1.2.4 Responsive MRI contrast agents

MRI CAs primarily behave as static tracer agents that vary in concentration in different organs
during imaging, but without any deliberate alteration of their physicochemical properties.
Alternatively, MRI CAs can be employed to detect specific biological processes or pathologies
by taking advantage of their changes in relaxivity or chemical exchange.** Within the
physiological microenvironment, various features such as ion flux, pH, enzymatic activity,
redox potential, and temperature can undergo alterations in disease processes.® Responsive
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MRI CAs are designed to exhibit changes in relaxivity or in CEST effect in response to specific
stimuli in their immediate microenvironment, leading to detectable changes in MRI signal.*?
However, the quantitative detection of a specific biomarker using responsive MRI CAs during
practical biomedical applications is a substantial challenge.** This is due to the dependence of
the MR signal amplitude on the concentration of the agent. Then, the use of another imaging
technique to assess the concentration of the MRI CA, in a specific region of interest at a specific
time point, can be the solution to overcome this issue. For example, positron emission
tomography (PET) can be used in this context, by the development of both dual probes suitable
for MRI and PET or also the use of co-agents endowed with the same pharmacokinetics
injected simultaneously.*344
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Chapter 2

Towards new concepts in the design of
Improved Gd-based MRI contrast
agents

Gd-DO3A Gd-DO3A-IS
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2.1 Introduction

Most of clinically used GBCAs were design to have only a single coordinated water molecule
(g = 1) directly coordinated to the paramagnetic metal ion. This choice is driven by the early
discovery that complexes formed with octa-dentate ligands offer high stability and minimize
the in vivo release of Gd** ions.2 However, since it is known that the relaxivity of a GBCA
increases as q increases, there is growing interest in developing systems containing two or three
water molecules coordinated to the Gd®** ion, while maintaining sufficient stability for in vivo
applications.® In this context, the DO3A ligand is a promising system for the development of
GBCAs with g = 2. Although in Gd-DO3A the metal coordinates two water molecules, it was
demonstrated that in biological fluids they can be displaced by bidentate anions such as
phosphate, carbonate and carboxylate moieties.*® This replacement of coordinated water
molecules with endogenous anions, that are often present on the surface of proteins, leads to a
decrease in relaxivity of the MRI CA in vivo.*’

In this context, the structure of Gd-DO3A (Chart 2.1) was modified in order to investigate the
possible overcoming of the described drawbacks.

Chart 2.1. Chemical structure of Gd-DO3A.

Inspired by the recently reported high relaxivity agent Gadopiclenol*® (based on the g = 2
system Gd-PCTA), Gd-DO3A-IS (Scheme 2.1) was designed starting from the structure of the
macrocyclic Gd-DO3A. The introduction of several hydroxyl moieties on the outer sphere of
the Gd-DO3A structure were expected to limit the accessibility of bidentate anions into the
inner coordination sphere as well as to enhance the contribution to relaxivity from water
molecules arising from of the second coordination sphere.

2.2 Results

2.2.1 Synthesis of Gd-DO3A-IS

The synthetic pathway to obtain the new complex Gd-DO3A-IS is shown in Scheme 2.1. The
synthesis, performed by coworkers in our laboratory, is not treated in detail, as it is not the
objective of this chapter. The Gd complex was made available for this study.
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Scheme 2.1. Synthesis of the Gd-DO3A-IS.

2.2.2 In vitro relaxometric investigations

Relaxivity values (r1) of Gd-DO3A and Gd-DO3A-IS as a function of pH, measured in water
at 21.5 MHz and 298 K are shown in Figure 2.1. The pH dependence of Gd-DO3A-IS
relaxivity recalls the one of the parent Gd-DO3A. The ry values remained almost constant in
the range of pH 6 - 9.5, while significantly decreased above pH 9.5 for both complexes.
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Figure 2.1. Relaxivity values (r1) of Gd-DO3A-IS (blue squares) and Gd-DO3A (black diamonds) as a function
of pH. 21.5 MHz, 298 K. Data measured at [Gd**] = 1 mM.

The rirelaxivity values of Gd-DO3A and Gd-DO3A-IS, measured at 21.5 MHz, 298 K and pH
= 7.4 in water, iISBF (ionic simulated body fluid) and human serum are reported in Table
2.1. ISBF is a buffer containing all the ions normally present in serum but lacking proteins and
it is very useful to investigate compounds interacting with salts.*

Table 2.1. Relaxivity values of Gd-DO3A and Gd-DO3A-IS measured at 21.5 MHz, 298 K and pH 7.4 in water,
iSBF and human serum. Data measured at [Gd**] = 1 mM.

ri (mM1tss)
Water | iISBF | H. Serum
Gd-DO3A 6.0 4.4 6.6
Gd-DO3A-IS| 12.1 8.3 10.3

To get more insight into the relaxation enhancement properties of the new Gd-complex, in
Figure 2.2 the relaxivities of Gd-DO3A and Gd-DO3A-IS are compared with those of
previously reported g = 2 Gd-complexes as a function of their molecular weight.>® Gd-DO3A-
IS relaxivity appears at the expected position, well along the straight line obtained by plotting
the relaxivity of known Gd(I11) complexes with g = 2 versus their molecular weight.
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Figure 2.2. Molecular weight (MW) dependence of the Gd-DO3A-IS relaxivity (21.5 MHz, 298 K) compared
with typical Gd complexes with two inner-sphere water molecules.® For Gadopiclenol: 21.5 MHz, 310 K.*

The kinetic parameters governing the water exchange process can be conveniently determined
by measuring, via NMR spectroscopy, the transversal relaxation rate (Rz) of the 'O nucleus of
H2!’0 at different temperatures, in the presence of the paramagnetic complexes.®® In Figure
2.3, the 170-Rz vs. T profile of Gd-DO3A-IS is compared with that of Gd-DO3A.
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Figure 2.3. Comparison between the temperature dependence of the water 'O transverse relaxation rate (R) of
aqueous solutions of Gd-DO3A-IS (blue squares) and Gd-DO3A (black diamonds), at 14.1 T and pH = 7.4.
Data normalized at 20 mM.

20



The investigated complex showed transverse relaxation rate values consistent with the
presence of two inner sphere water molecules, analogously to the parent Gd-DO3A. The
analysis of the observed profiles, using the modified Swift-Connick equations,® yielded an
exchange lifetime (tm) value of 99.8 ns (see Table 2.2). Compared to the value obtained for
the parent Gd-DO3A (v = 160 ns), the value obtained for Gd-DO3A-IS showed a reduction
of ca. 40%. A shortening in the exchange lifetime of the coordinated water molecules is a
favorable characteristic for obtaining GBCASs with high relaxivities.

To investigate the interaction of Gd-DO3A-IS in the presence of endogenous anions, the
transverse relaxation rate was measured in iSBF, to simulate the physiological inorganic
environment. Figure 2.4 reports the comparison of ’O-Rz vs. T profiles relative to Gd-DO3A-
IS in water and in iSBF.

1200

B Gd-DO3A-IS-H,0

B Gd-DO3A-IS iSBF
1000

800

600 —

R,(s")

400 -

200

—71r r 1t r r ' 1t 1 - 1 1 - 1T v 1
270 280 290 300 310 320 330 340 350 360

Temperature (K)

Figure 2.4. Comparison between the temperature dependence of the water 7O transverse relaxation rate (R) of
Gd-DO3A-IS solutions in pure water (blue squares) and in iSBF (green squares), at 14.1 T and pH = 7.4. Data
normalized at 20 mM.

The experiment in iISBF yelded R> values halved with respect to those measured in water, to
indicate a reduction in the hydration of the complex. In fact, in iSBF, the fitting of the
experimental data afforded a q value of 1, while maintaining the same value of exchange
lifetime v = 99.8 ns (see Table 2.3).

More information about the determinants of the observed relaxivity was obtained recording
the 1/T1 NMRD profiles over an extended range of magnetic field strengths (0.01 - 80 MHz as
proton Larmor Frequency). The NMRD profiles, measured in water at neutral pH and 298 K,
for Gd-DO3A-IS and Gd-DO3A are shown in Figure 2.5.
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Figure 2.5. NMRD profiles from 0.01 to 80 MHz of 1 mM aqueous solutions of Gd-DO3A-
IS (blue squares) and Gd-DO3A (black diamonds) at pH = 7.4 and 298 K.

The experimental data were fitted using the Solomon Bloembergen Morgan theory to extract
the relevant relaxometric parameters (A%, tv and tr) reported in Table 2.2. In the fitting
procedure, the values of ©v for the two derivatives were kept fixed to the values determined by
the 1’O-R2 vs. T experiment.

Table 2.2. Relaxation parameters of the Gd-DO3A-IS and Gd-DO3A complexes as derived from fitting of ’O-
Rz vs. T data in Figure 2.3 and NMRD profiles in Figure 2.5 in water, at neutral pH.

A? (10¥s?) @ | gy (ps) Pl | 1r(ps) [ |wm(ns) ¥ |q
[e]

Gd-DO3A 29 £0.22 206+21 |559+15]160+5.1 |2

Gd-DO3A-IS | 2.8+0.15 28.7+1.8 |157+3.4 |99.8+1.1]|2

[a] Squared mean transient zero-field splitting (ZFS) energy as obtained from fitting of NMRD profiles. [b] Correlation time for the
collision-related modulation of the ZFS Hamiltonian as obtained from fitting of NMRD profiles. [c] Reorientational correlation time as
obtained from fitting of NMRD profiles. [d] Exchange lifetime of the coordinated water molecules as obtained from fitting of ’O-R>
vs. T data. [e] Number of inner sphere water molecules as obtained from fitting of ’O-R2 vs.T data.

The tr value obtained for Gd-DO3A-IS was 157 ps, which is in line with what expected on the
basis of the increased molecular weight if compared to Gd-DO3A.

In figure 2.6 the NMRD profile Gd-DO3A-IS in water is compared with those measured in
human serum and in iSBF. The corresponding parameters derived from the fitting of these data
are reported in Table 2.3.
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Figure 2.6. NMRD profiles of Gd-DO3A-IS in water (blue), human serum (orange) and iSBF (green) at neutral
pH and 298 K.

Table 2.3. Relaxation parameters of the Gd-DO3A-IS complex as derived from fitting of 1’O-R, vs. T data in
Figure 2.4 and NMRD profiles in water, iSBF and human serum in Figure 2.6.

medium | A2 (102s?) @l | gy (ps)P! | wr(ps) ! | wm(ns)d | gl
Water 28+015 |287+18 | 157+3.4 2
Gd-DO3A-IS iSBF 2.7+0.33 29.1+23| 168+6.1 | 99811 | 1
H. serum 09+0.11 |49.2+41 | 256+5.2 1

[a] Squared mean transient zero-field splitting (ZFS) energy as obtained from fitting of NMRD profiles. [b] Correlation time for the
collision-related modulation of the ZFS Hamiltonian as obtained from fitting of NMRD profiles. [c] Reorientational correlation time as
obtained from fitting of NMRD profiles. [d] Exchange lifetime of the coordinated water molecules as obtained from fitting of ’O-R2
vs. T data. [€] Number of inner sphere water molecules as obtained from fitting of ’O-R2 vs. T data.

As anticipated from the 7O-R; vs. T experiment, when passing from water to iSBF and to
human serum, a decrease in the inner sphere water molecules (q) was observed for Gd-DO3A-
IS, with the best fitting obtained with q = 1.

The increase in tr observed for Gd-DO3A-IS in serum, with respect to pure water, is likely
associated to the increase in viscosity or to the occurrence of a weak interaction with serum
proteins. To investigate a possible interaction with human serum albumin (HSA), the most
abundant protein in serum, a proton relaxation enhancement (PRE) titration was done with
both complexes by measuring the variation in the longitudinal relaxation rate (R1) of the
paramagnetic guest for increasing concentrations of the protein (Figure 2.7). Both Gd-DO3A
and Gd-DO3A-IS did not show any remarkable interaction with HSA. The observed linear
enhancement prevented to fit the experimental data with univocal values, but it suggests that
the formation of strong macromolecular adducts between these complexes and albumin can be
ruled out.
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Figure 2.7. Observed relaxation rate of 0.3 mM Gd-DO3A (black diamonds) and Gd-DO3A-IS (blue squares)
with increasing concentration of HSA. Samples measured in PBS at 21.5 MHz and 298 K.

The next step was testing Gd-DO3A-IS for its interaction with phosphate (Na:HPO4),
carbonate (NaHCO:3), citrate and lactate by measuring the observed relaxation rates of 1 mM
solutions of the Gd-complexes as a function of the concentrations of anions (Figure 2.8).
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Figure 2.8. Observed relaxation rate of 1 mM Gd-DO3A-IS with increasing concentration of phosphate (black

diamonds), carbonate (red circles), citrate (green triangles) and lactate (blue squares). Samples measured in PBS
at 21.5 MHz and 298 K.
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Experimental data were fitted to obtain the binding parameters collected in Table 2.4 and
compared with the previously reported data obtained for Gd-DO3A.

Table 2.4. Anion binding parameters obtained from fitting of data reported in Figure 2.8, compared with
previously reported Gd-DO3A data.

Gd-DO3A Gd-DO3A-IS
Ka (ML) | riGd-anion (mM-1s1) | Ka(M2) | riGd-anion (mm-L s
Phosphate | 100 + 20 53x0.1 82+14 8.7+0.2
Carbonate 47 +9 15+04 497 20+0.7
Citrate 42+ 6 3.7+0.08 52+4 59+0.1
Lactate 120+ 7 2.5+0.04 8117 3.3+0.2

The parameters obtained for Gd-DO3A-IS, showed, with respect to Gd-DO3A, a slight
decrease in the binding affinity in the case of phosphate and lactate binding, whereas binding
affinity toward carbonate and citrate was maintained to a similar extent. The values of
relaxivity obtained for the Gd-complex/anion adducts suggest that, in the case of both Gd-
DO3A-IS and Gd-DO3A, the addition of phosphate leads to the displacement of only one of
the two coordinated water molecules. Contrarily, the addition of carbonate and lactate reduces
the inner sphere hydration of the Gd-complexes to q = 0, as expected on the basis of bidentate
chelation.

Gd-DO3A-IS was then tested for its kinetic stability (Figure 2.9).
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Figure 2.9. Zinc transmetallation as modelled by the change in R1,(t)/R1,(0) (observed paramagnetic relaxation

rate at a time point divided by the initial measured value in the absence of zinc) over time for the two Gd-
complexes kept at 310 K in the presence of 1 eq. of ZnCl,. Data measured at 21.5 MHz, 298 K.
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The rate of transmetallation of the agent was monitored by measuring the relaxation rate in the
presence of 1 equivalent of zinc chloride in PBS, analogously as previously reported for other
Gd-complexes.>® The method relies on the fact that, upon transmetallation between Zn?* and
Gd®* ions, the released Gd®* ions are precipitated as insoluble Gd-phosphate that, being a solid,
does not contribute to the observed relaxation of water protons. By fitting the experimental
data it is possible to extrapolate the value of to.s which is the time for Ry to reach 80% of its
initial value. However, in this condition the relaxivity of both complexes is influenced by the
presence of phosphate ions present in solution and a decrease in Rz is expected. Although it is
not possible to compare the two complexes due to the different affinity with phosphate, the
Kinetic inertness of Gd-DO3A-IS towards transmetallation with Zn (to.s = 3500 min) showed
to be much higher than clinically approved linear MRI CAs (i.e., for Gd-DTPA, tos = 260
min)2. It is worth to note that in the absence of phosphate the obtained value could be higher.

2.2.3 In vivo MRI studies

To test its in vivo efficiency as MRI CA, imaging experiments with Gd-DO3A-IS were
performed and compared to Gd-HPDO3A (ProHance, Bracco), a macrocyclic GBCA routinely
used in clinics. The complex was tested in murine models bearing a TS/A mouse mammary
adenocarcinoma to evaluate both its efficiency as MRI contrast enhancer and its in vivo
biodistribution. Figure 2.10 shows representative MRI images of mice acquired pre- and post-
CA injection, after 10 min and 60 min.

Tiw- 10 min m Tiw - 60 min

Figure 2.10 A) Axial high resolution T.-weighted MR image showing tumours, spleen and kidneys; B) Ti-
weighted MSME MR image (pre-contrast); C) T;-weighted MSME MR image post i.v. injection of Gd-DO3A-
IS (0.05 mmol/kg) at t = 10 min and D) post t = 60 min. Images were acquired on a 7 T scanner.
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The signal enhancement percentage (SE%) over time in tumor, liver and kidneys is plotted in
Figure 2.11. The initial signal enhancement of Gd-DO3A-1S was markedly higher than the one
of Gd-HPDO3A, in all investigated organs. Notably, in tumors the signal of Gd-DO3A-IS
remained relatively high (10 - 15%) over one hour of acquisitions, while with Gd-HPDO3A
the signal dropped to less than 5% over the same time period. Gd-DO3A-IS displayed
significantly higher uptake in the kidneys than in the liver, indicating the likelihood of renal
excretion as found for the low molecular weight, highly hydrophilic currently used MRI
contrast agents.
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Figure 2.11. Percentage of MR signal enhancement in tumor tissue (A), liver (B) and kidneys (C) obtained for
Gd-DO3A-IS (black squares) and Gd-HPDO3A (red squares). Data are the mean + SD from three independent
experiments (n = 3) for each curve.

2.3 Discussion

The pH dependence of relaxivity shown in Figure 2.1 for the new complex Gd-DO3A-IS
recalls that of the parent compound Gd-DO3A. The r1 values remain almost constant in the pH
range 6-9.5, while from pH 9.5-10, the hydrolysis of the coordinated water molecules takes
place with a consequent decrease in relaxivity. Such behavior likely involves the coordination
of OH" groups present in basic conditions at the positions previously occupied by two water
molecules. In Figure 2.2 the relaxivity (in water at neutral pH) of Gd-DO3A-IS is compared
with those of previously reported Gd-complexes with q = 2. It can be noticed that the relaxivity
of the new complex is at the position expected in the plot of relaxivity as a function of
molecular weight.

The study of the temperature dependence of water 'O transverse relaxivity allowed to
determine, for Gd-DO3A-IS, a reduction in the exchange lifetime of the coordinated water
molecules: the insertion of the quite bulky pendant groups in Gd-DO3A-IS reduces the
exchange lifetime of the coordinated water molecules of ca. 40% with respect to the parent
Gd-DO3A.

The measurement of the water proton relaxation rate over an extended range of magnetic field
strengths (NMRD profile) is a complementary method for the complete characterization of a
paramagnetic complex. The resulting plot of relaxivity versus proton Larmor frequency is
reported in Figure 2.5 and Figure 2.6. The inner and outer sphere contributions are determined
by several structural and dynamic parameters (A?, tv, v, Tr, G, I, &, D). The possibility of fixing
the values of some of the involved parameters during the fitting makes the determination of
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the other ones more accurate. Among the relaxometric parameters resulting from the fitting of
NMRD profiles collected in Table 2.2 and Table 2.3, the reorientational correlation time (tr)
is the most accurately determined. The molecular reorientational correlation time tends to
dominate the overall correlation time of low molecular weight Gd(l11) chelates, particularly in
the high field region, and therefore represents a key parameter in governing their relaxivity.
The effect of the increase of tr 0On the shape and amplitude of the NMRD profiles is well-
established and many attempts for the optimization of the relaxivity were primarily focused at
slowing down the molecular reorientational motion by increasing the size of the complexes.
The increased relaxivity of Gd-DO3A-IS in water with respect to Gd-DO3A is in fact
ascribable to the three times increase in tr (Table 2.2) associated to its increased molecular
weight (Figure 2.2).

Some interesting considerations can be drawn when comparing the NMRD profile of Gd-
DO3A-IS in water with those measured in human serum and in iSBF (a medium containing all
the ions present in serum but lacking proteins) (Figure 2.6). An increase in g, although limited,
was observed when NMRD profile was measured in human serum. The relatively slight
increase observed for Gd-DO3A-IS can be likely associated to the increase in viscosity in
serum, with respect to pure water, as well as the occurrence of a weak interaction with
macromolecular serum components cannot be ruled out. A proton relaxation enhancement
(PRE) titration of the complex with increasing amounts of HSA (the most abundant protein in
serum) did not show any evidence of relevant binding interaction (Figure 2.3).

The fitting of NMRD profiles of Gd-DO3A-IS in human serum and in iSBF afforded a number
of coordinated water molecules g = 1 for both media. The same result was obtained by fitting
of the 7O-R, vs. T experiment carried out in iSBF (Figure 2.4), which gave q = 1. This
displacement of a coordinated water molecule is ascribable to the interaction with endogenous
anions in the inner coordination sphere, as in the case of the parent compound Gd-DO3A,
although the more encumbered substituents present in Gd-DO3A-IS were expected to shield
the paramagnetic center from the entry of such endogenous species. A direct and quantitative
evaluation of the affinity of Gd-DO3A-IS towards the principal endogenous anions was
obtained through the specific titrations of the two Gd-complexes with phosphate, carbonate,
citrate and lactate (Figure 2.8).

Inspection into values reported in Table 2.4 allows realizing that the introduction of the
hydroxyl functionalities on the outer surface of Gd-DO3A did not afford the desired reduction
in anion binding affinity. In fact, Gd-DO3A-IS showed a very slight decrease in binding
affinity towards phosphate and lactate, with respect to Gd-DO3A, and the binding affinity
toward carbonate and citrate was maintained to a similar extent. Looking at the values of
relaxivity obtained for the Gd-complex/anion adducts it can be concluded that, as for the parent
Gd-DO3A, the addition of phosphate leads to the displacement of only one of the two
coordinated water molecules, whereas the addition of carbonate and lactate reduces the inner
sphere hydration of the Gd-complexes to q = 0. It is likely in fact that phosphate coordinates
the Gd(I11) ion in a monodentate manner while carbonate and lactate have a bidentate chelation
ability.
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However, even though the affinity of the new Gd-DO3A derivative towards anions remains
high, its relaxivity measured in serum (at 21.5 MHz and 298 K) is more than doubled (r:=10.3
mM-1s1) with respect to that of commercial g =1 clinically used contrast agents (r1=4 -5 mM-
1gly,

An important property for the use of new Gd-based complexes in vivo as MRI contrast agents
is related to their thermodynamic and kinetic stability, which strictly affects their safeness. The
evaluation of the thermodynamic stability was not object of this study, but the Gd complexes
were tested for their kinetic inertness through an established relaxometric method in the
presence of zinc chloride in phosphate buffer (Figure 2.9).5 Although in the presence of
phosphate a drop in R1 was observed, as expected by the previous experiments, the kinetic
inertness of Gd-DO3A-IS towards transmetallation with Zn showed to be much higher than
clinically approved linear MRI CAs, with a tos of at least 3500 min.

Then, the efficiency of Gd-DO3A-IS as MR contrast agent was tested in a tumor murine model
and compared to that of a g = 1 contrast agent (Gd-HPDO3A, ProHance — Bracco Imaging)
currently used in the clinics. As shown in Figures 2.10 and 2.11, the initial signal enhancement
iIs markedly higher upon the administration of Gd-DO3A-IS complex with respect to Gd-
HPDOBS3A. After a partial rapid washout, an appreciable signal (ca. 15%) remains up to one
hour after the injection. The initial contrast enhancement is even more of what one would
expect on the basis of the respective relaxivities in serum. The relaxivity of the herein
investigated complex is doubled with respect to the g = 1 commercial Gd-HPDO3A being
respectively r1 = 8.00 mM=s? for Gd-DO3A-IS vs. r1 = 3.5 mM*s? for Gd-HPDO3A, in
serum at 310 K). The observed behavior may likely reflect effects associated to the differences
in the biodistribution of the two complexes.

2.4 Conclusion

In summary, although the hydroxyl containing moieties demonstrated to be not sufficient to
prevent the access of endogenous anions in the inner sphere of the Gd(lll) ion, the obtained
results indicate that the observed relaxivity of the new complex Gd-DO3A-IS is markedly
higher than the one observed for the parent Gd-DO3A. Moreover, the in vivo validation of the
Gd-based probe demonstrated significantly higher enhancement properties as compared with
Gd-HPDO3A in this murine tumor model, at half of the common clinical dose.

2.5 Experimental section

Chemicals were purchased from Sigma-Aldrich Co.

2.5.1 Synthesis

The ligands 1,4,7,10-tetrazacyclododecane-1,4,7-triacetic acid (DO3A) and 1,4,7,10-
tetraazacyclododecane-1,4,7-triyDtris(5-((2,3-dihydroxypropyl)amino)-5-oxopentanoic  acid
(DO3A-IS) were previously synthesized by coworkers in the same research group. Thus, in
this this section the experimental details of the synthesis steps are not reported. The resulting
Gd(lI11)-complexed products, Gd-DO3A and Gd-DO3A-IS (Chart 2.1 and Scheme 2.1,
respectively) were made available for this study.
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2.5.2 Relaxometric measurements

Observed longitudinal relaxation rate (R:°* = 1/T:°*) values were determined by inversion
recovery at 21.5 MHz and 298 K using a Stelar SpinMaster spectrometer (Stelar s.r.I, Mede
(PV), ltaly). Temperature was controlled with a Stelar VTC-91 airflow heater and the
temperature inside the probe checked with a calibrated RS PRO RS55-11 digital thermometer.
Data were acquired using a recovery time > 5 x T1 and with 2 scans per data point. The absolute
error in Rions measurements was less than 1%.

Gadolinium concentration of each solution was determined by the relaxometric preaviously
reported method:*° a solution containing equal volumes of the Gd(I11)-complex solution and
37% HCI was mixed in a sealed vial and left overnight at 393 K. R1°* values of the acidic
solution were determined and the total concentration of Gd** was evaluated on the basis of the
following equation: [Gd] = (R:°* - R1%) / r1p®¢ , where R1¢ is the diamagnetic contribution (0.5
s'1) and r1,,%? the relaxivity of the Gd(I11) ion in acidic conditions (13.5 mMs™).

pH profiles were acquired by measuring the R:1°® of aqueous solutions of the Gd(lll)-
complexes at increasing values of pH. pH was altered using NaOH 1 M and pH measurements
were performed using an AS instruments pH meter equipped with a glass electrode.

NMRD profiles were obtained using a Stelar SmartTracer FFC NMR relaxometer from 0.01
to 10 MHz. Additional data in the 20 — 80 MHz frequency range were obtained with a High
Field Relaxometer (Stelar) equipped with the HTS-110 3T Metrology cryogen-free
superconducting magnet and a Bruker WP80 NMR electromagnet (21.5 — 80 MHz), both
equipped with a Stelar VTC-91 for temperature control; the temperature inside the probe was
checked with a calibrated RS PRO RS55-11 digital thermometer. Aqueous and human serum
solutions of the complex were measured at 298 K. The NMRD profile data were fitted using
the Solomon-Bloembergen-Morgan and Freed’s models.

The analyses of the NMRD profiles collected in recent years for a series of structurally similar
Gd(111) chelates allowed reliable estimates for some relaxation parameters. In particular, the
value of g (number of coordinated water molecules) was assumed to be 2, as expected for
DO3A derivatives and determined through ’O-NMR vs. T experiment; r (the distance between
the Gd(l11) ion and the protons of the coordinated water molecules) was fixed at 3.1 A;a (the
distance between the Gd(I11) ion and the outer sphere water proton nuclei) was set at 3.8 A;D
(the solute—solvent diffusion coefficient) was fixed at 2.24 x 10° cm? s, The values of the
coordinated water exchange lifetime (tm) were fixed to those obtained from 'O-NMR
experiments.

O'-R.-NMR measurements were recorded at 14.1 T on a Bruker Avance 600 spectrometer at
variable temperature, with a D20 sealed capillary for sample locking inside the tube. The 20
mM Gd-complexes solutions were enriched with 1% of H,!’O (Cambridge Isotope). The width
at half maximum (Awdia) of the H217O signal in pure water was measured over the investigated
temperature range and subtracted from the width at half maximum (Amcd) Of the tested Gd-
complexes solutions. Then, R> was calculated as follows: Rz = n[ A®wcd— Awdia].
Transmetallation experiments were performed following the previously described procedure:®
Gd complexes were dissolved in phosphate buffer (26 mM KH2PO4 and 41 mM NaxHPO,) at
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pH 7. A ZnCl: solution (100 mM ZnCl; in H20) was added to give an equimolar Gd : Zn
solution. The relaxation rate of the solution at 298 K and 21.5 MHz was measured. The NMR
tubes were kept at 310 K at a moderate stirring between subsequent measurements over the
course of 6 days. At each measurement, the ratio Rip(t) / Rip(t=0) was determined, were
R1p(t=0) corresponds to the paramagnetic longitudinal relaxation rate of water protons at t=0,
and Rup(t) is the paramagnetic longitudinal relaxation rate of water protons at each time
measurement.

Anion binding interaction was determined by the measurement of the relaxation rate at 298 K
and 21.5 MHz of solutions containing known concentrations of Gd(lll)-complex and
increasing concentrations of the given anion at pH 7. Solutions of NaH2PO4 (100 mM),
NaHCOs3 (100 mM), CsHsNazO- (sodium citrate) (100 mM) and CsHsNaOs (sodium lactate)
(100 mM) were prepared and added to Gd(lll)-complex aqueous solutions of known
concentrations, in order to reach increasing concentrations of anions (0-50 mM).

2.5.2 Cell preparation and animal handling

The tumour model was a breast cancer model obtained by inoculating TS/A mouse mammary
adenocarcinoma cell line subcutaneously in six female BALB/C mice. TS/A cells, a BALB/c-
derived mouse mammary carcinoma corresponding to stage IV of human breast cancer, were
purchased from American Type Culture Collection (ATCC LGC Standards, Sesto San
Giovanni, Italy). Cells were grown in RPMI-1640 medium supplemented with 10% fetal
bovine serum, 1% glutamine, 100 [U/mL penicillin and 100 pg/mL streptomycin. Cells were
seeded in 75-cm? flasks at density of ca. 4x10* cells/cm? in a humidified 5% CO; incubator at
310 K. At confluence, they were detached by adding 1 mL of Trypsin-EDTA solution (0.25 %
(w/v) Trypsin-0.53 mM EDTA). Cells were negative for mycoplasma as tested by using
MycoAlert™ Mycoplasma Detection Kit (Lonza Sales AG-EuroClone S.p.A., Milano, It). The
day of inoculation, cells were collected and washed two times with PBS 1X, then 3x10° cells
were re-suspended in 100 pL serum-free medium and inoculated in animals with a syringe
(needle 29G) on both flanks. BALB/c female mice (Charles River Laboratories Italia S.r.l.,
Calco, Italy) were maintained in the animal facility of the Molecular Biotechnology Center,
University of Turin, under specific pathogen-free conditions. All animal studies were approved
by the University Ethics Committee in accordance with the European Community Parliament
and Council Directives of 24 November 1986 (86/609/EEC) and 22 September 2010
(2010/63/EV).

2.5.3 In vivo MRI studies

MR images were acquired 10 - 13 days after the tumor inoculation, with tumor dimensions in
a range of 80 - 200 mm?3. For administration of the contrast agent, an intravenous catheter was
inserted in the tail vein of the animal under anesthesia, before positioning inside the MR
scanner. Animals were anaesthetized by intramuscular injection of a mixture of
Tiletamine/Zolazepam (Zoletil 100, Virbac, Milan, Italy) 20 mg/kg and xylazine (Rompun;
Bayer, Milan, Italy) 5 mg/kg and the breath rate was monitored by an air pillow placed below
the animal (SA Instruments, Stony Brook, NY, USA). Mice were injected with the GBCA
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(0.05 mmol/kg). MR images were acquired at 7.1 T on a Bruker Avance 300 spectrometer
equipped with the Micro 2.5 microimaging probe at room temperature (R.T. =21 °C).

'H sequences (RARE T2-weighted) on each geometry was acquired on the animal to obtain a
proper anatomical reference, with the following parameters: TR =4000 ms, TE =35 ms, RARE
factor = 24, flip angle = 180°, number of averages =2, FOV =30 mm x 30 mm, slice thickness
= 1 mm, matrix size 128 x 128, spatial resolution = 0.234 mm/pixel x 0.234 mm/pixel.

A series of Ti-weighted MSME scans were acquired before and after the intravenous
administration (50 min) of the gadolinium complex in order to follow the kinetic of the contrast
agent in the diseased mass, having the following parameters: TR = 221.714 ms, TE = 8 ms,
number of averages = 6, FOV = 30 mm % 30 mm, slice thickness = 1 mm, matrix size 128 x
128, spatial resolution = 0.234 mm/pixel % 0.234 mm/pixel, acquisition time = 2:50 min.

A 5 mm NMR glass tube containing 0.5 mM of Gd-HPDO3A in water as reference was
inserted close to the mouse body.

After the acquisition of the images, the T1 contrast enhancement (S.E.%) was calculated as
follows: S.E.% = [(S.l.post - S.l.pre) / S.l.pre] X 100, where S.l.post and S.l.pre are the signal
intensities (both normalized by dividing for the external standard reference) post and pre the
injection of both Gd-contrast agents.

Regions of Interest (ROIs) were manually drawn inside the reference standard sample,
tumours, kidneys and different regions of the liver and S.E.% was calculated in all the ROl as
reported above.
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Chapter 3
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dynamic electrostatic/cation-r
Interactions with protonated groups on
endogenous macromolecules

9 o.o 0,8
R
(ko o0 = €A
PRE- > o5 5 min-POST-
injection MRI CA injection injection MRI
j j

Reversible interactions with
protonated amino groups exposed
on proteins surface

rotein .N-H
P H h+lH

H.
N. H-w:H -H H- +uj-
“H ‘N- N- -
surface H+'-. Pt H H H

) A% pvd BTy
S &

33



3.1 Introduction

The aim of this project is to seek for the generation of relaxation enhancement through the
involvement of novel types of non-covalent interactions with endogenous systems. In this
chapter, a novel approach involving the reversible set up of binding motifs with the abundant
positively charged moieties exposed on the outer surface of endogenous proteins is described.
Protonated groups on endogenous macromolecules provide a good source for the setup of
electrostatic salt bridges or cation-m interactions. Indeed, cation-m interactions play a
significant role in various biological systems, contributing to crucial processes such as
generating robust wet adhesion and cohesion in humid or underwater environments.>* They are
primarily of electrostatic origin, resulting from the attractive forces between a positively
charged cation and the negatively charged electron cloud of © systems (aromatic rings). The
strength of these interactions stands out as stronger than typical hydrogen bonds.>®

Human serum albumin (HSA) and y-globulins are excellent examples of potential substrates
for the set-up of cation-r interactions.>®®” HSA contains a high number of positively charged
NHs* lysine residues, which can engage in cation-r interactions with aromatic functionalities.>®
v-globulins, which have a high isoelectric point (pl), can also participate in cation-x
interactions due to the presence of positively charged amino acid residues on their surface.>*°
Based on this premise, naturally occurring structural motifs that involve protonated nitrogen-
containing chains appear as intriguing systems as they often come into close proximity with
aromatic moieties, as evidenced by several crystallographic studies.®::52 Also, it was reported
that the strength of cation-r interactions is sufficient to stabilize the structure of small peptide-
based drugs.®® Therefore, macromolecules that expose NHs* functionalities are potential sites
for the formation of cation-m interactions. Notably, in aqueous media, the energy of these
interactions is comparable to, or even stronger than, that observed in the case of ammonium-
carboxylate salt bridges.5* Such properties make these macromolecules promising candidates
for fostering stable and robust interactions in biological environments.

In this context, a novel gadolinium-based contrast agent (GBCA) bearing on its surface the
trisulfonated aromatic derivative of 8-hydroxypyrene-1,3,6-trisulfonic acid (HPTS, pyranine)
was synthesized in our lab. The presence of a large m system is expected to be beneficial for
the set-up of stronger cation-r interactions.

The relaxometric characterization of such compound, the investigation of its interaction with
macromolecules exposing cationic amino groups on their surface, and the in vivo studies to test
its efficiency as a potential MRI CA are described in this chapter.

3.2 Results
3.2.1 Synthesis of Gd-L1 and Eu-L1

The synthesis of Ln-L1, performed by coworkers in our laboratory, is shown in Scheme 3.1
(Ln = Gd or Eu).
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Scheme 3.1. Synthesis of the L1 ligand and its Ln(111) (Gd(I11) or Eu(l11)) complexes. Reagents and conditions:
(i) HBTU, DMF, DIPEA (ii) TFA, DCM Y viv.

The ligand L1 was obtained by coupling 8-O-carboxymethylpyranine (CM-pyranine) to amino
functionalized AHPDO3A(t-Bu)s using HBTU  (o-(Benzotriazol-1-yl)-N,N,N’,N’-
tetramethyluroniumhexafluorophosphate) and DIPEA (N,N-Diisopropylethylamine) in DMF,
followed by the deprotection of t-butyl esters in the presence of TFA (trifluoroacetic acid) with
an overall yield of about 50%. The protected AHPDOS3A(t-Bu)sz ligand was synthesized as
reported in the literature;®® briefly, N-Chz-2,3-epoxypropylamine was opened by the secondary
amine of DO3A-(O-t-Bu)z and then the Cbz group was removed by Pd/C catalyzed
hydrogenolysis. Conversely, CM-pyranine was prepared by alkylation of the commercially
available HPTS with methyl bromoacetate in refluxing methanol. Then, the obtained methyl
ester was quantitatively hydrolyzed with 2.4 M aqueous HCI at 90 °C. The final L1 ligand was
purified by chromatography on an Amberchrom® resin with an ovaerall 46% yield. The
corresponding Ln(l11)-complexes (Ln(111) = Gd(I11) or Eu(lIl)) were then prepared by mixing
stoichiometric amounts of L1 and LnCl3z at pH = 6.7 in water. Upon removal of the formed
salts, Ln-L1 complexes were obtained at an excellent purity level. The *H NMR spectrum
(Figure 3.7A) of Eu-L1 showed the presence of the two expected diastereoisomers, namely
TSAP (twisted square anti prismatic) and SAP (square anti prismatic) in the ratio of 3:2,
respectively.®6-68

3.2.2 In vitro relaxometric investigations

The measurement of the relaxation rates, Ry, of a 1 mM aqueous solution of Gd-L1 as a function
of pH (at 21.5 MHz and 298 K) yielded a relaxivity value of 7.1 mM s which remained
almost constant upon increasing the pH up to 9-10 showing a slight decrease at higher pH
values (Figure 3.1A). Notably, this finding indicates a substantial difference in respect to the
pH dependence of the relaxivity of the parent complex Gd-HPDO3A that shows an increase at
basic pH due to the mobilization of the coordinated hydroxyl proton.5!
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Figure 3.1. A) Relaxivity values (r1) of Gd-L1 and Gd-HPDO3A in H.O as a function of solution pH. B)
Relaxation rates (R:) in H.O as a function of Gd-L1 or Gd-HPDO3A concentration at neutral pH. C)
Corresponding relaxivity values (r1) in the same concentration range and neutral pH. Data measured at 298 K
and 21.5 MHz. In B) and C) the best-fit lines for Gd-L1 were obtained only with the points at [Gd] <5 mM.

In pure water and at neutral pH, when Gd-L1 concentration was increased (Figure 3.1B), the
relaxation rate values did not yield the expected linearity. This deviation from linearity is also
evident in the relaxivity plot (Figure 3.1C), indicating that the relaxivity is not constant by
varying the Gd-L1 complex concentration. This observed behavior suggests the occurrence of
a weak intermolecular self-aggregation among Gd-L1 molecules, likely due to an interaction
established between the pyrene-containing functionality and the tetra-aza macrocycle of Gd-
HPDO3A, analogously to what was recently reported.®® Indeed, such interaction causes a
slowing-down of the molecular tumbling, leading to an increase in relaxivity. This behavior is
consistent with the assumption that the linking arm is flexible enough to allow the interaction.
The parent Gd-HPDO3A, as expected, showed a linear increase in R1 as the concentration of
the paramagnetic complex was increased (Figure 3.1B), with r1 remaining constant throughout
the entire range of examined concentrations (Figure 3.1C).

In human serum, the relaxivity of Gd-L1 displayed markedly higher values than in pure water,
and it remained almost constant from 2 mM to 12 mM (Figure 3.2A).
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Figure 3.2. A) Relaxivity values of Gd-L1 in human serum and in pure water at neutral pH in the concentration
range 0.005 - 12 mM. B) Expansion of the low concentration range data (0.005 - 0.08 mM) with the addition of
relaxivity data obtained in PBS solutions containing HSA (45.7 mg/mL) and y-globulins (15 mg/mL). The
dotted line represents the calculated profile obtained by summing the relaxivities measured in the media
containing y-globulins and HSA, respectively. Data acquired at 298 K and 21.5 MHz.
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Interestingly, in contrast to the behavior observed in water, the relaxivity values in serum
showed a significant increase as the concentration of Gd-L1 was decreased below 1 mM,
reaching exceptionally high values in the micromolar concentration range (Figure 3.2A). This
unexpected trend prompted further investigation by measuring the relaxivity at concentrations
below 0.1 mM (Figure 3.2B). To this end, the individual contributions of serum albumin and
v-globulins, which together constitute about three quarters of total serum proteins,”® were
examined (at their standard concentration in serum) in the low concentration range of Gd-L1.
In PBS, in the presence of physiological HSA concentration (45.7 mg/mL), the relaxivity was
almost constant at ca. 15.8 mM*st over the explored range of GdL1 concentrations (5-80 pM)
(Figure 3.2B). In the case of y-globulins containing solutions (15 mg/mL), in the same Gd-L1
concentration range, the relaxivity enhancement attained the values shown with HSA only at
very low Gd-L1 concentration. The concentration of y-globulins in serum is much lower (ca.
0.1 mM) than that of albumin (0.6 mM). Notably, in the considered Gd-L1 concentration range,
the sum of the relaxivities measured for HSA and y-globulins containing solutions, at their
physiologic concentrations, yielded a profile (dotted line in Figure 3.2B) that nicely parallels
the one observed in the case of whole blood serum.

A proton relaxation enhancement (PRE) titration* of a GdL1 0.28 mM solution with HSA
(Figure 3.3A) yielded the following binding parameters: K, = 489 M and r.? = 39.8 mM1s,
The obtained association constant allows to calculate that, under the applied experimental
conditions (i.e. [HSA] = 0.6 mM, [Gd-L1] = 5-80 uM), around 22% of the Gd-complex is
bound to HSA. The PRE titration of a Gd-L1 50 uM solution with y-globulins yielded the
following results: Ka=56 M, ri?=47.8 mMs?).
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Figure 3.3. Proton relaxation enhancement (PRE) titrations of solutions of A) Gd-L1 (0.28 mM) with increasing
amounts of human serum albumin (HSA) and B) Gd-L1 (0.05 mM) with increasing amounts of y-globulins.
Data measured at 298 K, 21.5 MHz, in PBS.

The striking similarities in the relaxivity behavior of Gd-L1 in the presence of both HSA and
v-globulins led us to hypothesize that the observed relaxation enhancement might be attributed
to the interaction with NHs*™ moieties exposed on the surfaces of these proteins. To gain further
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insights into this possibility, we turned our attention to polylysine as an excellent model for
investigating the role of amino groups on the surfaces of macromolecules. By studying
polylysine, we aimed to better understand the impact of exposed amino groups on
macromolecular surfaces and their potential involvement in the observed relaxation
enhancement of Gd-L1 in the low concentration range. This investigation could provide
valuable clues to unravel the underlying mechanisms behind the intriguing behavior of Gd-L1
in the presence of proteins, shedding light on the nature of the interaction responsible for the
remarkable relaxivity enhancement observed at micromolar concentrations.

In the presence of 0.1 mM polylysine (MW = 30 - 70 kDa) Gd-L1 relaxivity increased up to
ca. 13 mM1s? (at 298 K and 21.5 MHz, in PBS, pH 7.4). The titration of Gd-L1 (0.1 mM)
with increasing amounts of polylysine (concentration estimated on an averaged MW of 50
kDa) (Figure 3.4A) yielded a value of nxKa = 1x10° M- and a relaxivity of the supramolecular
adduct (r:) of 15.3 + 0.2 mMs. nxK, indicates the association constant (K,= 293 + 48 M)
multiplied by the number of available binding sites (n = 342). It is worth to note that although
the Ka value is relatively low, the overall value of nxK, indicates a significant binding
interaction. ry resulted dependent from the pH of the solution showing a steady increase to
reach the maximum value of ca. 21 mMs? at pH 9 (Figure 3.4B).
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Figure 3.4. A) Relaxation rate of a 0.1 mM solution of Gd-L1 in the presence of increasing amounts of
polylysine (avg. MW: 50 kDa). Data measured at 298 K and 21.5 MHz, in PBS at pH 7.4. B) Relaxivity values
of Gd-L1 in the presence of polylysine (in 3:1 stoichiometric excess with respect to Gd-L1) as a function of the
solution pH. Data measured at 298 K and 21.5 MHz, in PBS.

Based on these results, the next step dealt with the study of the relaxometric properties of Gd-
L1 in a medium mimicking the extracellular matrix (ECM) whose collagen proteins are rich in
NHs* exposed residues.””? A good material for simulating the complex tridimensional
environment of ECM is Hystem™, a complex hyaluronic acid-based hydrogel matrix.”
Hystem™ is commercially available in formulations in the presence or absence of collagen. In
the collagen-containing medium Gd-L1 yielded the relaxivity of 12 mM-1s that decreased to
ca. 7 in the collagen-deprived product (Figure 3.5). As a control, the relaxivity of the parent
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Gd-HPDO3A, measured under the same experimental conditions, showed only marginal
difference considering the values in collagen-containing and collagen-free media. The different
behavior of the two paramagnetic complexes clearly indicates that Gd-L1 is interacting with
collagen. These fibrotic proteins, rich in lysine residues, are therefore excellent candidates for
acting as target sites for Gd-L1 within the ECM.
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Figure 3.5. Relaxivity values of Gd-HPDO3A and Gd-L1 in PBS and in two Hystem™ media with and without
the collagen component. The relaxation rates were measured with 0.1 mM Gd complex and normalized to 1
mM. Data acquired at 298 K and 21.5 MHz.

Next, the relaxometric properties of Gd-L1 were further investigated by measuring the ’O-R;
vs. T profile in water (compared to the parent Gd-HPDO3A in Figure 3.6A) and the nuclear
magnetic resonance dispersion (NMRD) profiles in water and human serum (Figure 3.6B).
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Figure 3.6. A) O-R,vs. T profiles of Gd-L1 compared to that of Gd-HPDO3A measured in water at 14.2 T at
pH 7.4; data normalized to 20 mM Gd concentration. B) *H-NMRD profiles measured on solutions of Gd-L1 1
mM in water and in human serum at 298 K, 298 K and pH 7.4.

The O-Rz vs. T profile measured for an aqueous solution of Gd-L1 (Figure 3.6A) has the
typical shape observed in the presence of two species/isomers in solution.
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As for the parent Gd-HPDO3A, they can be associated to TSAP and SAP diastereoisomers
(TSAP/SAP ratio 30/70).”47 For Gd-L1, the isomers distribution resulted to be 60% TSAP
and 40% SAP, in agreement with the ratio observed for Eu-L1 in Figure 3.7, where the mono-
and bi-dimensional *H-NMR spectra are reported. The analysis of 1’O-Rz vs. T profile allowed
calculating the water exchange lifetimes (tm) 0f 1.9 ns and 470 ns for TSAP and SAP isomers,
respectively, which resulted in a weighted average of 189 ns. Notably, the higher proportion
of TSAP isomer is responsible for a tv substantially shorter than the one determined for Gd-
HPDO3A, where the average tm was found to be 451 ns.’*7®
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Figure 3.7. A) *H-NMR 1-D and B) 2-D EXSY spectra of 10 mM Eu-L1 (600 MHz, DO, water suppression,
298 K).
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A rapid exchange of the coordinated water molecule is definitely a favorable feature for
achieving high relaxivities upon binding to macromolecular systems.®

The NMRD profile of Gd-L1 in water (Figure 3.6B) was fitted by considering the contribution
from 1.5 coordinated water molecules, i.e. one inner sphere water molecule plus the proton of
coordinating alcoholic group whose involvement in the exchange with water appears to occur
already at neutral pH. The NMRD profile of Gd-L1 in serum fully supports the view of the
occurrence of a binding interaction to proteins that brings an elongation of the reorientational
correlation time (tr) yielding a relaxivity hump at about 30 MHz. The quantitative analysis of
170-R; vs. T and NMRD profiles (in water) yielded the values of the relevant relaxometric
parameters reported in Table 3.1.7476

Table 3.1. Relaxometric parameters of Gd-L1 derived from the fitting of Y’O-NMR and 'H-NMRD data
measured in water (Figure 3.6), compared with the parameters reported for Gd-HPDO3A.7

Gd-L1 Gd-HPDO3A
MSAP (ns) | 470+27.6 640 + 35 741
™ TSAP (ns) 1.9+1.4 8.9+ (.57l
e (ns) | 189+ 11.2 451 U6l
7R (PS) 121+3.5 65 + 574
A2 (10" s2) | 5.45+0.79 7 4 176]
v (PS) 17.5+2.3 14.6 176

For the 170-NMR fitting procedure the following parameters were fixed: q = 1, redo = 2.5 A, Er= 10 kJ mol%, E,= 10 k] molt, A/h = -
3.5 x 108 rad s**. The NMRD profiles were acquired at 298 K and the following parameters were fixed during the fitting procedure: q =
1.5, rean = 3.1 A, acdH = 3.8 A, Dear = 2.24 x 105 cm?s°L.

3.2.3 In vivo imaging studies

The MRI properties of Gd-L1 were investigated on healthy Balb-c mice. Very good contrast
enhancements were observed in liver, spleen, and kidneys (Figure 3.8). The observed maxima
in contrast enhancement in T1-weigthed images were ca. two-six fold the values observed for
ProHance (Gd-HPDO3A) administered at the same dose. Interestingly, the contrast effect
decreased quite rapidly and the observed contrast enhancements for Gd-L1 and Gd-HPDO3A
were almost the same already 15-30 minutes after the administration (Figure 3.9).
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Figure 3.8. In vivo axial Ti,~-MR images (at 7.1 T) of healthy Balb/c mice pre and post (at 5 min and 40 min)
i.v. injection of Gd-L1 or ProHance 0.15 mmol/kg. For both agents the two rows of images show two

representative slices. Dotted line indicates liver ROI, dashed line indicates kidneys ROI and continuous line
indicates spleen ROI
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Figure 3.9. MR signal enhancement in kidneys (A), liver (B) and spleen (C) of healthy Balb/c mice (n = 3)

upon injection of Gd-L1 or ProHance 0.15 mmol/kg. Squares and circles indicate the mean values; error bars
indicate standard deviation.

42



3.2.4 Assessment of the elimination of Gd-L1 from blood

ICP-MS analyses for Gd quantification were conducted on blood samples collected from
healthy mice at different time points (as shown in Figure 3.10) after intravenous administration
of 0.15 mmol/kg of contrast agent, in order to determine the rates of elimination of Gd-L1 and
ProHance from the blood.
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Figure 3.10. Blood elimination curves of Gd-L1 and ProHance upon the intravenous administration of 0.15
mmol/kg of contrast agent in healthy mice.

The elimination rate of Gd-L1 from the bloodstream resulted to be only slightly less rapid than
that of ProHance, with elimination half-lives of 14.1 + 1.7 and 12.1 + 1.6 minutes observed for
Gd-L1 and ProHance, respectively.

3.3 Discussion

Gd-L1 has proven to be a valuable model system for the investigation of novel interactions
with endogenous proteins. The metal complex has three residual negative charges located at
the external perimeter of the pyrene substituent. The presence of the sulfonate moieties endows
the molecule with good water solubility, while the conjugated aromatic system provides an
excellent source of n-electrons.

In a recent study, it was demonstrated that the parent HPTS system can be exploited for the
set-up of hydrophobic interactions with the tetraazacyclododecane cage of macrocyclic Gd-
complexes.®® In the case of Gd-L1, aside from similar weak m-bonding associations, the
primary binding properties appear to be driven by interactions with positively charged
aminoacidic residues exposed on protein surfaces. These are typically represented by lysine or
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arginine residues found in serum proteins and collagen proteins. Gd-L1 is not expected to show
any binding interaction with proteoglycans, the main constituents of the ECM, as they are often
negatively charged systems (e.g., heparan sulfate, hyaluronic acid, chondroitin sulfate,
dermatan sulfate). However, there may be a limited effect due to increased viscosity, as
indicated by the slight increase observed for the parent Gd-HPDO3A in Hystem™ (Figure
3.5).

In water, the Gd-L1 relaxivity value of 7.1 mM™ s, measured for a concentration of 1 mM at
21.5 MHz, 298 K, and neutral pH, is consistent with the occurrence of intramolecular catalysis
of the prototropic exchange of the coordinated alcoholic group.””’® This catalysis likely
involves the amide proton, as previously demonstrated for similar systems.”®! In the case of
Gd-L1, the catalytic effect appears even more pronounced, as the contribution of the OH
moiety is evident already at neutral pH values. Additionally, the increased rotational
correlation time (tr), due to the higher molecular weight compared to the parent Gd-HPDO3A,
also plays a significant role in the observed relaxivity enhancement.

The observed decrease in relaxivity at pH > 10 seems to indicate a structural change following
the deprotonation of the alcoholic moiety, as previously observed for the parent Gd-
HPDO3A 517

The Y'O-Rz vs. T measurement of Gd-L1 suggests the occurrence of the SAP and TSAP
diastereoisomers as observed for the parent Gd-HPDO3A, with an increase of the TSAP form.
This finding is further supported by the acquisition and interpretation of the *H-NMR spectra
of Eu-L1 which clearly showed a distribution of the two diastereocisomers with a ratio
TSAP/SAP 3:2 (Figure 3.7). Indeed the cationic radii of Eu3* and Gd®* are very similar (94.7
pm and 93.5 pm, respectively) so that the TSAP/SAP ratios of their HPDO3A-like complexes
are commonly considered analogous with reasonable approximation.”"

In water, the increase in r1 upon increasing the Gd-L1 concentration suggests the reversible
formation of aggregates based on the hydrophobic interactions between the pyrene derivative
moiety and the tetra-aza macrocycle of Gd-HPDO3A, similarly to what previously observed
in binary mixtures of Ln-HPDO3A (Ln = Gd, Eu, Yb) and HPTS.®2 It seems reasonable to
expect that the constrain introduced on the pyrene derivative containing moiety upon its
binding to Gd-HPDO3A causes a weakening in the hydrophobic interaction with respect to the
case of the binary mixtures of the two parent molecules.

In human serum, at the GdL1 concentration 0.1 mM, the relaxivity reached the value of 21.5
mM=1s? at21.5 MHz and 298 K. A set of r; measurements of Gd-L1 as a function of the Gd
concentration (Figure 3.2) clearly showed that the relaxivity in serum is markedly affected
when the concentration is < 0.02 mM reaching the exceptional value of 26.5 mM=s? at the
lowest measured concentration (5 uM). Above 4 mM, the relaxivity in serum remained
constant at the remarkable value of ca. 13.5 mM-s1. These observed high values indicate that,
in serum, Gd-L1 is interacting with sites on the endogenous macromolecules that cause an
elongation of its reorientational time (tr) and, in turn, yields to the observed enhancement. The
comparison of the NMRD profiles acquired in water and in human serum (Figure 3.6B)
unambiguously supports this view.
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The marked effects on the relaxation enhancements when decreasing the molar ratio between
Gd-L1 and the interacting macromolecule (Figure 3.2B) can be associated with the shift of the
equilibrium towards the bound form endowed with higher relaxivities. This finding aligns with
the concept that, in the presence of multiple binding sites, there is a preference for binding to
sites with higher affinity.

Upon carrying out a relaxivity vs. HSA concentration assessment, it was clear that this protein
is the major pool for the set-up of binding interactions of Gd-L1, in serum. Considering the
presence of three sulfonate groups on the outer perimeter of the pyrene moiety, it seems
unlikely for the metal complex to bind at the hydrophobic Sudlow sites. Therefore, it appears
reasonable that hydrophilic pyrene substituent may interact with the positively charged NHs*
groups of lysine or arginine residues exposed on protein surfaces. To gain a deeper
understanding of this possibility, we undertook a relaxometric study of Gd-L1 with polylysine
(PL) (Figure 3.4). Although the highly flexible random coil configuration adopted by PL at
neutral pH® may restrict the potential enhancement, the observed relaxivity increase revealed
a binding interaction with the positively charged NH3s"™ groups. When the binding occurs, the
decrease in PL protonated e-NHs™ moieties may induce a conformational change to a less
flexible alpha helix structure that, in turn, results in an enhanced relaxivity.® This effect is
indeed counteracted by the decrease of protonated e-NHs* moieties but the lengthening of tr
is likely more crucial in determining the observed relaxation enhancement. Given that the nxK,
value is high (1x10° M), one could conclude that each binding site in this polypeptide is
independent from the others. Obviously, the large number of binding sites (up to 342 lysine
residues are available in the used homopolymer) indicates that the affinity for each lysine
residue is relatively low.

Next, it was decided to investigate whether other proteins might contribute to the increased
relaxivity of Gd-L1 in serum, as compared to the buffered HSA solution, in particular at the
lower concentrations of the paramagnetic complex. Reasoning that electrostatic and cation-n
binding interactions may be responsible for the observed effect, we studied Gd-L1 relaxivity
in y-globulin containing media. This class of proteins, characterized by a basic isoelectric point,
appeared as a good candidate for the desired interactions. The titration of a buffered solution
of y-globulins with increasing amounts of Gd-L1 resulted in a profile that clearly paralleled the
behavior observed in serum. This suggests that y-globulins are likely the macromolecular
system contributing to the relaxation enhancement detected in serum, in addition to the greatest
one provided by HSA.

To determine whether the molecular interactions responsible for the relaxation enhancement
in serum are also active in the ECM, it was deemed of interest to measure r1 of Gd-L1 in an
ECM-mimicking medium. To this intent, we used Hystem™ (a mixture of polysaccharides,
proteins and other components) which is commercially available in a composition with or
without collagen.” The comparison between the relaxivities in the two Hystem™ media
(Figure 3.5) clearly indicates that Gd-L1 displays a higher relaxivity in the presence of
collagen, whereas for the parent Gd-HPDO3A such a difference is much less pronounced.
Collagen fibers own a large number of lysine residues only partially used for the generation of
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the matrix network; thus, collagen in the ECM may represent a potential binding site for Gd-
L1. Further evidence for this hypothesis was gained by acquiring the in vivo MRI images of
three organs (liver, spleen, kidneys) that are known to be highly fenestrated, thus allowing an
easy extravasation of Gd-L1 to the ECM. The signal enhancement (SI%) measured
immediately after the i.v. administration of Gd-L1 in the three organs reached values up to
two-sixfold higher than those observed for the parent Gd-HPDO3A (Figure 3.9). At a first
glance, the in vivo results were not expected, since the MRI scans were acquired at 7 T; in fact,
this field strength does not allow to take advantage of the remarkable relaxation enhancement
whose maximum is at around 1 T. A possible explanation is that the observed behavior reflects
an increased retention of Gd-L1 in the vascular and extravascular space due to the set-up of
numerous binding interactions with the proteins in these media.

The in vitro results appear then fully confirmed by the in vivo observations, showing that the
weak electrostatic and cation-r interactions, likely exploiting the NHs™ moieties of lysine or
arginine residues on different endogenous proteins, are a powerful source for the generation
of an improved response in contrast enhanced (CE)-MR images.

The improved in vivo response of Gd-L1 showed a limited persistence (Figure 3.9). Indeed,
the effect largely disappeared already after 10-15 minutes, when the detected S1% for Gd-L1
became comparable to the one shown by the clinical Gd-HPDO3A. The observed behavior can
be explained in terms of the “washing out” of Gd-L1 from ECM. In the tissues examined, the
ECM space is limited and the ratio between the amount of extravasated Gd-L1 and the number
of interaction sites on the endogenous macromolecules may favor the involvement of the
strongest binding sites.

According to the Gd elimination curves from blood (Figure 3.10), the excretion kinetics of Gd-
L1 from the bloodstream are very similar to those of Gd-HPDO3A.

Therefore, the exploitation of the weak, although abundant, NHs*-involving interactions
yielded a great signal enhancement without affecting the excretion characteristic, that remained
comparable to those of the parent Gd-HPDO3A. The limited persistence of the strong
enhancement may be considered with interest as the CE-MR images are commonly acquired
immediately after the administration of the contrast agent.

3.4 Conclusion

In summary, Gd-L1 proved to be a good model for investigating new routes to electrostatic
and cation-binding interactions with NHs*-exposing macromolecules, to search for significant
relaxation enhancement and increased signals in Ti-weigthed MR images. The significant rise
in signal enhancement found shortly after i.v. administration suggests that Gd-L1 can be
employed at doses significantly lower than those normally used with currently available
GBCA:s.

As a result, Gd-L1 can be regarded as the prototype of a novel class of GBCAs: small-sized
and hydrophilic paramagnetic complexes capable of interacting with endogenous proteins in
the vascular system and the ECM. The findings presented here provide fresh insights into the
development of paramagnetic MRI CAs with high relaxivity and a regulated biodistribution
and excretion pathway.
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3.5 Experimental section

Chemicals were purchased from Sigma-Aldrich Co. NMR spectra were recorded at 310 K on
a Bruker AVANCE 600 spectrometer operating at 14 T (corresponding to 600 and 150 MHz
'H and 3C Larmor frequencies, respectively). Analytical and preparative HPLC-MS was
carried out on a Waters Auto Purification system (3100 Mass Detector, 2545 Pump Gradient
Module, 2767 Sample Manager, and 2998 PDA detector). The purity was double checked by
analytical HPLC using Atlantis C18, 3.5 um, 4.6 mm x 150 mm column and 0.1% TFA in
water (solvent A) and acetonitrile (solvent B); applying a gradient of CH3CN in H2O (0.1
%TFA) from 5 to 80% in 15 min and from 80 to 100% in 5 min, flow 1 mL min~! (method 1).
pH measurements were made using an AS pH meter equipped with a glass electrode.

3.5.1 Synthesis of Gd-L1 and Eu-L1

The synthesis of Gd-L1 and Eu-L1 was performed by colleagues in the research group. Thus,
in this this section the experimental details of the synthesis steps are not reported.

The characterization data of the purified two final products investigated in this work are the
following:

GdL1 retention time = 3.36 min, purity = 95%, A = 220 nm; ESI-MS m/z calculated for
C3sH40GdNs018Ss: [M+H]* 1073.08, found 1073.41; [M+2H]?* 537.04, found 537.31; [M-H]
1071.08, found 1072.40; [M-2H]?> 535.04 , found 535.42.

EuL1 retention time = 3.46 min, purity = 95%, A = 220 nm; ESI-MS m/z calculated for
C3sH40EUNsO15Ss: [M+H]* 1068.07, found 1068.06; [M-H] 1066.07, found 1066.06; [M-2H]*
532.03, found 532.59.

3.5.2 Relaxometric measurements

Observed longitudinal relaxation rates (R1%% = 1/T1°%) values were determined by inversion
recovery at 21.5 MHz and 298 K using a Stelar SpinMaster spectrometer (Stelar s.r.I, Mede
(PV), ltaly). Temperature was controlled with a Stelar VTC-91 airflow heater and the
temperature inside the probe checked with a calibrated RS PRO RS55-11 digital thermometer.
Data were acquired using a recovery time > 5 x Ty and with 2 scans per data point. The absolute
error in Rions measurements was less than 1%.

Gadolinium concentration of each solution was determined as follows: a solution containing
equal volumes of the Gd(l1l)-complex solution and 37% HCI was mixed in a sealed vial and
left overnight at 393 K. R:°* values of the acidic solution were determined and the total
concentration of Gd** was evaluated on the basis of the following equation: [Gd] = (R:°® -
R1%)/ r1,¢ , where R1® is the diamagnetic contribution (0.5 s) and r1p,®® the relaxivity of the
Gd(111) ion in acidic conditions (13.5 mMs?).%0

NMRD profiles were obtained using a Stelar SmartTracer FFC NMR relaxometer from 0.01
to 10 MHz. Additional data in the 20—80 MHz frequency range were obtained with a High
Field Relaxometer (Stelar) equipped with the HTS-110 3T Metrology cryogen-free
superconducting magnet and a Bruker WP80 NMR electromagnet (21.5-80 MHz), both
equipped with a Stelar VTC-91 for temperature control; the temperature inside the probe was
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checked with a calibrated RS PRO RS55-11 digital thermometer. Aqueous and human serum
solutions of the complex were measured at 298 K. The NMRD profiles data were fitted using
the Solomon-Bloembergen-Morgan and Freed’s models.

O"-R2-NMR measurements were recorded at 14.1 T on a Bruker Avance 600 spectrometer at
variable temperature, with a D>O sealed capillary for sample locking inside the tube. The 20
mM Gd-complexes solutions were enriched with 1% of H,’O (Cambridge Isotope). The width
at half maximum (Awdia) Of the H2!'O signal in pure water was measured over the investigated
temperature range and subtracted from the width at half maximum (Awgd) of the tested Gd-
complexes solutions. Then, R2 was calculated as follows: R>=n[ Awcd—Awdia].

3.5.3 Animal handling

For the in vivo imaging experiments, 8-10-week-old male Balb/c mice (Charles River
Laboratories, Calco, Bergamo, IT) were used. The mice were bred at the animal house at the
Molecular Imaging Center (MBC) at the University of Turin. They were kept in standard
housing conditions with standard rodent chow, water available ad libitum and a 12-hour
light/dark cycle. All procedures involving animals were performed in accordance with national
and international laws on the use of experimental animals (L.D. 26/2014; Directives
2010/63/EU) under Ministerial Authorization (project Research Number 888/2021-PR
protocol CC652.167.EXT.53).

3.5.4 MRI acquisition and data analysis

For MRI experiments, mice were anesthetized by intramuscular injection of a mixture of 20
mg/kg tiletamine/zolazepam (Zoletil 100, Virbac, Milan, Italy) 20 mg/kg plus 5 mg/kg
xylazine (Rompun; Bayer, Milan, Italy). A permanent vein access was obtained by inserting a
PE10 catheter into the tail vein. A glass tube containing a standard solution was used as internal
reference. It was located in the field of view in close proximity to the mouse body. MR images
were acquired, pre and post injection of Gd-complexes, at 7.1 T by using a Bruker Avance 300
spectrometer equipped with a Micro 2.5 microimaging probe, at room temperature (ca. 21 °C).
Mice were intravenously injected with either 0.15 mmol/kg of Gd-L1 or 0.15 mmol/kg of
ProHance. T.w images were acquired by using a standard Tow RARE (Rapid Acquisition with
Refocused Echoes) sequence with the following parameters (TR=5000ms, TE=5.5ms, RARE
factor=32, FOV=3.5x3.5 cm, slice thickness=1 mm, matrix 128x128). Tiw images were
acquired immediately after the injection of Gd-L1 or ProHance by using a standard Tw.-MSME
(multislice multiecho) sequence with the following parameters (TR=200 ms, TE=3.3ms,
number of averages=6, FOV=3.5x3.5 cm, slice thickness=1 mm, matrix 128x128, resolution
0.273x0.273 mm/pixel).

ROIs were manually drawn inside the organs of interest (spleen, liver, kidneys) and the mean
of signal intensity (at least 5 ROIs in different slices) were calculated. Signal enhancement was
calculated used the following formula: (( SI Pt — Sl P) / SI Pe) x 100

Where Sl P and SI Pt are the signal intensities in T1w images before and after the injection of
Gd-complexes, respectively, upon normalization for the signal in the reference tube.
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3.5.5 Assessment of blood elimination by ICP-MS

The pharmacokinetics of intravenously administered Gd-L1 and ProHance were assessed by
ICP-MS quantification of the Gd content in plasma. For this purpose, after the intravenous
injection of 0.15 mmol/kg of Gd-L1 or ProHance to healthy mice (n=3), blood was collected
from mouse tail veins at variable time points (t =5 min, 10 min, 15 min, 30 min, 1 h and 4 h).
Before ICP-MS analysis, blood samples were digested with concentrated HNO3 (70%) under
microwave heating (Milestone MicroSYNTH Microwave lab-station, Balgach, Switzerland,
equipped with an optical fiber temperature control and HPR-1000/6M high-pressure reactor,
Milestone, Bergamo, Italy). After the digestion, 3 mL of ultrapure water were added to each
sample. The specimens were then subjected to ICP-MS analysis (Element-2; Thermo-
Finnigan, Rodano (M), Italy) to measure the concentration of Gd with respect to standard
curves. Results were reported as Gd micromolar concentration as a function of collection time.
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Chapter 4

PET/MRI co-agents for the
measurement of extracellular pH in the
tumor microenvironment
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4.1 Introduction

Contrary to normal cells, malignant cancer cells exhibit a distinctive metabolic profile
characterized by an elevated rate of aerobic glycolysis, often referred to as the Warburg
effect.3 In this condition, cancer cells preferentially convert glucose into lactate, even in an
oxygen-rich environment. The production of lactate generates an accumulation of lactic acid
in the extracellular region, leading to a more acidic extracellular pH (pHe).®® Indeed, whereas
the pHe of normal tissues is not lower than 7.0, solid tumors can reach pHe values as low as
6.5.86 Such a change in pH, known as tumor acidosis, has been linked to a range of detrimental
consequences for cancer progression, including augmented tumor growth rate, invasion, and
metastasis.®” % Furthermore, tumor acidity can hinder the efficacy of immunotherapy and
certain chemotherapeutic agents.®®% Assessments of pHe in tumors can additionally serve as
a means to anticipate and track the impact of drugs and antibodies that are sensitive to pH.%>%
Although these are crucial potential applications, there are limited methods available for non-
invasively measuring tumor pHe, and none have gained routine clinical use. Optical imaging,
while capable of assessing tumor pHe, is restricted to surface-accessible tumors and cannot
provide comprehensive tumor volume information. Positron emission tomography (PET),
electron paramagnetic resonance spectroscopy (EPR), and MR spectroscopy offer alternative
approaches, but with limitations such as poor accuracy, sensitivity or arduous translation into
clinical settings.®*

In the absence of established methods for directly measuring tumor pHe in clinics,
advancements in CA research have paved the way for indirect estimation of tumor extracellular
pH. MRI CAs (clinically approved computed tomography (CT) CAs, repurposed for MRI)
detectable by means of CEST effect have been intensively investigated and used to measure
pH.%9% Many relaxivity-based MRI T1 CAs with a pH-dependent relaxivity have also been
developed. As previously explained in the paragraph 1.1.2.4, these responsive CAs undergo
pH-dependent alterations that can be detected using MRI. However, being the MR signal
amplitude dependent on the CA concentration, the use of another imaging technique to assess
the concentration of the MRI CA is needed. Positron emission tomography (PET) can provide
the opportunity to overcome this concentration dependence issue by using the PET component
to report on the concentration of the pH-responsive MRI agent.

Pollard et al. designed and synthesized a pair of PET/MRI co-agents aiming to measure pHe.**
Through a simultaneous PET/MRI procedure, they managed to accurately measure pH both in
solution and in vivo, although metabolism studies on murine models showed evidence that the
co-agents were degraded in vivo after 20 minutes. The designed co-agents consist in the Gd
and %8Ga complexes of a DO3A derivative functionalized with a sulfonamide arm that can be
protonated or not based on the pH of the environment. In the case of the MRI co-agent, the
protonation of the sulfonamide leads to the displacement of the coordinating nitrogen from the
Gd ion, and to the replacement with a water molecule, with a relaxivity increase. This process
is schematized in Figure 4.1.
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Figure 4.1. At lower pH values the sulfonamide group of the MRI co-agent is protonated and two water
molecules are coordinated to the Gd ion (q = 2, higher r; relaxivity). At higher pH values the coordination of
the deprotonated nitrogen displaces one water molecule (g = 1, lower r; relaxivity). Modified from 44,

As PET co-agent, the corresponding %8Ga complex was used, assuming that the two co-agents
have the same pharmacokinetics. Thus, with a known ratio of MRI co-agent to PET co-agent,
the radioactivity measured by the PET detector can be translated into concentration of the MRI
co-agent. Then the r; relaxivity values can be calculated from the measured relaxation rates via
MRI and pH can be determined using a calibration curve of pH vs. r1. Although the evidence
of in vivo degradation for the compounds used in this initial study, this new approach definitely
appeared promising and worthy of further investigations.

In this context, during the period abroad spent at the MD Anderson Cancer Center in Houston,
Texas, | had the opportunity to work on new metal-based compounds aiming to the
measurement of pHe through simultaneous PET/MRI.

Previous works on Gd complexes based on the DO3A macrocyclic structure reported that, the
introduction of three S-carboxyalkyl substituents, o to three ring nitrogens, can inhibit the
displacement of the bound water inducted by added proteins and also suppresses
intermolecular binding by endogenous anions.*” The presence of other carboxylate moieties is
also expected to both increase the solubility of the ligand and its metal complexes and to
improve their biocompatibility, while maintaining, in the case of the Gd(l1l) complex, a pH
dependent relaxivity.

The compound 3b, previously synthesized and investigated in our research group in Torino,
(chemical structure in Chart 4.1), was made available for these studies.
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Chart 4.1. Chemical structure of the ligand 3b.
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The aims of the project were the following: i) to synthesize the Gd complex of the compound
3b and test its pH-dependent relaxivity for application as MRI co-agent in simultaneous
PET/MRI; ii) to synthesize the ®3Ga and Y complexes of the compound 3b for the application
as PET co-agents; iii) to test the %8Ga-3b/Gd-3b and ®¢Y-3b/Gd-3b PET/MRI co-agents pairs
for the measurement of tumor extracellular pH in murine models.

4.2 Results and discussion

4.2.1 MRI co-agent

4.2.1.1 Synthesis of the MRI co-agent Gd-3b

The synthesis and purification of Gd(111) 1-[(2’-(4-methoxyphenylsulfonaminoethyl]-4,7,-10-
tris-[(4’-carboxy)-1’-carboxybutyl]-1,4,7,10-tetraazacyclododecane (Gd-3b) (Scheme 4.1)
was made by following the procedure reported in literature.*” The absence of free Gd was
confirmed using a solution of arsenazo I11 dye.%
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Scheme 4.1. Synthesis of Gd-3b.

4.2.1.2 pH-relaxivity calibration curve

To obtain a pH-relaxivity calibration curve, samples containing Gd-3b in pure water were
prepared at different concentrations and pH values. The relaxation rates of the solutions were
measured ina 7 T MRI scanner and used to calculate the relaxivity values shown in Figure 4.1.
The fitting of the experimental data was done by using the modified Henderson-Hasselbach
equation:

—a
pH = pKa+log(b_ )

pKa is the pKa of the sulfonamide arm (7.09) of the MRI co-agent; r:is the relaxivity of the
measured sample; a is the relaxivity at low pH when the sulfonamide is completely protonated,;
b is the relaxivity at high pH when the sulfonamide is completely deprotonated.
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The fitting of the experimental data allowed to calculate the values of a = 12.18 mM* s and
b=220 mMtst,

As schematized in Figure 4.1, at low pH the Gd complex is endowed with a very high relaxivity
due the coordination of two water molecules (g = 2). Moving to higher pH values the
coordination of the deprotonated sulfonamide nitrogen to the metal center leads to the
displacement of a water molecule with the consequence of lower relaxivity values as the
concentration of the agent with g = 1 increases.
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Figure 4.1. Observed relaxivity values as a function of pH, in water at 310 Kand 7 T.

It is worth to note that the Gd-3b species with g = 2 has a relaxivity value more than twofold
than the MRI co-agent previously studied (12.18 mM™ s vs. 6.07 mM* s1), while the
relaxivity of the form with g = 1 is rather similar (2.20 mM?1s?vs. 1.77 mM1s1).4 This is a
definitely favorable feature for this application, as it is reflected in a larger relaxivity variation
upon slight pH changes allowing, in principle, more sensitive pH measurements.
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4.2.2 PET co-agents

4.2.2.1 %Ga-3b

4.2.2.1.1 Radiosynthesis and purification

The synthesis of %8Ga(lll)-1-[(2’-(4-methoxyphenylsulfonaminoethyl]-4,7,-10-tris-[ (4 -
carboxy)-1’-carboxybutyl]-1,4,7,10-tetraazacyclododecane (®®Ga-3b) was optimized by
varying different reaction conditions such as temperature, pH, time of reaction, type of buffer
and amounts of reagents. The best conditions are shown in Scheme 4.2. After the optimization,

the scale-down of the ligand amount necessary for the radiolabeling led to a value of [3b] =
0.1 mM in the final volume of reaction mixture.
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Scheme 4.2. Optimized conditions for the radiosynthesis of %Ga-3b.

Reaction completion was confirmed via radioHPLC. The reaction mixture was loaded onto a
pre-conditioned C18 cartridge and eluted with 1 mL of ethanol and divided in 5 fractions, to
obtain the pure concentrated product (radioHPLC chromatogram shown in Figure 4.2).
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Figure 4.2. RadioHPLC chromatogram of ®®Ga-3b.
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The optimization of synthesis and purification steps allowed to obtain the compound %8Ga-3b
with the high radiochemical purity of 99.5%.

4.2.2.1.2 Tumor uptake preliminary studies

To test the in vivo stability of ®8Ga-3b, tumor-bearing mice were injected with a saline/ethanol
8:2 solution of the agent. 3 mice were injected intratumorally (i.t.) and 3 mice were injected
intravenously (i.v.). The mice were sacrificed and the tumors were treated with acetonitrile,
mixed thoroughly and subjected to centrifugation for 10 min at 4000 rpm. The acetonitrile
layer was removed and the samples were analyzed via radioHPLC to determine the
composition the agent. In both cases the samples showed the presence of intact ®8Ga-3b (Figure
4.3). L.t injection showed also a small peak at a short retention time, ascribable to dechelated
®8Ga, indicating a possible degradation of the metal complex in vivo. Although a worst
resolution of the chromatogram due to the more diluted samples, no evidence of free %8Ga was
observed in the case of mice injected intravenously.
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Figure 4.3. RadioHPLC chromatograms of tumor samples collected from two representative mice after
intratumoral (i.t.) and intravenous (i.v.) injection with ®Ga-3b, compared with pure ®Ga-3b.

Based on the results of these promising preliminary studies on tumor uptake, it was decided to
test 8Ga-3b as PET co-agent for the measurement of tumor pHe in murine models, via an
intravenous injection (see section 4.2.3.1).

4.2.2.2 8Y-3b

4.2.2.2.1 Radiosynthesis and purification

The synthesis of  88Y(lII)-1-[(2°-(4-methoxyphenylsulfonaminoethyl]-4,7,-10-tris-[ (4°-
carboxy)-1’-carboxybutyl]-1,4,7,10-tetraazacyclododecane (80Y-3b) was optimized by starting
from the conditions found for %Ga-3b. The optimization of the radiolabeling led to obtain the
best conditions with pH 6.5 and a value of [3b] = 0.1 mM in the final volume of reaction
mixture (See Scheme 4.3).
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Scheme 4.3. Optimized conditions for the radiosynthesis of 8¢Y-3b.

Reaction completion was confirmed via radioHPLC. The reaction mixture was loaded onto a
pre-conditioned C18 cartridge and eluted with 1 mL of ethanol and divided in 5 fractions, to
obtain the pure concentrated product (radioHPLC chromatogram shown in Figure 4.4).
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Figure 4.4. RadioHPLC chromatogram of 8¢Y-3b.

The optimization of synthesis and purification steps allowed to obtain the compound 2¢Y-3b
with the high radiochemical purity of 97.9%.

8Ya-3b was then tested as PET co-agent for the measurement of tumor pHe in murine models,
through simultaneous PET/MRI (see section 4.2.3.2).

4.2.3 In vivo PET/MRI for the measurement of tumor pHe

Two sets of in vivo PET/MRI experiments were done on mice bearing a subcutaneous flank

PaCa-2 pancreatic tumor model. In the first test the ®3Ga-3b/Gd-3b co-agents pair was used,
while the second one involved the 8Y-3b/Gd-3b pair.
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For both the experiments, the procedure for in vivo PET/MRI started with a baseline anatomical
MR image and a T: map. A DCE MRI scan was then started, and the co-agents were injected
i.v. simultaneously via a long catheter, in a known concentration ratio, into tumor bearing mice.
Simultaneous DCE MRI and dynamic PET scan were then obtained. The change in R
relaxation rate can be determined from the MR images, while the concentration of the MRI co-
agent can be calculated from the PET image via the known injected ratio of the two agents.
These values can then be used to calculate relaxivity in various time frames over the dynamic
PET/MRI scan. Once the curve reaches a steady value, the average relaxivity can be used to
calculate tumor pHe, by using the equation of the ry vs. pH curve.

4.2.3.1 In vivo PET/MRI with ®Ga-3b/Gd-3b PET/MRI co-agents

5 mice bearing a subcutaneous PaCa-2 pancreatic tumor model were imaged twice, two days
apart, while in the meantime they were kept with 200 mM sodium bicarbonate as drinking
water to search for a tumor pHe variation in the second experiment. In fact, it was reported that
oral bicarbonate can increase tumor pH.

Each mouse was catheterized via their tail vein, and a 125 uL line was used to connect the
needle to the syringe outside of the scanner. The line was filled with a 25 uL lead of saline
followed by a 250 puL injection volume of the PET/MRI co-agents at a known ratio. 125 uL of
saline was then used to completely flush the co-agents out of the line and into the mouse.
Unfortunately, none of the five mice tested showed uptake of the PET co-agent in the tumor,
making thus impossible the data analysis to measure the concentration and then to extrapolate
the pHe value of interest through the previously described method. A representative image of
a mouse is shown in Figure 4.5.

Figure 4.5. Representative PET/MRI image of a mouse injected with %Ga-3b/Gd-3b showing no uptake of the
PET agent in the tumor. ID/cc: injected dose per cubic centimeter.

4.2.3.2 In vivo PET/MRI with #Y-3b/Gd-3b PET/MRI co-agents

2 mice bearing a subcutaneous PaCa-2 pancreatic tumor model were imaged twice, two days
in a row, while in the meantime they were kept with 200 mM sodium bicarbonate as drinking
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water to look for a possible pHe variation in the second day. The same steps described in the
previous paragraph were followed.

As in the case of %8Ga-3b, no evidence of uptake of the PET co-agent was observed in the
tumor regions of the mice imaged and no further analysis was possible.

4.2 .4 Evaluation of routes of administration

After the results regarding the poor tumor uptake in the in vivo PET/MRI trials, experiments
to test the efficiency of the possible various routes of administration of PET agents were made.
With the goal of finding the best way of administration, the tumor uptake of mice injected by
different routes, with the same activity, was monitored.

In Figure 4.6, images of mice bearing a 4T1 tumor model injected with the same dose of Na'8F
are shown, together with a graph indicating the tumor uptake found for the different routes of
administration.
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Figure 4.6. Images of tumor-bearing mice injected with the same activity of Na®F through different routes of
administration and graph showing the standardized uptake value (SUV) as a function of the time after injection.
Values obtained by intravenous (red), intraperitoneal (green), peritumoral (blue) and intratumoral (orange)
injections are displayed in the graph.

As it can be noted from the graph, intravenous and intraperitoneal routes showed the least
uptake values in a time range of 30 min, indicating an expected low efficiency for these kind
of studies. Intratumoral injection demonstrated an excellent amount of internalized PET tracer.
Peritumoral injection, which is a subcutaneous injection in the proximity but not inside the
tumor, also showed a good level of uptake, especially at short times after injection. Differently
than intratumoral administration, peritumoral injection has the advantage to avoid potential
damage or disruption of the tumor tissue.

Although also the type of PET agent can play a role in the level of tumor uptake, these
preliminary experiments suggest that peritumoral injection can be considered the preferred
route of administration for these PET/MRI studies.

59



4.3 Conclusion

The Gd-3b complex showed promising characteristics for its application as MRI co-agent in
simultaneous PET/MRI for measuring pHe. The wide range relaxivity values it can exhibit
(from 2.2t0 12.2 mMs, at 7 T) varies with the degree of protonation of its sulfonamide arm
and thus it is expected to guarantee very sensitive pH measurement. Being its pKa 7.09 it is
particularly suitable for measuring the extracellular microenvironment both in normal cells
(pHe > 7.0) and in tumor cells (pHe < 7.0), potentially discriminating between healthy and
cancer tissues.

The novel 8Ga-3b and 8¢Y-3b complexes were synthesized with high purity and tested in vivo
as PET co-agents. Unfortunately, both PET/MRI experiments showed no evidence of tumor
uptake, although preliminary pharmacokinetic studies showed evidence of ®Ga-3b
internalization in tumors both when administered intratumorally and intravenously.

By analogy with the previous work and due to the easier accessibility and relative
inexpensiveness of ®Ga radioisotope, most of the investigation was focused on 8Ga-3b as PET
co-agent. However, 88Y-3b doubtless represent the most promising candidate for the herein
application. One reason is that Y (I11) ion is more structurally similar to Gd(I11) ion than Ga(lll)
ion. In fact, a major assumption of this PET/MRI approach is that the PET and MRI co-agents
are delivered to the tumor in the same ratio as in the injection volume. Although all the three
cations have in common the same charge, the effective ionic radii of yttrium and gadolinium
are rather similar (90 pm and 93.5 pm, respectively), unlike gallium (62 pm).%” Also, different
than gallium, yttrium has a coordination chemistry similar to that of lanthanides.®® Another
reason for the expected preference for Y-3b in PET/MRI applications is the longer half-life
of the ®Y radioisotope (ti2 = 14.7 h), with respect to the short *8Ga half-life (ty> = 68 min).
Indeed, the use of 8Y for in vivo PET/MRI guarantees an advantage in terms of the potential
use of this kind of measurement in clinics, since the PET co-agent could be prepared and
shipped overnight.

In summary, although the in vivo studies were not successful, an improved MRI co-agent and
two novel PET co-agents were synthesized with high purity and were preliminary tested.
Investigations are currently ongoing to check the behavior of these new co-agents pairs via
peritumoral injection, as suggested by the more recent studies. Furthermore, other versions of
these probes under intense scrutiny.

4.4 Experimental section

All solvents and reagents were purchased from commercial sources and used as received. pH
of solutions was recorded using a SevenCompact S221 benchtop pH/ion meter (Mettler
Toledo, Columbus, OH). Ultra-performance liquid chromatography-mass spectrometry/mass
spectrometry (UPLC-MS/MS) was performed using a Waters Xevo TQD 1VD with Acquity
UPLC using an Acquity UPLC BEH C18 1.7 um column with 2.1 x 50 mm dimensions
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(Waters, Milford, MA). Concentration of Gd-solutions was determined by the relaxometric
preaviously reported method (see 2.5.2 section for details).>°

RadioHPLC was performed on an analytical Agilent 1260 Infinity Il Series (Agilent
Technologies, Santa Clara, CA) with a XBridge C18 3.5 um column with 4.6 x 250 mm
dimensions using a Flow-RAM radioHPLC detector (LabLogic Systems Ltd., Brandon, FL)
for compound identification and quality control. For metabolism studies, an analytical Agilent
1100 Series system (Agilent Technologies, Santa Clara, CA) was used with an Econosil 10 um
column with 4.6 x 250 mm dimensions (Alltech, Nicholasville, KY). Counts were detected
using a Bioscan Model 106 detector (Bioscan, Inc., Poway, CA) interfaced with the HPLC
using an Agilent Interface 35900E (Agilent Technologies, Santa Clara, CA). Purification with
a C18 cartridge was performed using a light C18 Sep Pak® cartridge (Waters, Milford, MA)
prewashed with ethanol (3 mL) and water (6 mL). HPLC was performed using one of the
following solvent systems: 0.1% TFA in water (solvent A) and 0.1% TFA in acetonitrile
(solvent B); or 0.05% formic acid in water (solvent C) and 0.05% formic acid in acetonitrile
(solvent D). For prep HPLC, the following method was used: 5% solvent B (in solvent A) to
95% solvent B (in solvent A) over 34 min then hold at 95% solvent B (in solvent A) for 3 min
with a 20 mL/min flow rate. For analytical HPLC, the following method was used: 5% solvent
D (in solvent C) to 95% solvent D (in solvent C) over 15 min with a 1 mL/min flow rate.
[¢8Ga]GaCls (t12 = 68 min) was produced from a 1.85 GBq capacity GalliaPharm® Ge/*®Ga
Radionuclide Generator (Eckert & Ziegler Radiopharma GmbH, Berlin, Germany) in the
Cyclotron Radiochemistry Facility at the MD Anderson Cancer Center. [8Y]YCls (ti2 = 14.7
h) was ordered and delivered from the Cyclotron Research Group in the Department of Medical
Physics of the University of Wisconsin-Madison.

4.4.1 Synthesis

4.4.1 Gd-3b

The synthesis of Gd(lll) 1-[(2’-(4-methoxyphenylsulfonaminoethyl]-4,7,-10-tris-[(4’-
carboxy)-1’-carboxybutyl]-1,4,7,10-tetraazacyclododecane (Gd-3b) was made by following
the reported procedure.*” LRMS (ESI): (m/z): [M - H]" calcd for C3sHs1NsO15S:1Gd1, 971.23;
found, 971.46.

4.4.1 Radiosynthesis of Ga-3b

6 mL of 0.37% HCI was added to 5 mL (36 mCi) of [®3Ga]GaCls in 0.1 M HCI and loaded onto
a cartridge packed with UTEVA Resin 100-150 uM. The eluition with 1 mL of HCI 0.1 M led
to a [®8Ga]GaClsconcentrated solution of 21 mCi. 7 mCi (about 450 pL) of the concentrated
solution was added to 350 uL of 3 M HEPES buffer at pH 8. Then 20 uL of 1-[(2’-(4-
methoxyphenylsulfonaminoethyl]-4,7,-10-tris-[(4’-carboxy)-1’-carboxybutyl]-1,4,7,10-
tetraazacyclododecane (3b) (2 mg/mL solution in water) was added, the pH was adjusted to 5,
and the reaction was heated to 80 °C for 10 minutes. Reaction completion was confirmed with
radioHPLC. The reaction mixture was loaded onto a pre-conditioned C18 cartridge and eluted
with 1 mL of a ethanol divided in 200 uL fractions to concentrate the solution.
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4.4.2 Radiosynthesis of 8Y-3b

651 uCi (100 uL) of [3Y]GaCls in 0.1 M HCI was added to 50 uL of 2 M HEPES buffer at
pH 7.3. Then 20 uL of 1-[(2’-(4-methoxyphenylsulfonaminoethyl]-4,7,-10-tris-[(4’-carboxy)-
1’-carboxybutyl]-1,4,7,10-tetraazacyclododecane (3b) (2 mg/mL solution in water) was added,
the was pH adjusted to 6.5, and the reaction was heated to 80 °C for 10 minutes. Reaction
completion was confirmed with radioHPLC. The reaction mixture was loaded onto a pre-
conditioned C18 cartridge and eluted with 1 mL of a ethanol divided in 200 uL fractions to
concentrate the solution.

4.4.2 MR Imaging

Tubes for the pH-relaxivity calibration curve were imaged using a 7 T MR scanner with a 30
cm horizontal bore equipped with 20 cm fixed gradients and Avance HD architecture (Bruker,
Billerica, MA). A 72 mm Bruker MRI coil was used. The following two MRI sequences were
used for the imaging experiment: 1) 2D coronal rapid acquisition with relaxation enhancement
with variable repetition time (RAREVTR) (TE = 21.68 ms, 12 TR = 300, 583.697, 897.052,
1246.995, 1643.217, 2099.848, 2638.683, 3295.960, 4138.860, 5315.362, 7278.213, 15000
ms, RARE factor = 8, echo spacing = 5.420 ms, 16 dummy scans, 1 average, 1 repetition, 1
slice, slice thickness = 1 mm, 100 x 100 mm FOV, 128 x 128 matrix, 0.781 x 0.781 mm
resolution); 2) 2D RAREVTR (TE = 21.68 ms, 12 TR = 150, 244.528, 348.933, 465.522,
597.522, 749. 633, 929.107, 1147.994, 1428.622, 1820.126, 2472.524, 5000 ms, RARE factor
= 8, echo spacing = 5.420 ms, 16 dummy scans, 1 average, 1 repetition, 1 slice, slice thickness
=1 mm, 100 x 100 mm FOV, 128 x 128 matrix, 0.781 x 0.781 mm resolution). MR images
were reconstructed, and T:times were calculated using ParaVision 6 (Bruker, Billerica, MA).

4.4.3 pH-relaxivity calibration curve

To obtain a pH-relaxivity calibration curve, a matrix of samples containing Gd-3b in pure water
were prepared at different concentrations of (0, 0.2, 0.4, and 0.6 mM) and pH values from 4.16
to 11.35. Each sample was prepared in a PCR tube of 200 puL volume. Concentrations were
determined by the relaxometric method described above and confirmed using ICP-MS. pH
values were confirmed using a calibrated pH meter. Samples were arranged in a small box
filled with 2% agarose designed to hold 30 samples and fit into a Bruker 72 mm MRI coil. T:
times were then converted to relaxation rates. The measured relaxation rates were plotted
versus concentration, and the slope of the line was used to determine relaxivity for each pH
value (data not shown). Relaxivity was then plotted versus pH value to produce a pH-relaxivity
calibration curve. This data was fit to a modified Henderson-Hasselbach equation:

H =pKa +1 (rl_a)
pH = pKa +log (—
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pKa is the pKa of the sulfonamide arm on the MRI co-agent, r1is the relaxivity of the measured
sample, b is the relaxivity when compound is completely deprotonated, and a is the relaxivity
when the compound is completely protonated.

4.4.4 PET/MR imaging, reconstruction and analysis

All scans were performed on a Bruker 7 T MRI (Bruker, Billerica, MA) with a Cubresa
NUPET™ insert (Cubresa, Inc., Winnipeg, MB). A 35 mm Bruker MRI coil was used. For
PET/MRI studies in tubes, the two MRI acquisitions described above were obtained (except a
FOV of 38.4 x 38.4 mm was used for a resolution of 0.300 x 0.300 mm) during a simultaneous
30 min PET scan. The ratio of the PET and MRI co-agent in the tube was measured prior to
scanning and decay-corrected to the start of the scan. The amount of PET co-agent was
measured using a CRC-15R dose calibrator (Capintec, Inc., Florham Park, NJ, USA). MRI
reconstructions were performed using ParaVision 6 (Bruker, Billerica, MA). T:times were also
calculated using ParaVision 6. Scatter, randoms, and decay corrections for PET images were
applied through the Cubresa software. PET reconstructions were performed using an Ordered
Subset Maximum a Posteriori One Step Late algorithm with 8 iterations and 4 subsets, and
PET images were quantified using a Quantification Calibration Factor for ®Ga or Y. PET
VOIs and representative images were generated and analyzed using VivoQuant (inviCRO,
LLC, Boston, MA).

For in vivo PET/MRI studies, mice were placed on a sled fitted with a nose cone allowing the
mice to be anesthetized with 2% isoflurane using oxygen as a carrier throughout the imaging
experiment. A heated water pad under the mouse and a temperature-controlled hose that
delivered warm air to the mouse (SA Instruments, Stony Brook, NY) were used to maintain
mouse temperature at 37 °C. The breathing rate was monitored throughout the experiment. The
following MRI acquisitions were obtained for all in vivo imaging sessions: 1) a localizer image
to ensure proper placement of the mouse in the PET/MRI system; 2) pre-injection 2D coronal
RARE (TE =43.99 ms, TR = 1200 ms, RARE factor = 8, echo spacing = 5.499 ms, 2 dummy
scans, 2 averages, 1 repetition, 9 slices, slice thickness = 1 mm, 58.8 x 38.4 mm FOV, 196 x
128 matrix, 0.300 x 0.300 mm); 3) 2D coronal RAREVTR (TE = 27.12 ms, 6 TR = 500, 650,
1000, 1500, 2500, 5000 ms, RARE factor = 8, echo spacing = 6.78 ms, 2 dummy scans, 2
averages, 1 repetition, 9 slices, slice thickness =1 mm, 58.8 x 38.4 mm FOV, 196 x 128 matrix,
0.300 x 0.300 mm); 4) 2D coronal dynamic contrast enhancement fast low angle shot (DCE
FLASH) (TE =2.03 ms, TR =59.462 ms, flip angle = 35 °, 1 average, 130 repetitions, 9 slices,
slice thickness = 1 mm, 58.8 x 38.4 mm FOV, 196 x 128 matrix, 0.300 x 0.300 mm); 5) post-
injection 2D coronal RARE (TE =43.99 ms, TR = 1200 ms, RARE factor = 8, echo spacing =
5.499 ms, 2 dummy scans, 2 averages, 1 repetition, 9 slices, slice thickness = 1 mm, 58.8 x
38.4 mm FOV, 196 x 128 matrix, 0.300 x 0.300 mm). Mice were catheterized via their tail
vein, and a 125 uL line was used to connect the needle to the syringe located outside of the
scanner. This line was filled with a 25 pL lead of saline followed by a 250 pL injection volume
of the PET/MRI co-agents (which completely filled the line and partially filled the syringe).
The mice were injected with both co-agents simultaneously on the scanner at the beginning of
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the DCE MRI scan. 125 uL of saline was then used to completely flush the co-agents out of
the line and into the mouse, so the mice received a total injection volume of 275 uL. The
dynamic PET scan was obtained simultaneously with the DCE MRI scan.

The ratio of the PET and MRI co-agent in the syringe was measured prior to injection and
decay-corrected to the start of the scan. The actual injected dose of the PET co-agent was
calculated by measuring the pre- and post-injection activity in the syringe using a CRC-15R
dose calibrator (Capintec, Inc., Florham Park, NJ, USA). It was assumed that percent loss of
the PET and MRI co-agents in the syringe was equal. The actual injected concentration of the
MRI co-agent was confirmed using ICP-MS.

Scatter, randoms, and decay corrections for PET images were applied through the Cubresa
software. For dynamic PET analysis, data were binned into 2 min time frames over the 16 min
dynamic scan. To produce static images, data were binned over the entire 16 min PET scan.
PET reconstructions were performed using an Ordered Subset Maximum a Posteriori One Step
Late algorithm with 8 iterations and 4 subsets, and PET images were quantified using a
Quantification Calibration Factor for ®3Ga or 8Y. MRI reconstructions were performed using
ParaVision 6 (Bruker, Billerica, MA). PET/MR image registration was manually performed
using the pre-injection MR image and VivoQuant (inviCRO, LLC, Boston, MA). PET VOls
and representative PET/MR images were also generated and analyzed using VivoQuant.
Injected doses were used to calculate percent of injected dose per cubic centimeter of tissue
(%I1D/cc). Errors in the averaged %ID/cc were reported as standard deviation. MRI RAREVTR
and DCE data were analyzed using Matlab R2021b (MathWorks, Natick, MA).

4.4.5 Animal handling

MIA PaCa-2 pancreatic tumor cells were grown in Dulbecco's Modified Eagle Medium
(DMEM) media (10-017-CV, Corning, Inc., Corning, NY) with 10% FBS in a T75 flask. All
mouse experiments were approved by the University of Texas MD Anderson Cancer Center
(MDACC). Female athymic nude mice were obtained from the MDACC Experimental
Radiation Oncology (ERO) mouse colony. Subcutaneous tumor models were generated by
subcutaneous injection of 50 ul of phosphate buffered saline containing 1.5 million MIA PaCa-
2 cells and 50 pl of Matrigel (354234, Corning, Inc., Corning, NY).
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Chapter 5

Fe(deferasirox)2: Aniron(l11)-based

MRI T1 contrast agent endowed with

remarkable molecular and functional
characteristics

Fe(deferasirox), 1:3
MRI contrast albumin/Fe(deferasirox), PRE-gontrast POST-f:ontrast
MR image MR image
agent supramolecular adduct
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5.1 Introduction

Deferasirox (DFX) is an iron sequestering agent used for the treatment of thalassemic patients
encountering iron overload, and it holds a prominent position among available treatment
options.®*-191 |t is administered orally and easily enters the bloodstream, where it tightly binds
to human serum albumin (HSA). Upon its long circulation lifetime, DFX efficiently chelates
the Fe®* ions in excess in the anatomical regions where it is distributed, facilitated by the
formation of a hexacoordinated Fe(111) complex involving two ligand units (chemical structure
in Chart 5.1).

Chart 5.1. Chemical structure of the complex Fe(DFX)

SHE
The inner coordination sphere of Fe(DFX)2 displays four negatively charged oxygen atoms,
offering potential sites for the set-up of hydrogen-bonded water molecules in the second
coordination sphere. It is noteworthy that the Fe-H distance for these hydrogen-bonded water
molecules in the second sphere is expected to be only marginally longer than that observed for
protons in an inner sphere water molecule.
The Fe(DFX). complex has been reported to be endowed with extremely high thermodynamic
stability (log P = 38.6)'%, and excretion predominantly occurs via the hepatobiliary route, with
a lesser contribution from the renal route.%31% As shown by previously reported speciation
diagrams, at physiological pH, only the Fe(DFX)2 bis complex is present.1%
Although a number of papers describing different aspects of both DFX and Fe(DFX). can be
found in literature, the relaxometric properties of the metal complex as a potential MRI contrast
agent where never investigated before.
Analogously to the ligand, the metal complex also exhibits strong affinity for HSA.106:197 Sych
property is particularly interesting for the intended application, as the formation of a
supramolecular adduct may allow the exploitation of the relatively long electronic relaxation
time of the Fe3* ion, resulting in a highly effective contrast agent with enhanced relaxivity.

Herein, the in vitro and in vivo relaxometric, imaging and biodistribution studies on Fe(DFX):
are reported.
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5.2 Results

The three negatively charged [Fe(deferasirox)2]®>" complex is easily formed by mixing 1:2
amounts of FeCls and deferasirox (4-[(3,5-bis-(2-idroxyphenyl)-1,2,4)triazol-1-yl]-benzoic
acid, DFX), as described in the experimental section. To improve the aqueous solubility, its
salt with meglumine (N-methyl-glucamine, MGL) as counter ion was prepared
([Fe(DFX)2]MGL3s). Such compound was used for all the in vitro and in vivo experiments, and
it is simply reported as Fe(deferasirox). or Fe(DFX)a.

5.2.1 In vitro relaxometric investigations

The relaxivity (r1 and r2) values measured at 298 K and 310 K, at 0.47 and 1 T, in water and
in human serum, are reported in Table 5.1.

Table 5.1. Longitudinal and transverse relaxivities of Fe(DFX):

Medium | Field | T (K) | rs (mM1s?) | rp (mM1s?)
298 252031 2.9%0.29
Water 047T |310 1.7+£0.20 25%0.22
298 2.310.22 3.1+0.34
1T 310 1.4+£0.18 24+0.21
298 3.4+£0.32 5.4 +0.35
Human 047T |310 |31+025 |51+041
serum 298 4.4+0.33 6.3 +£0.29
1T 310 41+£041 6.6 £ 0.42

Data measured at [Fe®*] = 1 mM, in water and in human serum, at 298 K and 310 K, at 0.47 Tand 1 T, at pH 7.4.

The observed relaxivities remained constant over several days when the solutions were
maintained at 310 K. The relaxivity of Fe(DFX). was constant over the pH range 6-10.
Moreover, our observations demonstrated a decrease in relaxivities as the temperature
increased, indicating that the r; values were not affected by a slow exchange of the involved
protons, and ruling out the possibility of "quenching" effects.

The absence of any contribution to the observed relaxivity arising from inner sphere water
molecules coordinated to Fe(lll) ion was assessed by carrying out the variable-temperature
170-R,-NMR experiment, in analogy to what firstly proposed by Snyder et al.*® It is clear that
Fe(DFX)2 behaves as a g = 0 system as it can be appreciated in Figure 5.1, where the ’O-R.-
NMR data obtained at 14.1 T for a 20 mM solution of Fe(DFX). are compared with those
measured for two well-known complexes with g =1 (Fe(CDTA)) and g = 0 (Fe(DTPA)).
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Figure 5.1. Comparison between Fe(DFX), Fe(DTPA) and Fe(CDTA) *’O-transverse relaxation rate measured
as a function of temperature at 14.1 T and pH 7.4. Data are normalized to 20 mM iron concentration.

By evaluating the NMRD profiles on a fast field cycling (FFC) relaxometer, additional
understanding of the impact of the applied magnetic field strength on the measured longitudinal
and transverse relaxivities was achieved.
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Figure 5.2. r; and r, NMRD profiles of Fe(DFX). in water (black) and human serum (red) at 298 K and pH 7.4.
Data are normalized to 1 mM iron concentration.
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The experimental relaxivity data were fitted by using Solomon-Bloembergen-Morgan (SBM)
theory of paramagnetic relaxation.!%®10 Although such theory is generally accepted for Gd
and Mn complexes, a limited number of papers with fitted NMRD profiles of iron-based
complexes can be found in literature.!**-114 More recently, a systematic investigation about the
relaxometric properties of Fe(111)-EDTA derivatives, which sizes are very similar to Fe(DFX)z,
further supported the applicability of SBM theory for the fitting of Fe(DFX)>. NMRD profiles.?
From the fitting of the the experimental data it was possible to extract the relevant parameters
responsible for the observed behavior (Table 5.2). The following parameters were fixed during
the fitting procedure: g (number of inner sphere water molecules) = 0; D (solute-solvent
diffusion coefficient) = 2.24 10 cm?s%; rren® (distance between Fe3* ion and protons of the
second sphere water molecules) = 3.48 A (calculated as follows: Fe-O average bond length
from crystal structure = 1.98 A% + O-H strong hydrogen bond = 1.5 A1),

The number of exchanging protons that transfer the relaxation enhancement to the bulk water
protons represents a key determinant. In the case of paramagnetic complexes with g = 0 this
role is ascribed to mobile protons present on the ligand or, more commonly, to the water
molecules in the second coordination sphere. In Fe(DFX)2 no labile protons are present on the
ligand and, therefore, the analysis of the NMRD profile in water was based, as far as concerns
this term, to the occurrence of water molecules in the second coordination sphere (specifically
4 protons from 4 water molecules hydrogen bonded to the coordinating negatively charged
oxygens on DFX ligands). This assumption is certainly valid in water but, in the case of the
experiment in serum, one may not rule out the contribution from exchanging protons on HSA
at the binding interaction sites of Fe(DFX)a.

Table 5.2. Relaxometric parameters obtained for the complex Fe(DFX). from the fitting of the NMRD data
acquired at 298 K.

Water H. Serum
A? (10252l | 1.01+0.2 1.10+0.1
v (ps) [P 247+2.1 13.3+0.9
T1e (ps) @ 70+9.1 284 + 22
nss [l 4 2
1c55(ps) [ 74 +0.49 850 + 53

[a] Squared mean transient zero-field splitting (ZFS) energy; [b] Correlation time for the collision-related modulation of the ZFS
Hamiltonian; [c] Longitudinal electronic relaxation time at 0.47 T; [d] Number of second sphere exchanging protons; [e] Correlation
time for the modulation of the dipolar interaction of the second coordination sphere water molecules (exchange and/or rotation).

The obtained molecular correlation time (1c°%) associated to second sphere water molecules or
paramagnetically relaxed mobile protons on HSA reports on the modulation of the involved
paramagnetic interaction. For Fe(DFX) in water the fitting yielded a 1c>° value of 74 ps, i.e. a
value consistent either with the molecular reorientational time expected for complexes of this
molecular weight or with the lifetime of H-bonded water molecules on the complex surface.*6
Likely, an interplay of the two correlation times takes place. When we calculated the NMRD
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profile in serum by using the value of 30 ns for the reorientational time of HSA (the complexes
are tightly bound to the protein), the shape of the resulting profile was not consistent with the
experimental one, as the relaxivity peak was much sharper. We conceived that the broad hump
shown by Fe(DFX)2 in the high field region was mainly determined, in addition to the
elongated tr, by contributions to 1c>° arising from an interplay between the electronic
relaxation time and the exchange lifetime of the second sphere water molecules. The latter
exchange process is still fast on the NMR time scale as the relaxivity decreases upon increasing
the temperature.

In serum, the fitting of the experimental to the calculated NMRD values suggested the
occurrence of two H in the second coordination sphere (i.e. two hydrogen bonded water
molecules) and a 1c>° approaching the ns range (more than one order of magnitude longer than
the value in water). The marked increase in ry from 0.5 to 2 T observed in serum appears to be
associated with the long %%, thus making the change in Tie the determinant of the observed
relaxivity. Only at about 2 T, when Tt (that it is known to increase with the magnetic field)
becomes longer than calculated tc5, the observed relaxivity is determined by the latter
parameter.

To investigate the binding strength to human serum albumin, two sets of experiments were
conducted. In the first experiment (Figure 5.3A), we measured the relaxation enhancement of
a PBS solution of Fe(DFX). upon the addition of increasing amounts protein. The results
showed a notable increase in relaxation enhancement with each addition of HSA. In the second
experiment (Figure 5.3B), we determined the number of binding sites on HSA by measuring
the observed relaxation rate while keeping the HSA concentration fixed and increasing the
concentration of the paramagnetic complex. The data revealed an inflection point in the graph,
indicating the ratio between Fe(DFX). and HSA at which the protein becomes saturated by the
paramagnetic complex. This point provided direct evidence for the number of binding sites.
The analysis of the experimental data indicated that three units of Fe(DFX). bind to one
molecule of HSA with extremely high affinity, as the inflection point occurred at [HSA] = 0.6
mM and [Fe(DFX)z] = 1.8 mM. Notably, the titration shown in Figure 5.3A demonstrated that
the initial aliquots of HSA bound almost quantitatively to the complex. The further increase in
R: at higher HSA concentrations reflected the diamagnetic contribution to relaxation from the
protein itself, along with an overall increase in viscosity.

Furthermore, we applied the proton relaxation enhancement (PRE) equations (see
Experimental Section) to fit the experimental data. As a result, for the three binding sites, we
obtained an average apparent binding constant (Ka) of 2.8x10° M and a relaxivity of the HSA-
bound complex (r:°) of 3.8 mM*stat0.47 T and 298 K.
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Figure 5.3. A) Proton relaxation enhancement (PRE) titration of Fe(DFX). (0.56 mM) with increasing
concentrations of HSA, in phosphate buffer, 298 K, 0.47 T. The curve is the best fit of the experimental data.
B) PRE titration of HSA (0.6 mM) with increasing concentrations of Fe(DFX),, in phosphate buffer, 298 K,
0.47 T. The lines are the best linear fit of the experimental data at [CA] < 1.8 mM and [CA] > 1.8.

Further insights into the characterization of the binding sites were acquired by conducting
relaxometric experiments in the presence of competitive ligands with well-known recognition
abilities for specific binding sites on HSA (Figure 5.4).117-20 The inhibitors used for each
binding site were ibuprofen for subdomain I11A (Sudlow site 1), warfarin and iodipamide for
subdomain 1A (Sudlow site 1), and methyl orange for subdomain 1B, respectively. Notably,
subdomain 11A (Sudlow site 1) was tested with both warfarin and iodipamide as inhibitors. The
reason for using two inhibitors for subdomain IlA is based on previous studies involving a
HSA-binding Gd-complex, which suggested that warfarin and the paramagnetic complex could
potentially bind simultaneously due to the large size of the binding site. In contrast, iodipamide,
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being larger in size, could displace the Gd(I11) complex, leading to the need for two inhibitors
in the experiment.t

A) 1.2
—&— ibuprofen (site llIA)

—H— jodipamide (site lIA)
1,14 —d— warfarin (site 11A)

methyl orange (site I1B)
@ : \ ,.\

1

EC& 0.9 4 ~ N
l-—_______. \,‘
* .
0,8 -
017 T T T T T T T T T T T T T T T T T 1
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[competitor)/[Fe(DFX).]
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2,0+ # iodipamide + methyl orange
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Figure 5.4. A) Displacement of Fe(DFX), from HSA as determined by the change in relaxivity as function of
increasing concentration of the added competitors relative to the respective binding site on HSA. (298 K, 0.47
T, [Fe(DFX),]=0.6 mM, [HSA]=0.2 mM in phosphate buffer). Rip/Ry’ is the Ry, value of the solution
normalized to the initial value (Rip°) without any inhibitor. Rip=Riops-R1a. B) Proton relaxation enhancement
titration of Fe(DFX)2 (0.56 mM in phosphate buffer) with increasing concentrations of HSA, in the presence of
couples of competitors (as detailed in the legend) in 1.5:1 ratio with respect to HSA (298 K, 0.47 T).

The data shown in Figure 5.4A clearly indicate that all the used competitive ligands partially
displace Fe(DFX)2 from albumin. This confirms that the binding sites are located in the
subdomains IB, 1IA, and IlIA, consistent with the well-established description of albumin
recognition properties. However, it is noteworthy that the asymptotic values at high
concentrations of the competing ligands differ for the three sites. Rz is the lowest for methyl
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orange (IB), while the replacement of Fe(DFX): at site 1A by warfarin or iodipamide, and at
site I11A by ibuprofen, yielded similar and higher R1 values.

Next, to estimate the association constants of Fe(DFX). for each albumin binding site,
supplemental titrations were conducted. In such titrations, increasing concentrations of
albumin were added simultaneously with two of the competing drugs specific to different
principal binding sites (in a 1.5 : 1 ratio with HSA), leaving only one site free for Fe(DFX)>
interaction (Figure 5.4B). By fitting each of these profiles with the same PRE equations used
in Figure 5.3A, the association constant (K.) and the bound relaxivity (r:”) for the unoccupied
binding site were calculated. The results obtained are as follows: site IB, Ko = 7.1x10* M and
ri®=3.8 mMs?; site 1A, Ko =5.9x10* M and ri? = 3.5 mM-1s; site A, Ka = 1.9x10* M
and ri?=3.2 mM-s™,

Based on these experiments, it can be concluded that sites IB and I1A exhibit the strongest
affinity for Fe(DFX)2 binding on albumin, while a slightly lower affinity is observed for site
I11A. It is important to note that the Ka value determined in the absence of any competing drug
(Figure 5.3A) is approximately 4-5 times higher than the averaged Ka values determined from
the individual measurements for each binding site. This discrepancy can likely be attributed to
the fact that the competitors were added in excess (1.5 times) with respect to aloumin. While
this was necessary to ensure complete occupation of the respective binding site, it may have
introduced some unwanted effects in the determination of the K, values.

The obtained values for the relaxivity of Fe(DFX). bound to each of the three binding sites
confirm the qualitative trend reported in Figure 5.4A, with the highest ri" observed for
Fe(DFX)2 bound to site 1B, followed by sites 1A and I11A, respectively.

5.2.2 In vivo imaging studies

T1-weighted MR images were acquired on a 3 T scanner to evaluate the in vivo performance
of Fe(DFX)2 as MRI CA in comparison with the clinically used Gd(DTPA) (Magnevist,
gadopentetate dimeglumine) on the same mouse models at the same dose of 0.1 mmol/kg. At
3 T, GA(DTPA) displays an in vitro relaxivity value, in water, not much different from
Fe(DFX),.%¢

The in vivo experiments were conducted on mice (n = 6) bearing a TS/A breast tumor
xenograft. In Figure 5.5 representative MR T1-weighted images of the TS/A-inoculated mouse
pre- and post-contrast (Fe(DFX). and Gd(DTPA) are reported. Details on the changes in signal
intensities (SI) for the tumor regions and selected organs are provided in Figure 5.6. In general,
it can be observed that the contrast enhancement behaviors exhibited by Fe(DFX). and
Gd(DTPA) were quite similar. Additionally, the wash-out kinetics, as indicated by the return
of Sl to pre-contrast values, were also found to be relatively comparable between the two
contrast agents.
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Figure 5.5. Representative MR T;-weighted images of the TS/A-inoculated mouse pre- and post- (10 or 45
minutes) contrast agent administration (Fe(DFX). and Gd(DTPA), 0.1 mmol/kg). The arrows indicate the tumor
regions.
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Figure 5.6. Comparison between the changes in signal enhancement (SE%) over time in various body regions
after the in vivo administration of a dose (0.1 mmol/kg) of Fe(DFX), and Gd(DTPA).
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5.2.3 Assessment of the elimination of Fe(DFX)2 from blood

The elimination rates of Fe(DFX)2 or Gd(DTPA) from blood of healthy mice, following
intravenous administration of 0.1 mmol/kg of the respective contrast agents, were determined
by ICP-MS analyses of Fe and Gd levels in blood samples collected at various time points
(Figure 5.7).
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Figure 5.7. Curves representing the decrease of the exogenous Fe and Gd concentrations from the blood of
healthy mice upon the intravenous administration of a dose (0.1 mmol/kg) of Fe(DFX). or Gd(DTPA),
respectively.

The plasma specimens were obtained from blood and mineralized following the procedure
described in the Experimental Section. To account for the presence of residual heme iron in
the plasma due to slight red blood cell lysis, UV-Vis absorption spectra were acquired at A =
413 nm (Soret band), and the amount of heme iron was calculated and subtracted from the
overall iron amount measured by ICP-MS. The decrease in Fe(DFX)2 concentration in the
blood was observed to follow a slower kinetic compared to Gd(DTPA).

At 1 hour after administration, the concentrations of total Fe(DFX). and Gd(DTPA) in plasma
were 16% and 1.6% of their initial blood metal concentrations, respectively. Similarly, at 2
hours after administration, the concentrations of total Fe(DFX). and Gd(DTPA) in plasma
decreased to 10% and 0.2% of their initial blood metal concentrations, respectively. These
values are consistent with those reported in a pharmacokinetic study conducted on Fe(DFX),
where 12% of the injected dose was determined to be present in the blood 1 hour after
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injection.1® The slower elimination rate of Fe(DFX). can be attributed to its blood-pool
characteristics as an albumin-binding agent.

5.3 Discussion

The relaxation enhancement and overall biodistribution/excretion properties shown by
Fe(DFX)2 have been demonstrated very promising for the potential application of this complex
as an alternative to the currently used GBCAs. Notably, on a 3 T scanner, the observed signal
intensity enhancements in tumor regions and other body organs were comparable to those
achieved by the clinical Gd(DTPA). The NMRD profiles showed a significant increase in
relaxivity in the 1-2 T range of magnetic field strength, suggesting that Fe(DFX)2 may furnish
even better performances at the commonly used field strength of 1.5 T in clinical scanners.
One of the primary advantages of Fe(DFX)2 lies in its proven biocompatibility. The DFX
ligand is widely used by thalassemic patients to extract accumulated iron ions from their tissues
upon blood transfusions necessary for their survival. By acting as a sequestering agent, DFX
forms a highly stable complex with the metal ions provided by the iron pool. In the intended
use of Fe(DFX)2 as MRI CA, it is synthesized in vitro and administered intravenously. While
circulating in the body, it behaves as to the complex formed in vivo when DFX is used as a
sequestering agent, ensuring no metal release or interference with iron or other metal ion
homeostasis due to its exceptional stability. It should be noted that the clinical application of
DFX as an orally administered iron chelator involves a daily dose of 5 - 40 mg/kg (0.013 - 0.1
mmol/kg) with a maximum plasma concentration (Cmax) of 0.02 - 0.12 mM.1% This range of
values remains significantly below the maximum concentration achieved by GBCAs
immediately after intravenous injection. On the other hand, the prolonged retention of
Fe(DFX). in the bloodstream, facilitated by its high plasma protein binding, allows for a
longer-lasting contrast effect compared to rapidly decreasing plasma concentrations of
GBCAs. Therefore, the utilization of Fe(DFX)2 as an MRI contrast agent needs to be adapted
to its distinctive properties.

In plasma, three units of Fe(DFX)2 bind to one albumin molecule, specifically to the 1B, 1A,
and I11A binding sites on the protein. Competitive assays demonstrated that the decrease in
relaxation enhancement, when Fe(DFX): is displaced by competing ligands, is site-specific. In
each experiment, the observed relaxivity is a combination of the relaxation enhancement
contributed by the paramagnetic agent in the two non-involved sites, along with the
contribution from the released Fe(DFX).. Notably, when the complex is displaced from site
IB, the resulting R1 value is the lowest, indicating that this site largely contributes to the overall
r1 of Fe(DFX)2 bound to HSA. This conclusion is further supported by the calculated r1° values
when Fe(DFX)2 is bound to each of the three binding sites, with the order of bound-relaxivities
being IB > 1A > I11A. This observation can guide the design of site-specific binders to HSA
for achieving higher relaxivities.

Furthermore, Fe(DFX)2 exhibits remarkable stability against redox chemistry at the iron center,
acting as a weak oxidizing agent (above pH 6, E12 =-0.58 V): no reduction to Fe(Il)(DFX): is
expected under physiological conditions.*®
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Moreover, its stability reinforces the view that it poses no toxicological concerns. This
approach has also been the basis for similar studies proposed by other research groups utilizing
highly stable metal complexes, including other sequestering agents such as deferoxamine.!?-
124 One of the clear advantages of Fe(DFX): is its excellent relaxivity, which is the highest ever
reported for a g = 0 Fe(lll)-complex in serum, at the best of our knowledge. The binding of
Fe(DFX)2 to HSA forms a tightly bound 3:1 supramolecular adduct. This binding to albumin
appears to induce structural changes in the second coordination sphere proton network. It is
likely that the water molecules in the second sphere are hydrogen-bonded to the negatively
charged coordinating phenoxide oxygens, and their motion is influenced by the lifetime of
these H-bonds. Consequently, the mobility of water molecules trapped in the supramolecular
adduct with HSA is significantly reduced compared to those in the free complex.

The reorientational motion of these second sphere water molecules becomes crucial in
determining the relaxivity enhancement as the magnetic field strength increases. Exploiting
the lengthening of Tie has been a common practice with slowly moving GBCAs that exhibit
relaxivity peaks around 1 T. In fact, at this magnetic field, the correlation times for the
electronic relaxation of Gd(lIl) ions approach the molecular reorientational time (for HSA
bound complexes, r is in the range of 3-20 ns).'?1% Recently, a system based on a Fe(l11) ion
coordinated to three catecholate ligands with a rhodamine moiety on their surface was reported
to display relaxometric enhancement properties similar to those observed for Fe(DFX):
through binding to HSA.126

It should be noted that the assignment of the observed relaxation enhancement for Fe(DFX).
in serum to the closest protons on second sphere water molecules may oversimplify the
situation, as other mobile protons on the protein in the vicinity of the interaction site may also
contribute. These protons, regardless of their origin, undergo fast exchange with the bulk
solvent, as evidenced by the decrease in observed relaxivity with increasing temperature. At
298 K, the relaxivity of the Fe(DFX)2/HSA adduct is 3.8 mM1s? at 0.47 T, but it increases to
57mMistat2T,

Interestingly, it has been reported that the tumor extracellular matrix (ECM) may contain a
significant amount of albumin, as this protein serves as the primary energy and nutrition source
for tumor growth and has been proposed as a cancer biomarker.'?” This may explain the good
signal intensity (SI) and relatively long wash-out observed for Fe(DFX)2 in the tumor region.
Currently, radiologists are actively exploring the use of iron-based MRI contrast agents
through off-label applications of ferumoxytol, a drug designed to supply iron to anemia
patients. Ferumoxytol consists of ultra-small superparamagnetic iron oxide nanoparticles
(USPIONSs) whose mediated proton relaxation rate enhancement strongly depends on the
compartmentalization of the agent.!?® There is an obvious analogy between the use of
ferumoxytol and the proposed Fe(DFX). approach, as both aim to exploit systems that are
already part of clinical practice. However, the intravascular confinement of ferumoxytol, due
to its larger size, makes it a poor replacement for GBCAs, as it may take hours to days for
lesion enhancements to occur.

77



5.4 Conclusion

Fe(DFX). demonstrated promising potential as an alternative to currently used GBCAs due to
its high biocompatibility, particularly evident by its in vivo formation when DFX is employed
as an iron-sequestering agent. This study added significant relaxometric and imaging
properties of Fe(DFX)., which are comparable, and at 1.5 T potentially superior, to the clinical
GBCAs. Additionally, there is the opportunity to explore the design of other systems based on
the coordination cage of DFX, incorporating substituents that could provide enhanced control
over the mobility of second-sphere water molecules. This approach may further optimize the
field-dependent properties exhibited by Fe(DFX)2, opening up new avenues for development
in this area.

5.5 Experimental section

5.5.1 General

Deferasirox was purchased from Advanced Chemblocks Inc. Magnevist (gadopentetate
dimeglumine, Gd(DTPA)) was purchased from Bayer S.P.A. All the other chemicals were
purchased from Sigma-Aldrich Co. and were used without further purification. pH
measurements were made using an AS pH meter equipped with a glass electrode.
Chromatographic purification was performed using an AKTA Purifier equipped with a UV-
900 system, P-900 pump, frac-920 fraction collector and a Sephadex® G-10 resin column.
Mass spectra were recorded on a Waters 3100 Mass Detector (direct infusion with
H>O/CH30OH 2:1). HPLC analyses were carried out on a HPLC-Waters Alliance Separation
Module with a 2998 PDA detector.

5.5.2 Synthesis of iron complexes

5.5.2.3 [Fe(deferasirox):]*

75 mg (0.2 mmol, MW = 373.73) of 4-(3,5-bis(2-hydroxyphenyl)-1,2,4-triazol-1-yl)benzoic
acid (deferasirox, DFX) were suspended in water (100 mL), basified to pH 9 witha 5 M
aqueous solution of N-methyl-D-glucamine (meglumine, MGL) and heated at 60 °C under
magnetic stirring until complete dissolution. 3.04 mL of a 25 mM aqueous solution of FeCls
(0.076 mmol) were added dropwise, while maintaining pH 8 with MGL 5 M. The mixture was
heated at 60 °C for 1 h under magnetic stirring. The product was purified by chromatography
on Sephadex® G-10 resin using water as eluent. The fraction containing the pure product was
evaporated and freeze dried. 75 mg of a red solid were obtained.

Anal. Calc.d for CesH77FeNgO23-5H20: C, 51.33; H, 5.95; N, 8.55. Found: C, 51.47; H, 5.72;
N, 8.59.

The product was further analyzed by adjusting a method reported in literature'?® on a HPLC-
Waters Alliance Separation Module with a 2998 PDA detector and using an Atlantis RP-C18
column. Eluent: 35% buffer (ammonium acetate 50 mM, tetrabutylammonium hydrogen
sulfate 10 mM), 45% methanol, 20% acetonitrile. Wavelengths: 225 and 467 and nm.
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Retention time: 2.7 min. Mass spectra in direct infusion yielded: Cs2H27FeNeOg ESI-MS (-):
m/z calcd 798.13 [M-H], found 798.34; m/z calcd 398.58 [M-2H]?, found 398.76.

5.5.3.4 [Fe(DTPA)]*> and [Fe(CDTA)]

The meglumine salts of the complexes were prepared following the procedures reported in
literature and dissolved in neat water for the ’O-R2-NMR experiments.*°

5.5.3 Relaxometric measurements

Observed longitudinal relaxation rates (R1° = 1/T1°%) values were determined by inversion
recovery at 21.5 MHz and 298 K using a Stelar SpinMaster spectrometer (Stelar s.r.I, Mede
(PV), ltaly). Temperature was controlled with a Stelar VTC-91 airflow heater and the
temperature inside the probe checked with a calibrated RS PRO RS55-11 digital thermometer.
Data were acquired using a recovery time > 5 x T1 and with 2 scans per data point. The absolute
error in Riobs measurements was less than 1%.

R2 values were measured by using the Carr Purcell-Meiboom-Gill (CPMG) sequence on a
Bruker WP80 NMR electromagnet (21.5-80 MHz). Data were acquired using echo delay of
8000 ms and with 4 scans per data point.

The iron concentration of the investigated solutions of the Fe(DFX). complex was determined
by the procedure reported in literature.'3! Briefly, the iron complex containing solutions were
mixed in a 1:10 ratio with 69% HNO3 and heated in sealed vials at 120 °C overnight to yield a
solution of Fe* aqua ion. The Riops Of the solution was measured at 298 K and 21.5 MHz and
the concentration determined using the equation: Riobs = Rid + rip™® [Fe]. Where Riq is the
diamagnetic contribution (0.48 s) and ri,,™ is the Fe®" aqua ion relaxivity (18.47 mM1s?)
under the same experimental conditions. The iron concentration of the complexes was
confirmed by ICP-MS analysis.

Longitudinal relaxivity (r1) values reported in Table 5.1 were calculated as slope of the lines
correlating observed relaxation rates measured at pH =7.4,298 Kor 310 K (0.47 Tor1T) as
a function of Fe(DFX)2 concentration.

Stability experiments were performed measuring the Riops Values at 25 °C and 21.5 MHz over
several days while the phosphate buffer and human serum solutions of the complex were stored
in sealed tubes at 37 °C.

The interaction of the iron complex to human serum albumin (HSA) was studied using the
PRE method. Namely, the apparent binding constant (K.) and the relaxivity of the adduct (r1?)
were determined by measuring R: values of Fe(DFX)2 (0.56 mM) as a function of increasing
HSA concentration (0.05-2 mM) in PBS at 298 K, 21.5 MHz, pH 7.4 (Figure 5.3A). On the
other hand, the number of binding sites was identified through the relaxometric titration of
albumin solutions, at a fixed concentration of 0.6 mM, with increasing Fe(DFX):
concentrations (0.02-4.5 mM) - Figure 5.3B.

Two sets of competitive experiments were carried out for the identification and
characterization of the binding sites on human serum albumin. For the experimental data
reported in Figure 5.4A, the R: values of solutions containing Fe(DFX)2 (0.6 mM) and HSA
(0.2 mM) as function of increasing concentration of the added competitors were measured in
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PBS at pH 7.4, 298 K, 21.5 MHz. For the titrations reported in Figure 5.4B, R1 were measured
for solutions of Fe(DFX)2 (0.56 mM) as a function of increasing HSA concentration (0.05-2
mM) in the presence of pairs of competitors in a ratio 1.5 : 1 towards HSA in PBS at pH 7.4,
298 K, 21.5 MHz.

5.5.3.1 NMRD profiles

NMRD profiles were obtained using a Stelar SpinMaster FFC NMR relaxometer from 0.01 to
20 MHz. Additional data in the 20—120 MHz frequency range were obtained with a High Field
Relaxometer (Stelar) equipped with the HTS-110 3T Metrology cryogen-free superconducting
magnet and a Bruker WP80 NMR electromagnet (21.5-80 MHz), both equipped with a Stelar
VTC-91 for temperature control; the temperature inside the probe was checked with a
calibrated RS PRO RS55-11 digital thermometer. Aqueous and human serum solutions of the
complex were measured at 25 and 37 °C. The NMRD profiles data were fitted using the
Solomon-Bloembergen-Morgan and Freed’s models modified to take into account
contributions from second and outer sphere water molecules.

5.5.3.2170-R>-NMR measurements

70-NMR measurements were recorded at 14.1 T on a Bruker Avance 600 spectrometer at
variable temperature, with a D.O capillary for sample locking. Samples contained 1% of H2’O
(Cambridge Isotope) and the Fe(l11) complexes (20 mM Fe(DFX)., 20 mM Fe(DTPA) and 4.5
mM Fe(CDTA)). The width at half maximum (Awgia) of the H217O signal in pure water was
measured over the investigated temperature range and subtracted from the width at half
maximum (Awre) Of the test solutions containing the Fe-complexes. Then, Rz was calculated
as follows: R=n[Awre—Amdgia]. TO compare the different profiles, R. values were normalized
to 20 mM concentration of Fe(ll1)-complex.

5.5.3.3 Proton relaxation enhancement (PRE) fitting equations

HSA binding parameters were determined using the PRE method, which considers the

relaxation enhancement due to the formation of a slowly moving macromolecular adduct,

considering the following equilibrium, with the association constant defined as follows:

Fe(L)2 + nHSA «<Fe(L)-HSA

(1)
A=

2)

where n is the number of independent binding sites and Ka the apparent binding constant.

Moreover:

[Fe(L)2 —HSA]
[Fe(L)2] [nHSA]

[Fe(L)2]wot =[Fe(L)z2]free + [Fe(L)2-HSA] (3)
and

[HSAJtot= [HSA]free + [Fe(L)2-HSA] (4)
R1obs Was defined as follows:

Riobs = Rip + Rig = r1[Fe(L)2] + r:® [Fe(L)2-HSA] + Rig (5)
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Where Rip and Rig are the paramagnetic and diamagnetic contributions to the observed
relaxation rates, respectively. And ry and r1® are the millimolar relaxivities of the iron complex
free and bound to HSA, respectively.

The diamagnetic contribution (Rig) was determined as a function of increasing HSA
concentration in PBS and included in the fitting function derived from combination of
equations 1-5:

_ (KA[Fe(L)Z]tot + nKA[HSA]tot +1) - \/(KA[Fe(L)Z]tot + nKA[HSA]tot +1)2 - 4K/§[Fe(|—)2]mt n[HSA]tot

Mobs — ZKA
x (K° =1, + r[Fe(L),],,) x1000 + (0.25x [HSA],, *1000) + 0.359

5.5.4 Cell culture and animals

TS/a murine breast cancer cells were derived at the University of Torino from a spontaneous
mammary adenocarcinoma which arose in a retired breeder BALB/c female. They were grown
in RPMI (Roswell Park Memorial Institute)1064 medium supplemented with 10% heat-
inactivated fetal bovine serum (FBS), 2 mM glutamine, 100 U/mL penicillin, and 100 pg/mL
streptomycin. Cells were seeded in 75-cm? flasks at density of ca. 5 x 10* cells/cm? in a
humidified 5% CO: incubator at 37 °C. At confluence, they were detached by adding 1 mL of
Trypsin-EDTA solution (0.25% (w/v) Trypsin-0.53 mM EDTA). Cells were negative for
mycoplasma as tested by using the MycoAlert™Mycoplasma Detection Kit. Cell media and
supplements (RPMI, FBS, glutamine, pen/strep, MycoAlert™ Mycoplasma Detection Kit)
were purchased from Lonza Sales AG-EuroClone SpA, Milano (IT). In vivo experiments were
carried out by using 10-week-old female Balb/C mice (Charles River Laboratories, Calco,
Italy). Mice were kept in standard housing (12 h light/dark cycle) with rodent chow and water
available ad libitum. The experiments were performed according to the Amsterdam Protocol
on Animal Protection and in conformity with institutional guidelines that are in compliance
with national laws (D.L.vo 116/92, D.L.vo 26/2014 and following additions) and international
laws and policies (2010/63/EU, EEC Council Directive 86/609, OJL 358, Dec 1987, NIH
Guide for the Care and Use of Laboratory Animals, U.S. National Research Council, 1996).
This study was carried out in the framework of a protocol approved by the Italian Ministry of
Health (authorization number: 808/2017-PR). For tumor-model preparation, mice were
anesthetized via an intramuscular injection of tiletamine/zolazepam (Zoletil 100; Virbac,
Milan, Italy) 20 mg/kg plus xylazine (Rompun; Bayer, Milan, Italy) 5 mg/kg using a 27-gauge
syringe. Ca. 3x10° TS/A cells were suspended in 0.1 mL of phosphate buffer solution and
subcutaneously injected into each leg of mice (n = 6). Two tumors were implanted into each
mouse, to double the number of analyzed tumors. Animals were weekly monitored by calipers
for changes in tumor size.

5.5.5 MRI acquisition and data analysis

MR images were acquired 15 days after the tumor inoculation, with tumor volume in a range
of 80 - 120 mm?3. For administration of Gd(DTPA) (0.1 mmol/kg) or Fe(DFX)2 (0.1 mmol/kg)
an intravenous catheter was inserted in the tail vein of the animal under anaesthesia, before
positioning inside the MR scanner. MR images were acquired with a Bruker BioSpec 3 T MRI
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GmbH scanner (Bruker Biospin, Ettlingen, Germany) equipped with a 30mm *H quadrature
coil at room temperature (R.T. =21 °C). Tiw images were acquired using a standard multislice
multiecho sequence with the following parameters: repetition time (TR) 200 ms; echo time
(TE) 11 ms; flip angle = 180°, number of averages =4, field of view (FOV) 30 mm x 30 mm,
slice thickness 1 mm; matrix size 256 x 256. Tow images were acquired using a standard RARE
(rapid acquisition with refocused echoes) sequence with the following parameters: TR 3000
ms; TE 12 ms; FOV 30 mm x 30 mm; slice thickness 1 mm, flip angle = 180°, number of
averages =4, RARE factor 32; matrix size 256 x 256. A series of Ti-weighted MSME scans
were acquired before and after the intravenous administration of the contrast agents in order to
follow the kinetics of bio-distribution.

The Ty contrast enhancement (SE%) was calculated as follows:

( SI(ROI)post )_( SI(ROI)pre )
SI(muscle)post SI(muscle)pre

( SI(ROI)pre )

SI(muscle)pre

SE% = x 100

where SI(ROI)post and SI(ROI)pre are the signal intensities in the regions of interest (both
normalized by dividing for signal intensity in muscle taken as reference) post- and pre-injection
of both contrast agents.

5.5.6 Assessment of the elimination of Fe(DFX). complex from blood

The kinetics of Fe(DFX)2 and Gd(DTPA) removal from the blood were assessed by ICP-MS
quantification of the Gd and Fe content in the plasma. For this purpose, after the intravenous
injection of one dose (0.1 mmol/kg) of Fe(DFX). or GA(DTPA) to healthy mice (n = 3 for each
time point), blood was collected from mice tail veins at variable time points (t = 30 min, 1 h,
4 h, 24 h). Blood was centrifuged for 7 min at 2300 rpm, R.T., to separate and collect the
plasma fraction. An aliquot of plasma was used for measurement of Gd or overall (heme and
not-heme) Fe by inductively coupled plasma mass spectrometry (ICP-MS). Another part was
used for quantification of heme iron by UV-Vis spectroscopy through the measure of the
absorbance at A = 413 nm (Soret Band) by using a 6715 UV-Vis Spectrophotometer Jenway
(Bibby Scientific Limited, Beacon Road, Stone, Staffordshire, ST15 OSA, UK). The heme iron
concentration was calculated based on a previously obtained calibration curve in which the
absorbance at A = 413 nm was plotted against the iron concentration measured by ICP-MS in
plasma samples collected from mice which were never received Fe(DFX)2 (Figure 5.8).
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Figure 5.8. Linear correlation between the absorbance measured at 413 nm and the residual heme-iron content
in plasma samples of mice which never received Fe(DFX)s.

Before ICP-MS analysis, plasma samples were digested with concentrated HNO3 (70%) under
microwave heating (Milestone MicroSYNTH Microwave lab-station, Milestone Inc.,
Bergamo, Italy). After the digestion, 2 mL of ultrapure water were added to each sample. The
specimens were then subjected to ICP-MS analysis (Element-2; Thermo-Finnigan, Rodano
(MI), Italy) to measure the concentration of Fe and Gd with respect to standard curves. The
total iron content was subtracted by the Heme iron to assess the effective plasma concentration
of iron derived from Fe(DFX). complex.
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Chapter 6

Preliminary studies on the Fe(l11)
complexes of two deferasirox--
cyclodextrin hybrids as potential MRI
T1 contrast agents
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6.1 Introduction

In the fifth chapter of this thesis, the Fe(l11) complex with two units of deferasirox (DFX), an
iron sequestering agent commonly used in thalassemic patients, was shown to display a MRI
contrast comparable to that of the commercial Gd-DTPA agent.'3? As a continuation of the
work, it was deemed of interest to functionalize the compound in order to improve the most
important characteristics of the metal complex as potential MRI CA, such as relaxivity,
solubility and biocompatibility. Indeed, the carboxylate group of DFX does not participate in
the chelation of the metal center and thus guarantees an excellent site for functionalization.

In 2019, Gascon and coworkers conjugated DFX via an amide coupling reaction, to both 3A-
amino-3~-deoxy-24(S),3"(S)-B-cyclodextrin (3a) and 6”-amino-6~-deoxy-B-cyclodextrin (6a)
and demonstrated a significant improvement of the biological properties of this iron chelating
drug accompanied by a cytotoxicity decrease.*3

Cyclodextrins (CyDs) are cyclic oligosaccharides made up of a-(1,4) linked glucopyranose
subunits, forming a cage-like supramolecular structure (see Figure 6.1).

Figure 6.1. Structural, space-filling, and graphical representations of the three main cyclodextrin (CD)
molecules: a-CD (yellow), B-CD (blue), and y-CD (green). Reprinted from 34,
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Based on the number of subunits, they can be divided into a-cyclodextrins (6 subunits), B-
cyclodextrins (7 subunits) or y-cyclodextrins (8 subunits). These compounds are capable of
forming inclusion complexes with several molecules, often significantly modifying the
properties of the materials they interact with.*3*

CyDs find extensive use in various technologies, analytical methods and industrial products,
and show negligible cytotoxicity in applications such as drug delivery, cosmetics, textiles, and
more.®® They offer a broad spectrum of interactions with biomolecules, and can also be
functionalized for specific interactions with chosen bimolecular targets. This versatility holds
significant promise in the field of medicine, and numerous applications are anticipated to
emerge in the coming years.**

In this chapter, the synthesis and the relaxometric characterization of the iron(l11) complexes
of the two deferasirox-B-cyclodextrin hybrids (3a-DFX) and (6a-DFX) are described. The
chemical structures of the two ligands are shown in Chart 6.1.

HO

OH
Chart 6.1. Chemical structure of the ligands 3a-DFX (left) and 6a-DFX (right).

Although no examples reporting the isolated Fe(l11) complexes of these hybrids are present in
literature, their thermodynamic stability is known to be very high: log B = 36.0 for Fe(3a-
DFX)_, and log B = 35.3 for Fe(6a-DF X)2).13® These values are only slightly lower than the one
reported for the precursor Fe(DFX) (log B = 38.6).1%2

6.2 Results and discussion

6.2.1 Synthesis

The syntheses of the complexes [Fe(3a-DFX)z]" (Scheme 6.1) and [Fe(6a-DFX)2] (Scheme
6.2) were achieved by an amide coupling reaction of deferasirox (4-[(3,5-bis-(2-idroxyphenyl)-
1,2,4)triazol-1-yl]-benzoic acid, DFX) with 3*-amino-3”-deoxy-24(S),3(S)-B-cyclodextrin
(3a) or 6*-amino-6”-deoxy-B-cyclodextrin (6a), followed by complexation with Fe(l11). In the
following sections, the two Fe(l11) complexes are simply reported as Fe(3a-DFX). and Fe(6a-
DFX)..
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6.2.2 Relaxometric measurements

The r1 relaxivity values for Fe(3a-DFX). and Fe(6a-DFX). were obtained by measuring the
relaxation rate of the iron complexes at different concentrations in water and in human serum
(Figure 6.2), at 298 K, 0.47 and pH 7.4.

o O Fe(3a-DFX), in H,0 o

{> Fe(6a-DFX),in H,0

O Fe(3a-DFX), in serum
i o Fe(6a-DFX), in serum 2]
34

0 T T T T 1
0.0 0.5 1.0

[Fe] (mM)

Figure 6.2. Longitudinal relaxation rate as a function of the contrast agents concentration in water (blue) and
human serum (red) measured for Fe(3a-DFX); (circles) and Fe(6a-DFX), (diamonds). 0.47 T, 298 K, pH 7.4.

The r1 values obtained by the experimental data in Figure 6.2 are shown in Table 6.1 and
compared with the ones of parent compound Fe(DFX)2.

Table 6.1. Relaxivity values at 0.47 T, 298 K, pH 7.4.

rinHO rin
1 2 1
Fe(3a-DFX) 3.2+0.04 4.1+0.02
Fe(6a-DFX) 3.3+0.05 5.1+ 0.03
Fe(DFX), 25+0.31 3.4+0.32

Relaxivity values of Fe(3a-DFX)z and Fe(6a-DFX)2 calculated from the experimental data in Figure 6.2 and compared with the ones of
the parent compound Fe(DFX)a.

Both for Fe(3a-DFX).and Fe(6a-DFX). the r1 values, either in pure water and in human serum,
were higher than that of the parent compound. Such increase is likely ascribable to the
increased molecular weight of the two isomers, as well as to a larger contribution arising from
second sphere water molecules interacting with the hydrophilic cyclodextrin moieties.
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The observed relaxivities remained constant over several days when the solutions of both
complexes were maintained at 310 K.

As in the case of the parent compound, the verification of the absence of any contribution to
the observed relaxivity arising from inner sphere water molecules directly coordinated to the
metal center was assessed by carrying out the variable-temperature ’O-R,-NMR experiments.
36 The O-transverse relaxation rate of aqueous solutions of both Fe(3a-DFX), and Fe(6a-
DFX). were measured at different temperatures. In Figure 6.3 the profiles of the new iron
complexes are compared with the one of the parent compound and the ones of two well-known
complexes with g = 1 (Fe(CDTA)) and g = 0 (Fe(DTPA)). As for Fe(DFX)>, it is evident that
Fe(3a-DFX)2and Fe(6a-DFX). behave as a system with no water molecules coordinated to the
Fe(I1) ion.

5000 -
@ Fe(DFX),
H Fe(DTPA) ®
® Fe(CDTA) ®
4000 - ® Fe(3a-DFX),
Fe(Eia-DFX)2 ® .
3000 -
o ®
'719‘ o
o™ 2000 - *
1000 -
0 . P Y oy C. G : ? . ;

1 1
270 280 290 300 310 320 330 340 350
T (K)

Figure 6.3. Comparison between *’O-transverse relaxation rate measured as a function of temperature obtained
for Fe(3a-DFX),, Fe(6a-DFX),, Fe(DFX),, Fe(DTPA) and Fe(CDTA). Data are normalized to 20 mM iron
concentration. 14.1 T, pH 7.4.

Further information regarding the determinants of the observed relaxivity was obtained
recording the 1/T1 *H-NMRD profiles over an extended range of magnetic field strengths (0.01
- 80 MHz as proton Larmor Frequency). The NMRD profiles, measured in water at neutral pH
and 298 K, for Fe(3a-DFX). and Fe(6a-DFX). are shown in Figure 6.4, compared with the
parent Fe(DFX)..
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Figure 6.4. NMRD profiles of Fe(3a-DFX),, Fe(6a-DFX). and Fe(DFX), measured in H,O at 298 K, pH 7.4.

The relaxivity values measured for Fe(6a-DFX): resulted higher than the isomer Fe(3a-DFX):
in the whole range of magnetic field strengths recorded. For both compounds, the shape of the
NMRD profile, with a broad hump in the high field region 0.5 — 2 T, is typical of the Fe(l1I)
complexes with relatively high MW, showing an elongated reorientational time.

The experimental relaxivity data were fitted by using Solomon-Bloembergen-Morgan (SBM)
theory of paramagnetic relaxation.’%8119, The relevant relaxometric parameters obtained by the
fitting are shown in Table 6.2.

Table 6.2. Relaxometric parameters obtained by the fitting of the experimental data in Figure 6.4 using a
Solomon-Bloembergen-Morgan model.

HO A2(10°s?) | w(ps) | n% | r(A) | 1% (ps)
Fe(3a-DFX) | 1.02+0.21 | 157+20 | 2 3.48 242 +35
Fe(6a-DFX) | 1.30+0.27 | 149+18 | 4 3.48 164 + 18

Fe(DFX), | 1.01+0.17 | 247221 | 4 348 | 74%0.49

A% Squared mean transient zero-field splitting (ZFS) energy; tv: correlation time for the collision-related modulation of the ZFS
Hamiltonian; nSS: number of second sphere water protons; rSS: distance between Fe and protons of second sphere water molecules; tc5:
correlation time for the modulation of the dipolar interaction of the second coordination sphere water molecules (exchange and/or
rotation).
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The following parameters were fixed during the fitting procedure: g's (number of inner sphere
water molecules) = 0; D (solute-solvent diffusion coefficient) = 2.24 10° cm? s!; reen
(distance between Fe®* ion and protons of the second sphere water molecules) = 3.48 A
(calculated as follows: Fe-O average bond length from crystal structure = 1.98 A% + O-H
strong hydrogen bond = 1.5 A1),

The second sphere molecular correlation time 1> reflects the molecular reorientational time
of the complex, and the contribution of H-bonded water molecules or paramagnetically relaxed
mobile protons on the complex surface. An elongation of > commonly yields an increase in
relaxivity. With respect to Fe(DFX)., Fe(3a-DFX), showed a large increase in tc5°, with a value
more than threefold than the parent compound (242 ps vs. 74 ps). In the case of Fe(6a-DFX)>
the obtained value is relatively lower (164 ps), but still more than twofold than Fe(DFX)2. The
number of second sphere water protons n>° obtained from the best fit for Fe(3a-DFX). and
Fe(6a-DFX), was 2 and 4, respectively. Although the 1% and nSS values obtained for the two
complexes are significantly different, the observed relaxivities in water are similar, indicating
that the contributions of these two parameters compete to the overall ry relaxivity. It is likely
that in Fe(3a-DFX)2, 2 protons from 2 water molecules are hydrogen bonded to the
coordinating negatively charged oxygens, while in the case of Fe(6a-DFX). 2 more protons are
present in the second coordination sphere, possibly due to the more accessible paramagnetic
center of this complex. In fact, although the two compounds are isomers, in Fe(3a-DFX). the
cyclodextrin moiety is closer to the core of the system. However, it cannot be ruled out that,
with the more flexible structure of Fe(6a-DFX),, exchanging protons of the cyclodextrin
moieties can take part in the relaxation mechanism too.

In Figure 6.5 the NMRD profiles of Fe(3a-DFX)2and Fe(6a-DFX)., measured in human serum
at 298 K, are shown and compared with the parent Fe(DFX)a.
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Figure 6.5 NMRD profiles of Fe(3a-DFX),, Fe(6a-DFX), and Fe(DFX), measured in human serum at 298 K,
pH 7.4.

In human serum, the difference between the r; values of the two compounds appears more
marked than in water, with Fe(6a-DFX). endowed with higher relaxivity in the whole
investigated range. Differently than the parent compound, both the novel complexes display
high r1 values already in the low range of magnetic field strength, indicating a strong increase
of the contribution from the second coordination sphere.12:30.32

In Table 6.3 the relevant relaxometric parameters obtained by the fitting of the experimental
data with the SBM theory are shown.

Table 6.3. Relaxometric parameters obtained by the fitting of the experimental data in Figure 6.5 using a
Solomon-Bloembergen-Morgan model.

A?(10%° s?) v (pS) nss rss(A) 1SS (ps)

Fe(3a-DFX). 207£020 | 112+11 | 5 3.48 232 + 14
Fe(6a-DFX). 150+0.23 | 11.6+16 | 7 3.48 245 + 17
Fe(DFX), 110+0.10 | 133%09 | 2 3.48 850 + 53

A% Squared mean transient zero-field splitting (ZFS) energy; tv: correlation time for the collision-related modulation of the ZFS
Hamiltonian; nSS: number of second sphere water protons; rSS: distance between Fe and protons of second sphere water molecules; tc5:
correlation time for the modulation of the dipolar interaction of the second coordination sphere water molecules (exchange and/or
rotation).
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As in the case of the fitting of the NMRD profile in water, in serum the parameters g, D and
reen™ Were kept fixed at the same values.

It can be noted that the tc>° value obtained for the two complexes was similar (232 ps for Fe(3a-
DFX). and 245 for Fe(6a-DFX).) and significantly lower than the one obtained for the parent
compound (850 ps), likely due to a lower interaction with HSA. The number of second sphere
water protons nSS found with the best fitting was 5 for Fe(3a-DFX); and 7 for Fe(6a-DFX).,
indicating an increased pool of second sphere water molecules compared to Fe(DFX)2 (nSS =
2). Itis likely that some component present in the human serum is responsible for non-covalent
interactions with the paramagnetic complexes, leading to a strong relaxivity enhancement,
more pronounced in the case of Fe(6a-DFX) reaching the ry impressive value of 8 mM-* st at
the clinical field of 2 T.

To investigate a possible interaction with albumin, the most abundant protein in human plasma,
the PRE titrations with increasing amounts of HSA were carried out for of Fe(3a-DFX)2 (Figure
6.6) and Fe(6a-DFX) (Figure 6.7).
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Figure 6.6. Proton relaxation enhancement (PRE) titration of Fe(3a-DFX), (0.2 mM) with increasing
concentration of human serum albumin (HSA), in phosphate buffer, 298 K, 0.47 T.
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Figure 6.7. Proton relaxation enhancement (PRE) titration of Fe(6a-DFX), (0.16 mM) with increasing
concentration of human serum albumin (HSA), in phosphate buffer, 298 K, 0.47 T.

Table5. Parameters derived by the fitting of PRE titrations in Figure 6.6, Figure 6.7 and Figure 5.3A.

-1 b -1 -1
HSA-binding K (M) r (mM s )
a
Fe(3a-DFX), 525 + 36 5.5+0.2
Fe(6a-DFX) 68 + 15 5.0+0.1
Fe(DFX) ° 3.8+0.1
2 (2.8+0.3) - 10 80

Although a broad hump in relaxivity is noticeable in the high field range of both NMRD
profiles, no evidence of strong albumin binding was observed from the fitting of the PRE
titrations. Such behavior can be explained by the presence of the cyclodextrin moieties in the
two derivatives. Indeed, the presence of two hydrophilic and sterically encumbering groups
makes unlikely the possibility of a binding interaction to the hydrophobic Sudlow sites of HSA
as in the case of the parent compound Fe(DFX).. However, the occurrence of weak and
unspecific interactions between the iron complexes and albumin cannot be excluded.

Ghosh et al. reported evidence of a- 3 and y-cyclodextrins binding to human and bovine serum
albumin (BSA) at different positions, leading to a polarity change in the micro-environment of
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the sites of interest.’*” Through experimental studies and docking simulations they showed that
the binding site in albumin depends on the cavity size of the cyclodextrin: in the case of -
cyclodextrin the preferred site is the subdomain 11B, with an affinity constant K, of 185 M
for HSA and 198 M for BSA. Gao et al. studied the binding interaction between different
modified mono- and bis-B-cyclodextrin and BSA via fluorescence spectroscopy and other
techniques.'® Interestingly, they found a stronger interaction for the bridged bis-j-
cyclodextrin derivatives, with a structure and size similar to Fe(3a-DFX). and Fe(6a-DFX)o.
The strong binding stability of bis-cyclodextrins is attributed to the cooperative effect of two
adjacent cyclodextrin moieties. In another study about the conformational stability of selected
proteins upon the addiction of cyclodextrin derivatives, only small effects were observed in
the case of BSA.**°

To investigate if any other component of the serum is responsible for the observed relaxivity
enhancement in serum, the PRE titrations of the two compounds with increasing amounts of
v-globulins and cholesterol were carried out. No increase in relaxivity was found and the
experiments are not reported.

6.3 Conclusion

The iron(l11) complexes of two deferasirox-f-cyclodextrin hybrids (3a-DFX) and (6a-DFX)
were synthesized and tested for their potential application in MRI as paramagnetic contrast
agents.

In summary, the preliminary studies reported here showed that both Fe(3a-DFX). and Fe(6a-
DFX). are interesting compounds for this purpose. Iron-based MRI CAs are considered very
appealing, as they offer an alternative to the routinely used GBCAs without the use of any
exogenous metal. The functionalization of the structure Fe(DFX). with B-cyclodextrin
moieties endows the herein novel compounds with high biocompatibility, since these cyclic
sugars are highly water-soluble and nontoxic. A further advantage given by the use of
cyclodextrins is the low cost for their production.

With respect to the parent compound Fe(DFX)2, a strong increase in relaxivity, accompanied
by an excellent improvement in solubility, were observed for both Fe(3a-DFX). and Fe(6a-
DFX)., either in pure water and in human serum.

In water, the fitting of the NMRD profiles showed that the observed relaxivity upgrade is
ascribable to the increased molecular weight, leading to a slowing-down of the molecular
tumbling, as well as to the presence of second sphere water molecules close to the paramagnetic
center. For both complexes, no inner sphere water molecules were found, in analogy to the
precursor Fe(DFX). with g = 0.

In human serum, the relaxivity increase was even greater, with the highest values obtained for
Fe(6-DFX)2, with r1 values even higher than the clinically used GBCAs (at2 T,r1 =8 mM*s
1. The fitting of the NMRD profiles showed a further increase in second sphere water
molecules for both compounds and only a slight slowing-down of the molecular tumbling.
Relaxometric PRE titrations showed no evidence of significant binding interaction with HSA
for any of the two complexes.
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Further relaxometric and structural investigation is still needed to elucidate the dynamics of
these novel compounds in human serum. Studies on murine models to validate the
effectiveness of these new Fe(ll1)-complexes as potential MRI CAs in vivo are also planned.
Nevertheless, Fe(3a-DFX). and Fe(6a-DFX). showed to be excellent candidates as iron(l11)-
based MRI CAs, with a strong improvement in relation to the parent Fe(DFX)..

6.4 Experimental section

6.4.1 General

Deferasirox was purchased from Advanced Chemblocks Inc. 6%-amino-6”-deoxy-p-
cyclodextrin hydrochloride was purchased from Cyclolab Ltd. 3*-amino-3”-deoxy-
2/(S),3*(S)-B-cyclodextrin hydrate was purchased from TCIl Europe N.V. All the other
chemicals were purchased from Sigma-Aldrich Co. pH measurements were made using an AS
pH meter equipped with a glass electrode. Chromatographic purification was performed using
an AKTA Purifier equipped with a UV-900 system, P-900 pump, frac-920 fraction collector.

6.4.2 Synthesis

6.4.2.1 Synthesis of 4-[3,5-bis(2-hydroxyphenyl)-1H-1,2,4-triazol-1-yl]-N-[3A-deoxy-3A-
amino-p-cyclodextrin]benzamide (3a-DFX)

The synthesis was made following, and slightly modifying, the procedure previously reported
in literature.

37.3 mg (0.1 mmol) of deferasirox were dissolved in 2 mL of dry DMF under Ar flux. 13.5
mg (0.1 mmol) of HOBt and 20.6 mg (0.1 mmol) of DCC were added to the solution. After 30
min stirring at RT, 113.4 mg (0.1 mmol) of 3A-amino-3A-deoxy-24(S),3A(S)-B-cyclodextrin
hydrate were added, washing the flask with 1 more mL of dry DMF. The reaction mixture was
kept stirring at RT under Ar for 48 h. The solvent was removed under reduced pressure. The
crude product was triturated with diethyl ether and with cold acetone and the solid was purified
by reversed-phase chromatography using an AKTA Purifier with a Waters C-18 column and
H>0O/CH30H as eluents. A white solid was obtained. Yield 59 %.

Retention time: 10.12 min. Mass spectrum: ESI-MS (+): m/z calcd 1489.49 [M+H]*, found
1489.66; m/z calcd 745.01 [M+2H]?*, found 745.19.

'H NMR (600 MHz, D20): & = 8.04-7.72 (m, 3 H), 7.68-7.22 (m, 5 H), 7.18-6.93 (m, 3 H),
6.73 (s, 1 H), 5.16-4.96 (m, 5 H), 4.73-4.66 (m, 2 H), 4.48-2.72 (m, 42 H).

6.4.2.2 Synthesis of 4-[3,5-bis(2-hydroxyphenyl)-1H-1,2,4-triazol-1-yl]-N-[6A-amino-6A-
deoxy-B-cyclodextrin]benzamide (6a-DFX)

The synthesis was made following, and slightly modifying, the procedure previously reported
in literature.

37.3 mg (0.1 mmol) of deferasirox were dissolved in 2 mL of dry DMF under Ar flux. 13.5
mg (0.1 mmol) of HOBt, 20.6 mg (0.1 mmol) of DCC and 28 uL (0.3 mmol) of EtsN were
added to the solution. After 30 min stirring at RT, 117 mg (0.1 mmol) of 64-amino-6”-deoxy-
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B-cyclodextrin hydrochloride were also added, washing the flask with 1 more mL of dry DMF.
The reaction mixture was kept stirring at RT under Ar for 48 h. The solvent was removed under
reduced pressure. The crude product was triturated with diethyl ether and with cold acetone
and the solid was purified by reversed-phase chromatography using an AKTA Purifier with a
Waters C-18 column and H20O/CH30H as eluents. A white solid was obtained. Yield 43%.
Retention time: 9.25 min. Mass spectrum: ESI-MS (+): m/z calcd 1489.49 [M+H]*, found
1489.63; m/z calcd 745.01 [M+2H]?*, found 745.69.

'H NMR (600 MHz, D20): 6=7.95(d,J=7.8 Hz, 1 H), 7.48 (t, J=7.7Hz, 1 H), 7.41 (t, ) =
8.0Hz, 1H),732(,J=80Hz 2H),7.28(,J=75Hz 1H), 7.10 (d, J =8.2 Hz, 1 H),
7.08-6.98 (m, 4 H), 6.81 (d, J = 7.9 Hz, 1 H), 5.02 (bs, 1 H), 4.96 (m, 3 H), 4.92 (bs, 1 H), 4.82
(m, 2 H), 4.05 (d, J = 13.4 Hz, 1 H), 4.00-3.18 (m, 39 H), 3.15-2.96 (m, 2 H).

6.4.2.3 Synthesis of iron(l111) complexes [Fe(3a-DFX)2]" and [Fe(6a-DFX)]

1 equivalent ligand was suspended in water, basified to pH 8 with a 1 M aqueous solution of
NaOH and heated at 60 °C under magnetic stirring until complete dissolution. 0.5 equivalents
of FeCls were added to the solution, while maintaining pH 8 with NaOH 1 M. The mixture was
heated at 60 °C for 1 h under magnetic stirring. The product was purified by chromatography
on Sephadex® G-10 resin using an AKTA Purifier with water as eluent. The pure product was
evaporated and freeze dried. For both complexations, a pale red solid was obtained.

6.4.3 Relaxometric measurements

Observed longitudinal relaxation rates (R1°% = 1/T1°%) values were determined by inversion
recovery at 21.5 MHz and 298 K using a Stelar SpinMaster spectrometer (Stelar s.r.l, Mede
(PV), ltaly). Temperature was controlled with a Stelar VTC-91 airflow heater and the
temperature inside the probe checked with a calibrated RS PRO RS55-11 digital thermometer.
Data were acquired using a recovery time > 5 x Ty and with 2 scans per data point. The absolute
error in Riops measurements was less than 1%.

The iron concentration of the investigated solutions of the Fe(DFX). complex was determined
by the procedure reported in literature.3! Briefly, the iron complex containing solutions were
mixed in a 1:10 ratio with 69% HNO3z and heated in sealed vials at 120 °C overnight to yield a
solution of Fe** aqua ion. The Riaps of the solution was measured at 298 K and 21.5 MHz and
the concentration determined using the equation: Riobs = Rid + rip™® [Fe], where Riq is the
diamagnetic contribution (0.48 s) and ri,,™ is the Fe®*" aqua ion relaxivity (18.47 mM1s?)
under the same experimental conditions. The iron concentration of the complexes was
confirmed by ICP-MS analysis.

Longitudinal relaxivity (r1) values reported in Table 6.1 were calculated as slope of the lines
correlating observed relaxation rates measured at pH = 7.4, 298 K and 0.47 T as a function of
Fe concentration.

6.4.3.1 NMRD profiles

NMRD profiles were obtained using a Stelar SmartTracer FFC NMR relaxometer from 0.01
to 10 MHz. Additional data in the 20 — 80 MHz frequency range were obtained with a High
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Field Relaxometer (Stelar) equipped with the HTS-110 3T Metrology cryogen-free
superconducting magnet and a Bruker WP80 NMR electromagnet (21.5 — 80 MHz), both
equipped with a Stelar VTC-91 for temperature control; the temperature inside the probe was
checked with a calibrated RS PRO RS55-11 digital thermometer. Aqueous and human serum
solutions of the complex were measured at 298 K. The NMRD profiles data were fitted using
the Solomon-Bloembergen-Morgan and Freed’s models.

6.4.3.2170-R.-NMR measurements

70-NMR measurements were recorded at 14.1 T on a Bruker Avance 600 spectrometer at
variable temperature, with a D20 capillary for sample locking. Samples contained 1% of H2’O
(Cambridge Isotope) and the Fe(l11) complexes (20 mM Fe(3a-DFX)2, 20 mM Fe(6a-DFX)>).
The width at half maximum (Awdia) Of the H2'O signal in pure water was measured over the
investigated temperature range and subtracted from the width at half maximum (Awre) Of the
test solutions containing the Fe-complexes. Then, R2 was calculated as follows: Ro=n[Amre—
Awdia].
6.4.3.3 Proton relaxation enhancement (PRE) fitting equations
HSA binding parameters were determined using the PRE method, which considers the
relaxation enhancement due to the formation of a slowly moving macromolecular adduct,
considering the following equilibrium, with the association constant defined as follows:
Fe(L)2 + nHSA <Fe(L)2-HSA 1)
Fe(L)2 —HSA
Ka= [E?e((L))Z] [ani] (2)
where n is the number of independent binding sites and K, the apparent binding constant.
Moreover:

[Fe(L)z2]wot =[Fe(L)z]tree + [Fe(L)2-HSA] (3)
and

[HSA]tot= [HSA]tree + [Fe(L)2-HSA] 4)
R1obs Was defined as follows:

Riobs = Rip + Rig = r1[Fe(L)2] + ri® [Fe(L)2-HSA] + Rig (5)

Where Rip and Rig are the paramagnetic and diamagnetic contributions to the observed
relaxation rates, respectively. And ry and r1® are the millimolar relaxivities of the iron complex
free and bound to HSA, respectively.

The diamagnetic contribution (Riq) was determined as a function of increasing HSA
concentration in PBS and included in the fitting function derived from combination of
equations 1-5:

 (Ka[Fe(L) 1 + NKA[HSALy, +1) =y (K, [Fe(L), 1y +nKA[HSAL, +1)2 — 4K2[Fe(L), ], n[HSA],

Mobs — ZKA
x (K° =1, + r[Fe(L),],) x1000 + (0.25x [HSA],, *1000) + 0.359
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General conclusion

During this PhD project various metal complexes based on paramagnetic metals were
investigated mainly for their potential applications as MRI T1 contrast agents.

The studies on the gadolinium complexes, described in the second and third chapter, offer
important contribution for the advance in fully understanding the molecular and structural
dynamics of a largely used class of pharmaceuticals like GBCAs. Indeed, research in this topic
is primarily focused on their efficiency improvement in order to lower the administered doses.

The forth chapter showed that complexes based on paramagnetic metals can also be adopted
as responsive agents for the in vivo measurement of specific biomarkers thanks to innovative
approaches making use of other imaging techniques.

The fifth and sixth chapter showed that Fe(lll)-complexes can be very appealing for MRI
applications, as they can offer a valuable and more biocompatible alternative to GBCA:s,
although intensive research in the next years is still needed to bring this class of compounds
closer to clinical translation.

In these years of PhD, many branches of chemistry were touched: from organic,
inorganic, medicinal chemistry, to radiochemistry interfaced during the period abroad spent in
Texas. Both in Torino and in Houston, | had the opportunity to collaborate with extraordinary
multidisciplinary teams composed by people with strong expertise in biotechnology, physics,
medicine and | tried to learn as much as possible from them.
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Peer-reviewed manuscripts

Stefania, R. , Palagi, L. §, Di Gregorio, E., Ferrauto, G., Dinatale, V., Aime, S., & Gianolio,
E. (2023). Seeking for Innovation with Magnetic Resonance Imaging Paramagnetic Contrast
Agents: Relaxation Enhancement via Weak and Dynamic Electrostatic Interactions with
Positively Charged Groups on Endogenous Macromolecules. Journal of the American
Chemical Society. https://doi.org/10.1021/jacs.3c06275. 8. these authors contributed equally to
this work.

Abstract: Gd-L1 is a macrocyclic Gd-HPDO3A derivative functionalized with a short spacer
to a trisulfonated pyrene. When compared to Gd-HPDO3A, the increased relaxivity appears to
be determined by both the higher molecular weight and the occurrence of an intramolecularly
catalyzed prototropic exchange of the coordinated OH moiety. In water, Gd-L1 displayed a
relaxivity of 7.1 mM~ s (at 298 K and 0.5 T), slightly increasing with the concentration likely
due to the onset of intermolecular aggregation. A remarkably high and concentration-
dependent relaxivity was measured in human serum (up to 26.5 mM~ s at the lowest tested
concentration of 0.005 mM). The acquisition of *H-nuclear magnetic relaxation dispersion
(NMRD) and *’O-R; vs. T profiles allowed to get an in-depth characterization of the system.
In vitro experiments in the presence of human serum albumin, y-globulins, and polylysine, as
well as using media mimicking the extracellular matrix, provided strong support to the view
that the trisulfonated pyrene fosters binding interactions with the exposed positive groups on
the surface of proteins, responsible for a remarkable in vivo hyperintensity in Tiw MR images.
The in vivo MR images of the liver, kidneys, and spleen showed a marked contrast
enhancement in the first 10 min after the i.v. injection of Gd-L1, which was 2—6-fold higher
than that for Gd-HPDO3A, while maintaining a very similar excretion behavior. These
findings may pave the way to an improved design of MRI GBCAs, for the first time, based on
the setup of weak and dynamic interactions with abundant positive groups on serum and ECM
proteins.

Palagi, L., Di Gregorio, E., Costanzo, D., Stefania, R., Cavallotti, C., Capozza, M., Aime S.,
& Gianolio, E. (2021). Fe (deferasirox).: An Iron (I11)-Based Magnetic Resonance Imaging T
Contrast Agent Endowed with Remarkable Molecular and Functional Characteristics. Journal
of the American Chemical Society, 143(35), 14178-14188.
https://doi.org/10.1021/jacs.1c04963

Abstract: The search for alternatives to Gd-containing magnetic resonance imaging (MRI)
contrast agents addresses the field of Fe(lll)-bearing species with the expectation that the use
of an essential metal ion may avoid the issues raised by the exogenous Gd. Attention is
currently devoted to highly stable Fe(l11) complexes with hexacoordinating ligands, although
they may lack any coordinated water molecule. We found that the hexacoordinated Fe(lll)
complex with two units of deferasirox, a largely used iron sequestering agent, owns properties
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that can make it a viable alternative to Gd-based agents. Fe(deferasirox). displays an
outstanding thermodynamic stability, a high binding affinity to human serum albumin (three
molecules of complex are simultaneously bound to the protein), and a good relaxivity that
increases in the range 20-80 MHz. The relaxation enhancement is due to second sphere water
molecules likely forming H-bonds with the coordinating phenoxide oxygens. A further
enhancement was observed upon the formation of the supramolecular adduct with albumin.
The binding sites of Fe(deferasirox). on albumin were characterized by relaxometric
competitive assays. Preliminary in vivo imaging studies on a tumor-bearing mouse model
indicate that, on a 3 T MRI scanner, the contrast ability of Fe(deferasirox). is comparable to
the one shown by the commercial Gd(DTPA) agent. ICP-MS analyses on blood samples
withdrawn from healthy mice administered with a dose of 0.1 mmol/kg of Fe(deferasirox)
showed that the complex is completely removed in 24 h.

Sforzi, J. 8, Palagi, L. §, & Aime, S. (2020). Liposome-Based Bioassays. Biology, 9(8), 202,
https://doi.org/10.3390/biology9080202. 8. these authors contributed equally to this work.

Abstract: This review highlights the potential of using liposomes in bioassays. Liposomes
consist of nano- or micro-sized, synthetically constructed phospholipid vesicles. Liposomes
can be loaded with a number of reporting molecules that allow a dramatic amplification of the
detection threshold in bioassays. Liposome-based sensors bind or react with the biological
components of targets through the introduction of properly tailored vectors anchored on their
external surface. The use of liposome-based formulations allows the set-up of bioassays that
are rapid, sensitive, and often suitable for in-field applications. Selected applications in the
field of immunoassays, as well as recognition/assessment of corona proteins, nucleic acids,
exosomes, bacteria, and viruses are surveyed. The role of magnetoliposomes is also highlighted
as an additional tool in the armory of liposome-based systems for bioassays.

Manuscripts in preparation

Palagi, L., Aime S., & Gianolio, E. A relaxometric method to highlight binding interactions
of GBCAs in biological media.

Palagi, L., Carrera, C., Costanzo, D., Aime S., & Gianolio, E. Towards new concepts in the
design of improved Gd-based MRI contrast agents.

Palagi, L., Aime S., & Gianolio, E. Fe(lll) complexes deferasirox--cyclodextrin hybrids as
MRI T1 contrast agents.
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Conference presentations

= Relaxation enhancement via reversible, weak, electrostatic/cation- interactions with
protonated amino groups on endogenous macromolecules. EMIM 2024 — Porto
(Portugal), March 12-15, 2024. Oral presentation.

= Relaxation enhancement via reversible, weak, electrostatic/cation-p interactions with
protonated amino groups on endogenous macromolecules. ESMRMB-GREC 2022 —
Basel (Switzerland), October 4-7, 2023. Oral presentation — invited speaker.

= Simultaneous PET/MRI can measure pH in the tumor microenvironment. EMIM 2023
— Salzburg (Austria), March 14-17, 2024. Oral presentation.

= [ron(l1l) complexes of deferasirox-/-cyclodextrin hybrids as potential MRI T contrast
agents. 1%t Workshop on Emerging Trends in Molecular Imaging — Torino (ltaly), April,
19-20, 2023. Poster presentation.

» |ncreasing Relaxivity to reduce GBCA doses: the current approaches. ESMRMB-
GREC 2022 — Roma (Italy), November 10-11, 2022. Oral presentation — invited
speaker.

= Fe(deferasirox).: A novel MRI contrast agent endowed with remarkable molecular and
functional characteristics. WMIC 2021 (virtual) — Miami, Florida (USA), October 6-9,
2021. Poster presentation and flash talk.

= Anovel iron(l11)-based MRI T contrast agent endowed with remarkable molecular and
functional properties. XXVII Congresso Nazionale della Societa Chimica lItaliana
(virtual) — Milano (Italy), September 14-23 2021. Poster presentation.

= Towards new concepts in the design of Gadolinium Based Magnetic Resonance

Contrast Agents. Merck Young Chemists’ Symposium 2019 — Rimini (ltaly),
November 25-27, 2019. Poster presentation and flash talk.
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