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ABSTRACT

The imaging field comprises a wide array of techniques, driving the creation and innovation
of contrast agents and probes. The increasing prevalence of diseases and the detection of new
conditions have driven the development and adjustment of contrast agents to aid in detection,
treatment and the improvement of patient outcomes. Magnetic resonance imaging (MRI) is a non-
invasive imaging technique known for producing high-resolution images. To enhance resolution
and improve image visualization, contrast agents can be employed to assist in the detection and
diagnosis of diseases such as tumors or cancers. This thesis explores the development and
application of multiple imaging modalities through the creation of diverse probes designed for
specific diagnostic and therapeutic applications. The research focuses on the design, synthesis and
characterization of various imaging probes, each optimized for techniques such as MRI, chemical
exchange saturation transfer (CEST)-MRI, magnetic resonance fingerprinting (MRF) and optical
imaging. We have identified and characterized a hydrazone-CEST MRI probe capable of mapping
vitamin B¢ metabolism, with applications in lung cancer models. Additionally, we have developed
a novel method for combining two lanthanides within the same complex to test their potential as
gadolinium-based contrast agents in MRI and MRF imaging, as well as in optical imaging, using
the emissive properties of europium(IIl). Building on this chemistry, the plan was to incorporate
the radioisotope lutetium-177 into our complex for potential future application as a targeted
radionuclide therapy agent against glioblastoma. Furthermore, we attempted to develop a THC-
based probe for both A* and A” isomers to assess their ability to track biodistribution within the
endocannabinoid system and their receptors engagement. This research contributes to the
advancement of medical imaging technologies by demonstrating the adaptability and effectiveness

of multiple imaging modalities and the designed probes for each application.
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Chapter 1: Introduction

1.1. Molecular imaging modalities

1.1.1. Origins

The field of medical diagnostic imaging began at the end of the 19" century, in 1895, when
Wilhem Conrad Rontgen produced one of the first images of the inside of a live human body using
X-rays ' 2. By penetrating solid object and revealing internal structures, with a Crookes cathode
ray tube, Rontgen’s discovery transformed the fields of physics and medicine. With the first Nobel
Prize in Physics in 1901 * 4 he provided a non-invasive way to visualize the human body, which
leads to the development of various imaging tools based on X-rays or the introduction of new
technologies over the following century. This include computed tomography (CT), single photon
emission computed tomography (SPECT), ultrasound (US) and magnetic resonance imaging

(MRI) .

One of the most significant advancement was computed tomography (CT), introduced by
Godfrey Hounsfield and Allan M. Cormarck ®. CT is considered as a sectional imaging technique
because it employs tomography, allowing for a fast and precise representation of the anatomy. CT
scans use X-rays to create detailed cross-sectional images of the body ’. By applying a computed
reconstruction algorithm to two dimensional radiographs taken from many different directions, CT

provides three-dimensional images of the object ® °.

On the other hand, single photon emission computed tomography (SPECT) is recognized as

an nuclear medicine technique based the utilization of nuclides which decay by emitting single



gamma rays °. This technique generates images that illustrates the three-dimensional distribution
of an administered radiotracer '° offering insights about the blood flow, metabolism and other

physiological processes '!.

Compared to some imaging techniques, ultrasound (US) imaging is a non-invasive and
radiation free method that creates images of internal biological tissues using high-frequency sound
waves. These sound waves are generated by converting electrical energy through a transducer '.

13, 14

This imaging technique is widely used in medical fields such as obstetrics , cardiology '° or

abdominal imaging '°.

One major innovation was magnetic resonance imaging (MRI), developed more than 50 years

ago. It is a non-invasive and versatile imaging method !” that uses strong magnetic field to produce

high-resolution images of the body’s internal structures °

and to investigate human anatomy,
physiology and pathophysiology '®. Its capacity to differentiate between various types of tissues

and provided detailed images makes it indispensable in diagnosing a wide range of conditions,

21, 22 23, 24

from cancers ' % to neurological injuries or following disease progression

Nowadays, medical imaging becomes crucial for improving patient outcomes by enabling
accurate and early diagnosis, guiding specialized treatments plans and supporting minimally
invasive procedures »°. Imaging enhances patient safety by offering non-invasive options and
identifying potential risks before procedures. Overall, medical imaging contributes to more
effective and high-quality patient care, ultimately improving prognoses and quality of life for the

patient 2% %6,



1.1.2. Magnetic Resonance Imaging

Magnetic resonance imaging (MRI), developed in 1973 by Paul Lauterbur 27, is a medical
application of nuclear magnetic resonance (NMR) based on the magnetic resonance of water
protons through a powerful magnet and radiofrequency (RF) energy !> 8. The abundance of water
protons in various tissues allows the visualization of mobile hydrogen nuclei and their distribution
throughout the body. Due to their high sensitivity and concentration in the body, water protons are
the primary imaging target, providing the highest contrast when excited 2®. Protons are
characterized by a spin angular momentum and magnetic properties which make them in constant
movement around their axes »°. When exposed to an external magnetic field (Bo), protons will
align either parallel or anti-parallel to this field, acting like magnetic dipoles. The parallel
alignment to Bo corresponds to a lower energy state while the anti-parallel alignment corresponds
to a higher energy state. Although these two populations of protons are almost equally populated,
the remaining population difference results in a net bulk magnetization vector (M) that aligned

parallel to By *°.

The frequency at which protons, or spins, rotate around the direction of the external magnetic
field is defined as the Larmor frequency, or resonance frequency, which is proportional to the
strength of the magnetic field *'. This net magnetization vector does not produce a measurable
signal on its own. Therefore, a radiofrequency energy pulse (B1) at the Larmor frequency is applied
perpendicular to Bo. This pulse causes the protons to absorb energy, inducing a transition between
the two energy levels °. Protons are stimulated and disrupted, forcing them to realign with the static
magnetic field By at specific angles, known as flip angles, typically 90° or 180° 2*3°. When the

radiofrequency pulse is turned off, protons returns to their original alignment with the magnetic



field, which is called relaxation (Figure 1.1), and release electromagnetic energy known as free
induction decay (FID). Several RF pulses are applied to generate multiple FID, which are then
averaged to improve the signal-to-noise ratio (SNR). Different types of images can be generated

by changing the sequence of RF pulses applied %°.

Images of the internal structures of the body are created through variations in the magnetic
field strength across space, known as gradients. These gradients determine the location of signals
within the body. The use of magnetic field gradients enable precise spatial encoding of the signals
emitted by protons 2°. These gradients, generated by specialized gradient coils, vary the magnetic
field linearly within the imaging volume. This allows for the selection of specific slices and the
encoding of spatial information along different axes »°. Slice-selective excitation is based on the
selective excitation of spins in a well-defined slice of tissue or section of the body within the
imaging volume 3!. By varying the magnetic field along an axis perpendicular to the chosen slice
plane, only protons in the specific slice will resonate at the frequency of the applied RF pulse >'.
To obtain information from the individual pixels in a slice, phase and frequency encoding gradients
are used. Phase encoding occurs between the application of the RF excitation pulse and the readout
of the signal. This involves a short, temporary change in the magnetic field, causing a phase shift
of the spinning protons. This phase shift, which depends on the duration of the gradient application,
provides spatial information ** 32, However, to differentiate between pixels with the same phase
encoding, a frequency encoding gradient can be used. The application of this gradient causes a
shift in the resonance frequency of the protons, leading to different precessional frequencies and
enabling the distinction between protons *°. The data collected through these processes are stored

in a format called k-space *!, which can be transformed into an image using Fourier transformation

30



The echo time (TE) corresponds to the amount of time between the application of the
radiofrequency pulse and the centered peak of the received echo signal. The repetition time (TR),
on the other hand, corresponds to the repetition time interval between multiple application of 90°
RF pulse to the same slice *2. Both parameters, measured in milliseconds, will affect the relaxation
time of the tissues, influencing the contrast of the image. Fourier transformation is applied to the
averaged FID signals to generate the MRI image or frequency spectrum 2°. Two types of relaxation

processes can be observed: longitudinal (T1) and transverse (T>) relaxation.
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Figure 1.1 Overview of the MRI principle. Protons align with the magnetic field (Bo), are excited
by an RF pulse (B1), and emit signals during relaxation, characterized by T and T> times, which

are processed to form images.

Ti, or spin-lattice relaxation, involves the realignment of the longitudinal magnetization with
the external magnetic field after being disturbed by a radiofrequency pulse. Once the
radiofrequency pulse is turned off, the excited protons begin to return to their lower energy state

by releasing the excess of energy absorbed from the RF pulse *°. This energy is transferred to the



surrounding molecular environment, known as lattice, which includes the surrounding molecules
and the overall thermal environment of the tissue *>. As the protons return to their lower energy
state, the longitudinal component of the net magnetization M. recovers exponentially. This
recovery is characterized by the time constant T, which varies depending on the tissue type.
Tissues with shorter T; relaxation times recover their longitudinal magnetization more quickly,
while those with longer T; times recover more slowly *2. Ti-weighted images are generated by
using short TR and TE values. Using a shorter TR limits the recovery of the longitudinal
magnetization, which amplifies the contrast differences between tissues with different T,
relaxation times. In contrast, a longer TR allows the longitudinal magnetization to fully recover
between spins excitation states, leading to a contrast that is only based on the water proton density

present in the tissue 2.

T», or spin-spin relaxation, involves the decay of the transverse magnetization of protons after
being excited by an RF pulse. Initially, the excited protons spin at their Larmor frequency.
However, due to interactions between neighboring spins, spin-spin interactions, and minor
differences in the local magnetic field, these protons begin to lose their phase coherence. This
dephasing leads to a gradual decline in the transverse magnetization over time. This decay is

characterized by the time constant T 3% 34

, which is always shorter than the T time, although it
varies among different tissues *°. On the other hand, T>-weigthed images are generated by using
longer TE and TR values. The contrast in images is obtained by increasing the TE value, which

allows more time for the transverse magnetization to decay. This enhances the contrast between

tissues with different T, relaxation times but similar proton densities 2.



1.2. Advanced imaging techniques

1.2.1. Magnetic Resonance Fingerprinting

While magnetic resonance imaging is considered as a qualitative imaging technique, magnetic
resonance fingerprinting (MRF) is designated as a multiparametric quantitative tissue
characterization technique **. MRF uses a pseudorandomized acquisition process to capture the
unique signal evolution of each voxel, also known as “fingerprint” or voxel fingerprinting, from
various materials or tissues. These fingerprints are generated using the inversion recovery balanced
steady state free-precession (IR-bSSFP), which enhances tissue contrast, allowing differentiation
between various tissue types, and achieves a high signal-to-noise ratio by maintaining a steady
state of magnetization. The fingerprints are sensitive to Ti, T> and static magnetic field Bo

inhomogeneity .

Unlike traditional MRI, which reconstructs images by repeating the same acquisition
parameters over time, MRF continuously varies parameters like flip angle (FA), phases of RF
pulses, echo time (TE), repetition time (TR) during the scanning process *’. This variation

generates a specific signal for each tissue

, enabling the examination of multiple magnetic
resonance parameters in a single scan *°. The generated fingerprints are then compared to a pre-
computed library of simulated signal evolutions, known as the dictionary. These signal evolutions
represent the expected responses of different tissues to the varied acquisition parameters used in
MREF. Each entry in the dictionary corresponds to a unique combination of tissue properties,

including proton density and T1/T> relaxation times *. When a match is found through a pattern

recognition algorithm that predict spin behavior and signal evolution during the acquisition, the



tissue properties used to create the simulated fingerprint are recognized as the actual properties of

the tissue in that specific voxel. This process provides both quantitative and anatomic information

38

Due to its ability to provide quantitative tissue characterization, MRF possesses a wide range
of applications, including cardiovascular imaging. For example, cardiac MRF has been used to
quantify T; and T relaxation times in the myocardium *° and to study patients with nonischemic
cardiomyopathy *!. Relaxometries values of T; and T, have been estimated through MRF for
different brain regions in both men and women of various ages, revealing regional differences in
the brain **. MRF has also been applied in the detection of different intra-axial brain tumors, such
as gliomas and metastases, suggesting its potential as a quantifiable diagnostic tool **. Despite
being a recent imaging method, MRF has found applications in multiple areas, including the
diagnosis of epilepsy ** or the identification of high-grade prostate cancers *°. All these application
require the generation of specific parameters and dictionaries to adapt the analysis to the tested
conditions. This adaptation ensures that the quantitative maps generated by MRF are clinically

relevant and provide meaningful information for diagnosis and treatment planning.



1.2.2. Chemical Exchange Saturation Transfer

Considered as a novel MRI contrast mechanism, chemical exchange saturation transfer
(CEST) was first introduced by Wolff and Balaban in 1989 with the principle of magnetization
transfer %°. It provides more metabolic information compared to clinical imaging techniques by
indirect detection of lowly-concentration labile protons *’. Compared to MRI, which obtained
signals by exciting bulk water protons, CEST is based on the saturation of exchangeable protons.
These protons exchange between exogenous, introduced as contrast agents, or endogenous, present
in tissues, molecules and bulk water, resonating at different frequencies > #°. The labile protons
are located on functional groups of molecules, such as amines, amides, alcohols or guanidinium
protons 7. Since CEST depends on the contrast agent environment, the CEST effect is dependent
on different physiological parameters like pH % 5! enzyme activity 2, concentration or
temperature 8. Saturation transfer (ST) is induced by a long, weak, off resonance RF pulse targeted
at the Larmor frequency *® through a process called magnetization transfer (MT). This process
induced a decrease of magnetization and, consequently, the water signal. For CEST to be effective,
the equilibrium exchange rate (k.x) must be equal to or smaller than the chemical shift difference

(Acs) between solvent (water) and solute (CEST contrast agent), i.e., kex < Acs > 3,

A representation of the remaining signal intensity of water protons as a function of the
frequency offset of the applied RF saturation pulse (Aw), which is the difference in frequency
between the saturation pulse and the resonance frequency of water protons, is defined by the Z-
spectrum or CEST spectrum (Figure 1.2A) 2. The Z-spectrum is a plot of Ssa/So where S is water

signal intensity with saturation, and So, water signal intensity without saturation **. In the Z-

spectrum, an intense peak corresponds to the direct saturation of the bulk water signal, while other

9



t17

peaks represent the CEST signal of the studied contrast agent *’. Once the Z-spectrum indicates a

reduction in the water signal intensity, it is considered as a negative contrast mechanism.

Therefore, a smaller Z value suggests a stronger CEST effect '7> 5.

The direct water saturation effect refers to the reduction in the water signal intensity caused
by the direct application of the RF saturation pulse to water protons > which can interfere with the
detection of CEST signals. To address this issue, a magnetization transfer ratio asymmetry
(MTRasym) analysis is performed (Figure 1.2B). MTRasym uses the symmetry of the direct saturation
around the water frequency 2% °°. The signal intensities are designated as Ssat (-A®) and Ssat (+Aw)
obtained by saturating frequencies Aw downfield and upfield from the water proton resonance

frequency, respectively 2% 37,

Ssat (—Aw) — Ssat (+Aw)
So

MTRysym =

10
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Figure 1.2 Schematic diagram of chemical exchange saturation transfer. (A) Z-spectrum or CEST
spectrum representing the signal from two different molecules (A & B) (~ 6 ppm) and the water
peak (0 ppm). (B) MTRusym spectrum represented by the magnetization transfer ratio asymmetry

analysis of the CEST spectrum to remove the side effect of the direct water saturation.

The exchangeable protons from CEST agents can be classified into two types: paramagnetic
CEST (paraCEST) agents, which incorporate paramagnetic ions like lanthanides and can shift the
labile proton signal from the bulk water resonance by tens to hundreds of ppm ¥, and diamagnetic
CEST (diaCEST) agents, which include -NH, -NHa, or -OH groups. These agents present a
chemical shift difference (Acs) of less than 10 ppm from water >* 38, One well-known type of
diaCEST is amide proton transfer (APT), which relies on the chemical exchange between bulk
water protons and amide groups in proteins and peptides overexpressed in some type of cancers
28 APT has been useful in detecting and characterizing different cancers, such as breast cancer >,
bladder cancer *°, brain tumors ®' or determining the histological grade of rectal cancer ®2, for

examples.

11



On the other hand, amino acids, including peptides, contain amine protons that can be
considered as diaCEST agents. This is the case of glutamate, an abundant neurotransmitter in the
central nervous system, which can provide information for neurological studies and
neurodegenerative diseases 28. Applications of glutamate as a diaCEST agent include research on
Alzheimer’s ¢, Parkinson’s ®, Huntington’s % diseases, or even schizophrenia ®, making it an
ideal diaCEST agent for neurological research or disease diagnosis. Another diaCEST amino agent
can be creatinine, a derivative amino acid synthesized in the liver, kidneys, and pancreas.

Creatinine is considered as an interesting biomarker in muscle physiology ©7- %,

Even though some metabolites have chemical shifts close to water, they have been studied as

diaCEST agents for their hydroxyl protons. Examples include glucose, glycogen and

69

glycosaminoglycans (GAGs) 2. Glucose uptake and metabolism can be tracked with

7 71

glucoCEST, particularly in cancers such as the head and neck cancer 7°, or breast cancer ’'.

GlycoCEST can be used for diagnosing and monitoring glycogen metabolism disorders 7,
including conditions like obesity, insulin resistance and type 2 diabetes with abnormal glycogen
levels 8. Additionally, hydroxyl proton diaCEST imaging can detect cartilage damage and

degeneration, like osteoarthritis, using GagCEST 7%, °. In this context, GAG quantification serves

as a potential biomarker for osteoarthritis °’.

12



1.3. Lanthanides in medicine

1.3.1. Lanthanide-Based Contrast Agents

MRI presents a relatively low sensitivity compared to other imaging techniques, estimated in
the higher micromolar range. To improve the visualization of some tissue, studies have
demonstrated that the injection of contrast agents, particularly paramagnetic metal ions such as
lanthanides, enhances the intensity of water proton signals between voxels 4. Chelated to avoid
toxicity from free lanthanides ions, some examples like Gd-DTPA-BMA and Dy-DTPA-BMA
agents demonstrated to be efficient contrast agent for cardiac and cerebral imaging 7. For in vivo
application, lanthanides (III) must have high thermodynamic and kinetic stability to ensure that
the complex remains intact and functional in the body. This is why lanthanides(III) ions need to
bind to organic ligand with seven or eight coordination sites, like for example DTPA
(diethylenetriaminepentaacetic  acid), a heptadentate ligand, or DOTA (1,4,7,10-
tetraazacyclododecane-N,N’ N ”,N’’-tetraacetic acid), an octadentate ligand ’®. Lanthanides(III)
ions, comprising 15 different metals, are considered paramagnetic due to the presence of one to
seven unpaired electrons in their 4f orbitals, except for lanthanum(IIl) and lutetium(III). This
electronic configuration contributes to the magnetic properties of the metal ion 7% 77, Paramagnetic
lanthanides can be categorized in two classes: gadolinium-based contrast agent (GBCA), which
enhance the longitudinal relaxation rate of water protons, and CEST agents, which reduce water

signal by transferring saturated magnetization from exchangeable protons "+ %,

GBCAs, used in clinical MRI since 1988 with the first gadolinium(IIl) (Gd) DTPA complex

®) 78, 79

(Magnevist , are based on the chelation of gadolintum(III) ions in a +3-oxidation state that

13



binds to water molecule. Known for its strong paramagnetic properties, Gd(III) shortens both T}
and T relaxation times !7. To measure how effectively a contrast agent, like GBCA, decreases T1
or T relaxation times of water protons as a function of Gd(III) concentration, the longitudinal
relaxivity 71 or transverse relaxivity 7> are used !’. Those parameters, measured in mM'.s™!,
represent the increase in the relaxation rate Ri» (= 1 / Tin) of water protons per millimolar
concentration of the paramagnetic contrast agent . This results in increased signal intensity on
Ti-weighted images, a phenomenon known as paramagnetic relaxation enhancement (PRE), and

decreased signal intensity for T, -weighted images 8! 2,

Multiple physicochemical parameters influence relaxivity and can impact the ligand design
for contrast agents. One key parameter is the hydration number (g), which represents the number
of water molecules in the inner sphere that are directly coordinated to the Gd(III) ion. A higher
hydration number generally leads to higher 7| value since more water molecule interact with the
paramagnetic lanthanide(III) ion, enhancing the relaxation rate. Another parameter is the tumbling
rate (tr), also known as the rotational correlation time, which refers to how fast the molecules
rotates in solution ”. While smaller GBCA molecules presented low relaxivity, macromolecular
Gd(IIT) complexes demonstrate higher relaxivities values by reducing the tumbling rate of the
molecule and increasing the interaction between water protons with the lanthanide(III) ion 3. This
allows an enhancement in the relaxation rate which improves image contrast 3. Additionally, the
water residency time (tm) represents the average time a water molecule coordinated to the Gd(III)
ion remains bound before exchanging with a bulk water molecule. It is estimated that one molecule

of GBCA can relax around 10 million water molecules per second 7 82,

GBCAs, which are excreted through the kidneys, are in general considered safe for patients

with normal renal function. However, in some cases, they have been associated with nephrogenic

14



systemic fibrosis (NSF), with few cases reported in the 2000s. NSF happens in patients with poor
kidney function, due to the release of free gadolinium 8!, and has led to increased interest in

developing new methods and safer contrast agents %.

Dysprosium(III), another paramagnetic lanthanide ion, is considered as a negative contrast
agent ¥ for in vivo Tr-weighted images through a mechanism known as Curie spin relaxation 5°.
This effect is particularly pronounced due to dysprosium (Dy)(III)’s magnetic moment and short
electronic relaxation time, which enhance T» relaxation. The Curie spin relaxation effect increases
with the magnetic field strength, making Dy(III) complexes especially effective at higher fields *’.
Another factor influencing T» relaxation is the water residency time (tvm). Some Dy(III) complexes,
despite having similar rotational correlation times (1r), show the highest T> enhancement when
having the slowest water exchange rate at higher magnetic field *°. Vander Elst et al. * showed
that the transverse relaxivity 7> of their tested complexes depends on both the square of the
magnetic field and the water residency time (tm). Therefore, Dy(III) based complexes with long
v values are considered effective negative contrast agents at high magnetic fields *¢ due to their

efficient transverse relaxivity 7 7.

Additionally, lanthanides can be used as paraCEST agents due to their paramagnetic
properties, modifying the signal of labile protons, causing it to shift from the bulk water resonance
by more than tens of ppm ®. One particular feature of these probes is their ability to be designed
to respond to specific biological conditions such as pH, temperature, concentrations or enzyme
activity °® >*. Among these, applications of ytterbium (Yb)(III) based paraCEST contrast agents,
such as Yb-DOTAM-Gly have shown a change in the net saturation transfer effect from 70 % to
10 % in a 6.0 to 8.8 pH range *®. A thulium(III)-DOTA derivative was also synthesized by coupling

it with a DEVD peptide sequence, allowing the suppression of the CEST signal after caspase-3
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activation *°. This capability highlights the potential of paraCEST agents to monitor biological

processes, offering insights into disease progression and therapeutic responses.

1.3.2. Lutetium as a therapeutic agent

Lutetium (Lu)(III), with its most stable oxidation state of +3, is another lanthanide widely
used in the imaging field. Certain isotopic forms of lutetium(III) can be radioactive, with lutetium-
177 (*""Lu) presenting particular interest in the field of nuclear medicine due to its therapeutic and
imaging properties. These characteristics make !"’Lu an ideal agent for application as a targeted
radionuclide therapy (TRT) agent, also known as radiopharmaceutical therapy **°!. Based on the
emission of different types of particles, including  ones, this specialized form of radiation therapy
delivers targeted radiation to cancer cells °2. In TRT, the radionuclide is conjugated to molecules
that specifically target receptors or antigens expressed on cancer cells. These molecules can be

small molecules, peptides, proteins and antibodies **> *.

TLu is a radioactive isotope with a half-life of 6.65 days, which is long enough to allow for
effective therapeutic use while being short enough to minimize prolonged radiation exposure to
the patient *°. Produced through the irradiation of isotopically enriched '"®Lu or '7®Yb with reactor
neutrons %, '""Lu decays in the majority of events to the stable ground state of the isotope 177
hafnium, emitting B particles and low-energy y photons in the process **. The emission of both y
rays and B particles makes !”’Lu a versatile theranostic agent, suitable for both diagnostic and
therapeutic purposes. The y rays, with their high abundance of photon emissions, are used in

diagnostic molecular imaging to track the biodistribution and uptake of the radionuclide in the
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body ?’. Conversely, the B particles induce the therapeutic effect of !”’Lu. Low-energy B particles
are used for the treatment of leukemias, lymphomas or metastases, while high-energy P particles
are employed for the treatment of solid tumors . These particles travel short distance in tissue,
with a maximum path length of 1.5 mm %°, delivering a high dose of radiation to targeted cells

while minimizing damage to the surrounding healthy tissue *°.

One of the most well-established applications of ""Lu is as a peptide receptor TRT °? in the
treatment of neuroendocrine tumors (NETs), which are known to overexpressed somatostatin
receptors °®. This application has led to the development of "’Lu-DOTATATE (Lutathera),

99, 100 " This radioisotope is complexed to

approved in both Europe and the United-States
DOTATATE, a somatostatin analog designed to inhibit somatostatin receptors *>. DOTATATE is
a fourteen amino acid cyclic peptide, similar to the non-radioactive eight amino acid analog
octreotide *8. In a clinical study involving 52 patients with advanced pancreatic NETs, !7"Lu-
DOTATATE demonstrating significant antitumor activity '°'. Further clinical studies on 310
patients with gastroenteropancreatic tumors, treated with a cumulative activity of up to 27.8-29.6
GBq of ""Lu-DOTATATE, revealed complete and partial tumor remission in 2% and 28% of
patients, respectively 2. The unique properties of !”’Lu-DOTATATE have led to its application

across various types of NETs, including midgut NETs !, but also improving progression-free

survival and quality of life by reducing hormone secretion 1%,

Another type of cancer that benefits from !7’Lu therapy is prostate cancer through the targeting
of prostate-specific membrane antigen (PSMA). PSMA is a transmembrane protein overexpressed

on the surface of prostate cancer cells %8

, making the binding to radioactive isotopes PSMA-
targeting molecules an excellent target for TRT '*°. Initially, a radiolabeled PSMA monoclonal

antibody, J591,was synthesized to target the extracellular domain before being internalized
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through endocytosis. However, this approach led to hematotoxicity, possibly due to the large
molecular size of the antibody '%. To address this issue, smaller '’’Lu radiolabeled molecules were
developed, such as ['7’Lu]-PSMA-617. This compound is primarily used in the treatment of
metastatic castration-resistant prostate cancer and has been shown to increase survival rates in men

with this condition '°7 198,

7TLu is a versatile and effective theranostic agent with applications mostly in both
neuroendocrine tumors and prostate cancer. Its targeted delivery, dual emission properties, and
clinical efficacy make it a valuable tool in the field of nuclear medicine, offering improved

outcomes and quality of life for patients with advanced cancers % 4.

1.4. Biological Basis For Targets of Molecular Imaging Described In This Thesis

1.4.1. Vitamin Bg

Vitamin Bs includes multiple vitamers that are derivative of 2-methyl-3-hydroxy-5-
hydroxymethyl-pyridine. These vitamers include pyridoxine (PN), pyridoxal (PL), pyridoxamine
(PM) and their respective 5’-phosphates, with pyridoxal-5’phosphate (PLP) being the

metabolically active form '%°,

110

2

Considered as an essential nutrient by finding its source in fish, liver, meat, cereals or nuts
metabolism of vitamin Be involves several key steps that ensures its efficient utilization by the
body. Non-phosphorylated Bs vitamers are primarily absorbed in the intestine through a plasma
membrane transporter ''!. The TPNI1 transporter, a member of the purine cytosine permease family

12 'is located on the plasma membrane and functions as a proton symporter with high affinity for
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PN, facilitating its transport into intestinal cells !'3. Once absorbed, vitamers are either transported
directly to the liver for metabolism or undergo metabolic modifications before being transported
114 Pyridoxamine, pyridoxine and pyridoxal are phosphorylated by pyridoxal kinase (PDXK) to
form their respective phosphorylated derivatives. The flavin mononucleotide (FMN)-dependent
enzyme pyridox(am)ine phosphate 5’-oxidase (PNPO) then oxidizes these phosphorylated forms
to produce pyridoxal 5’-phosphate. Conversely, PN can first be oxidized first by PNPO to form
PL, which is then phosphorylated by PDXK to form PLP 'l ''5 If vitamin Bs levels exceed
biological requirements, PLP is dephosphorylated by PDXP to form PL. This PL is subsequently
oxidized to pyridoxic acid (PA) by an aldehyde oxidase before excretion through the urine (Figure

1.3) 116,
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Figure 1.3 Metabolic pathway of vitamin Bs and synthesis of pyridoxal 5'-phosphate (PLP).
Conversion of Bg vitamers (pyridoxine, pyridoxal, pyridoxamine) into the active form, pyridoxal

5’-phosphate (PLP). Key enzymes include pyridoxal kinase (PDXK) and pyridoxal phosphatase

(PDXP).

PLP is involved in over 140 biochemical pathways, including amino acid and neurotransmitter
metabolism, folate and 1-carbon metabolism, protein and polyamine synthesis, carbohydrate and
lipid metabolism, mitochondrial function and erythropoiesis ''!. Its structure presents an aldehyde
group, which enables it to function as a cofactor for enzymes by reacting with the amino groups
of amino acids resulting in a Schiff base. This Schiff base is essential for the majority of enzyme-

catalyzed reactions that require PLP ''7. Beyond its enzymatic roles, PLP has nonenzymatic
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functions such as acting as antioxidants in fungus at similar rates to vitamins C and E ''8. Other
studies demonstrate that PLP exhibits antiepileptic activity by inhibiting the activation of P2X7

receptors 1% 120,

PLP possesses antioxidant properties that help neutralize reactive oxygen species (ROS),

which are known to cause DNA damage and contribute to cancer development '1°

. Many cancers
are treated with cis-diammine-platinum (II) dichloride (CDDP), or cisplatin, although
chemoresistance is observed in some cancers, such as lung cancer 2!, Studies have shown that the
metabolism of PN is involved in the adaptation and cytotoxic response of non-small cell lung
carcinoma to perturbation in homeostasis, such as heat shock, hypoxia, or nutrient deprivation 2,
Additionally, PN, depending on PDXK levels, intensifies CDDP cytotoxicity in vitro and in vivo
of non-small cell lung carcinoma through DNA damage 2. Preclinical studies have demonstrated
that lung cancer cells with higher levels of PLP (the active form) reveal increased sensitivity to
CDDP treatment. /n vivo experiments have shown that co-administering PN with CDDP in mice
enhances the drug’s anti-tumor effectiveness by elevating intracellular B¢ vitamer concentrations,

leading to increased cancer cell death when levels are higher than normal '?!: 2%, Conversely, lung

cancer cells with higher levels of PL (inactive form) display resistance to CDDP !''°,

The metabolism of vitamin Be and its role in lung cancer, particularly its involvement in
chemoresistance to cisplatin, have been investigated. However, few imaging studies have been
conducted to visually highlight these findings or to demonstrate the metabolic pathways of vitamin
Be in cancer applications. The first PN-based Gd (III) complex has been synthesized in 2024 by
Ortos-Arroyo et al. '?° and studied for its potential use as a contrast agent for MRI, focusing on its

crystallographic, magnetic and relaxometric properties. The analysis revealed that this complex
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shows higher relaxivity values compared to the commercially available Gd (III)-based contrast

agent 123,

1.4.2. Cannabinoids

Cannabis sativa produces over 750 compounds, which can be regrouped in different classes.
One of these classes is cannabinoids, which includes more than 100 terpenophenolic secondary
metabolites. Among these, A’-tetrahydrocannabinol (THC) is the main psychoactive ingredients
126 It is produced through a decarboxylation reaction from A’-tetrahydrocannabinolic acid
(THCA), obtained from nonpsychoactive C. sativa extracts 2" 2%, Due to its psychoactive
properties, the consumption of cannabis is associated with both pathological and behavioral
toxicity '%°. Other side effects, such as psychotic symptoms, euphoria, altered perception, increased

anxiety or cognitive deficits ** have been observed in healthy candidates after exposure to THC

131

The effects of THC are primarily mediated through its interaction with the body’s
endocannabinoid system. This system consists of endogenous cannabinoid receptors, known as
CB; and CB; receptors, a G-protein-coupled receptor (GPCR) '*? localized in the presynaptic
junction 133, CB, receptors are predominantly found in the brain and central nervous system but
are also present in the heart, blood vessel, liver, lungs and the digestive system. In contrast, CB»
receptors are mainly located in cells related to the immune system, which is why this receptor is

involved in inflammatory conditions and the regulation of the immune system '*’.
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These receptors are naturally formed in the body to interact with endogenous molecules. This
led to the identification of N-arachidonoylethanolamine, or anandamide (AEA) and 2-arachidonoyl
glycerol (2-AG) as the endogenous agonists, or lipids mediators, of these receptors, ultimately
revealing the existence of the endocannabinoid system '**. The production and activation of the
endocannabinoid molecules depend on elevated levels of calcium ions and are synthesized on
demand from lipid precursors in biological membranes '*°. Once produced, AEA and 2-AG travel
retrogradely, or “backward”, from the postsynaptic neuron to the presynaptic neuron, where they
interact with CB; and CB; receptors inhibiting the release of neurotransmitter '3, To prevent
prolonged activation of cannabinoid receptors, AEA and 2-AG are degraded by fatty acid amide
hydrolase (FAAH) and monoacylglycereol lipase (MAG) respectively '2’. FAAH, found in the
postsynaptic neuron, degrades AEA into arachidonic acid (AA) and ethanolamine, while MAG,

found in the presynaptic neuron, degrades 2-AG into arachidonic acid and glycerol (Figure 1.4)

133
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Figure 1.4 Endocannabinoid system (ECS) signaling pathway. Illustration of the endocannabinoid
system, a complex network of receptors, endogenous ligands, and enzymes that regulates
physiological processes. The ECS includes cannabinoids receptors, CB; and CBy,
endocannabinoids such as anandamide (AEA) and 2-arachidonoyl glycerol (2-AG), and enzymes
responsible for their degradation, including fatty acid amide hydrolase (FAAH) and

monoacylglycerol lipase (MAG).
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Although other receptors in the endocannabinoid system, such as GPRS5S5, transient receptor
potential vanilloid (TRPV), peroxisome proliferator-activated receptor y (PPRY), or serotonin 3A
receptor (5-HT3A), can be activated by endocannabinoids, including A>-THC '3, interaction of
A°-THC with CB; receptors has been shown to induce hypothermia or catalepsy and analgesic
properties '27. However, interaction with CB, receptors induces anti-inflammatory properties.
Other applications of THC have revealed its effectiveness in the treatment of neurodegenerative
diseases of the central nervous system '*” and in managing chemotherapy-induced nausea and
vomiting 3% 134 Once THC enters the body, it undergoes a series of metabolic processes that
ultimately lead to its elimination. Metabolism of THC primarily occurs in the liver where it is
degraded by cytochrome P450 isoenzymes, including CYP2C9, CYP2C19, and CYP3A4 12132,
The main metabolite of THC is 11-hydroxy-THC, which is also psychoactive '*®. Further
metabolism converts 11-hydroxy-THC into 11-carboxy-THC, which is non-psychoactive. This

metabolite then undergoes glucuronidation, making it more water-soluble and easier to excrete '*°.

In addition to its metabolism and elimination, THC exhibits a unique property known as the
depot effect. Due to its high lipophilicity, THC can accumulate in adipose tissues throughout the
body. This accumulation creates a reserve of THC that can be gradually released back into the
bloodstream over time, typically during lipolysis '*°. The subsequent release and redistribution of
THC from adipose tissues can prolong its presence in the body. The depot effect is more
pronounced in chronic users of cannabis, as repeated exposure can lead to significant accumulation
of THC in fatty tissues 2% %!, However, the specific impact of the patient’s sex or age on the depot
effect has not been extensively studied, even if it has been studies for other purposes such as the
impact on the brain %2, While it is known that body composition and metabolic rates can vary

depending on the sex or age of the patients %> 1*4 further research is needed to determine how
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these factors influence THC accumulation in adipose tissues and redistribution. Moreover, it is
worth considering whether the depot effect is impacted by the type of receptor engaged in the
endocannabinoid system and its location in the body. CB; and CB; are distributed throughout
various tissues and organs 2713, The interaction of THC with these receptors may influence its

metabolism, storage and subsequent release from adipose tissues '*.

1.5. Thesis Overview and Goals

The goal of this thesis is to design, synthesize, characterize and evaluate new potential contrast
agents for application in the imaging field of MRI, MRF and CEST-MRI. To map vitamin Bg
metabolism, and more specifically its cofactor PLP, chapter 2 will discuss the synthesis,
characterization and evaluation of a second generation probe known as 2-HYNIC. This probe
exhibits selectivity for aromatic aldehydes and is considered a hydrazone-dependent CEST
contrast agent. Chapter 3 will explore a new synthetic approach for the controlled synthesis of
homo- and hetero-bislanthanide complexes based on a cyanohydroxyquinoline-cysteine
condensation. Each complex will be synthesized and characterized, followed by testing their
relaxivities through MRI and MRF, as well as their optical properties. Building on the same
chemistry developed to combine lanthanides in a 1:1 ratio, chapter 4 will be based on the
theranostic properties of lutetium to incorporate this lanthanide into a new homo-bislanthanide
complex. This will create a potential targeted radionuclide therapy agent against glioblastoma.
Finally, chapter 5 will focus on assessing the effect of physiological characteristics and receptor
engagement by synthesizing and characterizing a new fluorinated THC-based probe. This probe

will be used to evaluate the biodistribution of this potential radiotracer.
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The overall goal of this thesis is to develop and evaluate innovative contrast agents and
theranostic probes for advanced imaging techniques and targeted therapies. By achieving these
goals, the thesis will enhance the understanding of biological processes though innovative imaging

and therapeutic strategies.

1.6. Objectives

To achieve the overall goals of this thesis, which focus on the synthesis and characterization
of potential contrast probes and radiotracers for application in MRI, MRF and CEST, the specific

objectives are as follows:

e Map PLP metabolism: evaluate the efficacy of 2-HYNIC as a potential hydrazoCEST
contrast agent. This includes assessing the formation of hydrazones from derived
metabolites, evaluating the impact of pH and concentration on CEST signal production,
and comparing the first generation probe (NA®) with the second generation probe (2-
HYNIC) in cell lines and tumor xenografts for application in lung cancer (Chapter 2).

e (Combine lanthanides through an uncatalyzed aqueous click reaction: develop
combinations of multiple lanthanides, ranging from europium to lutetium, together, and
characterized them, evaluate their relaxivity values using MRF and test the optical
properties of europium(III) as an emissive lanthanide ion (Chapter 3).

e Utilize lanthanides combination chemistry for radionuclide therapy: apply the chemistry
developed to combine lanthanides by incorporating the radionuclide '""lutetium. This

includes developing a new synthesis to include an azide-modified-L-lysine on the complex,
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allowing the addition of D-VAP and RI-VAP peptides for glioblastoma targeting through
SPAAC chemistry (Chapter 4).

e Investigate the endocannabinoid system: gain a better understanding of the
endocannabinoid system, as receptors are not limited to the brain but are also found in
organs, connective tissues and immune cells. This includes the synthesis of two potentials
radiotracers, ['®F]-w-fluoro-A® THC and ['®F]-w-fluoro-A’ THC, by adding a radioactive
fluorine (*3F) to the end of the aliphatic chain, optimizing the purification process of the
different intermediates to obtain the most accurate signal from receptor engagement

(Chapter 5).
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2.1. Overview of the Research Article Presented in this Chapter

A second generation probe, 2-hydrazinonicotinic acid (2-HYNIC) has been tested as a potential
hydrazoCEST contrast agent. Previous studies reported a first generation probe, N-
aminoanthranilic acid (NA%), which demonstrated selectivity for aliphatic aldehydes. In the other
hand, 2-HYNIC presents selectivity for aromatic aldehydes, such as vitamin Be, producing higher
CEST signal in the presence of pyridoxal 5’-phosphate. Following improvements in the purity and
yield of the synthesis steps, the CEST-MRI properties of 2-HYNIC were thoroughly analyzed. /n
vitro and in vivo studies, using two lung cancer lines, were conducted with both generations of
probes to evaluate the efficacy of 2-HYNIC as a contrast agent for mapping pyridoxal 5’-phosphate

through MRIL
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2.4. Abstract

A new CEST-MRI contrast agent, 2-HYNIC, capable of sensing aromatic aldehydes is
reported. Pyridoxal 5’-phosphate, a key Vitamin B¢ metabolite necessary for >140
biotransformations was mapped by CEST-MRI in vitro and in vivo in lung cancer. 2-HYNIC

provided access to this key biomarker associated with a variety of human diseases.

2.5. Introduction

Vitamin Be, or pyridoxine (PN), is an essential nutrient obtained from our diet that is a
coenzyme necessary for more than 140 biochemical transformations, including neurotransmitter,
amino acid, and glycogen metabolism !. After ingestion, vitamin B metabolism involves four
protein-driven processes: (i) PN is actively taken up into cells by the transporter TPNI; (ii)
intracellular PN is oxidized to the aldehyde pyridoxal (PL) by pyridoxine 5’-phosphate oxidase

(PNPO); (iii) PL is phosphorylated to form the active coenzyme pyridoxal 5’-phosphate (PLP) by
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pyridoxal kinase (PDXK); (iv) pyridoxal phosphatase (PDXP) can dephosphorylate PLP to PL
(Figure 2.1) !. Any extracellular PLP can be salvaged through the action of PDXP and subsequent
cell uptake by TPNI 2. Ultimately, this kinase-phosphatase-oxidase system regulates the
intracellular pool of PLP available for metabolism, providing a sufficient supply to meet metabolic

needs 3.
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Figure 2.1 Uptake and metabolism of pyridoxine to generate pyridoxal (PL) and pyridoxal 5'-
phosphate (PLP). PNPO: pyridoxine 5’-phosphate oxidase, PDXK: pyridoxal kinase, PDXP:

pyridoxal phosphatase.

Because of its central role in the metabolism of key biochemicals essential for cell function,
dysregulation of the PLP-to-PL balance has been associated with a variety of pathologies. PLP-
dependant enzymes are critical for neurotransmitter biosynthesis, and deficiencies in PLP have

been linked to neurodegeneration, pain and depression * °. Pyridoxine metabolic status is also
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related to the severity of injury following neurotrauma, where vitamin Bs supplementation is found
to be neuroprotective ®. Since the intracellular pool of PLP serves as a metabolic nexus,
dysregulation of the kinase- phosphatase activity balance controlling this coenzyme (i.e. low
PDXK, high PDXP) also conferred cancer cell resistance to exogenous chemical or physical stress
(i.e. resistance to therapy) ’. This effect was attributed to a general stress—resistance mechanism
through the multi-pronged limitation of metabolism driven by PLP deprivation, since both PN and
PDXK were necessary for cancer cell sensitization. Importantly, non-small cell lung cancer
patients with low PDXK expression consistently had poorer prognoses across two patient cohorts
7. The key role of the PDXK-PDXP activity balance in health and disease has been exploited for
a range of clinical diagnoses through the measurement of plasma PLP concentrations ®. However,
the assumption that plasma levels of PLP approximate intracellular PLP levels is tenuous: plasma
levels of PLP fluctuate with dietary intake, but intracellular levels remain constant and are under

9 1011 mytations in the kinase-

tight control of the kinase-phosphatase-oxidase system
phosphatase-oxidase system can occur, which would further alter intracellular PLP levels
independently of plasma concentrations '2; vitamin Bs metabolism is sex-dependent !*. Recently,
a fluorogenic probe with high specificity for PLP has been reported and demonstrated to accurately
measure intracellular PLP in cultured human cells ', presenting the first in vitro assay capable of
overcoming the limitations of plasma PLP measurements. While mapping PLP as a marker of the
PDXK-PDXP activity balance in tissues and live organisms would be valuable to both understand

the biochemistry of this coenzyme and to realize its potential as a diagnostic and prognostic

biomarker, accessing intracellular PLP as an in vivo biomarker has remained elusive until now.
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2.6. Results and Discussion

In the presented work we achieved the mapping of PLP levels in vitro and in vivo by chemical
exchange saturation transfer magnetic resonance imaging (CEST-MRI), which builds upon our
previous work developing aldehyde-conditional contrast agents '> %17, With this HydrazoCEST
approach, CEST signal is only produced after the reaction of the hydrazine-derived contrast agent
with an aldehyde to form a hydrazone (Figure 2.2), affording aldehyde-directed activity-based
sensing. The first-generation contrast agent was based on the N-amino anthranilic acid (NAY)
scaffold !7, which was previously shown to undergo rapid and catalyst-free formation of
hydrazones under physiological conditions '” 181 2% By changing the core of the HydrazoCEST
contrast agent from the first-generation NA? to the second-generation 2-hydrazinonicotinic acid
(2-HYNIC) core reported herein (Figure 2.2B), the signalling selectivity of these contrast agents
could be tuned from favouring aliphatic aldehydes for NA?, to favouring aromatic aldehydes for
2-HYNIC (Figure 2.2C vs. D). The chemical synthesis of 2-HYNIC and all hydrazones associated
with this work can be found in supplementary information. We have previously found that a
hydrogen bond between the proton on the proximal hydrazone nitrogen and the neighbouring
carboxylate was necessary for CEST signal generation 7. This hydrogen bond optimizes the
exchange rate between the hydrazone and bulk water for CEST signal production, as has been
reported in other classes of CEST-MRI contrast agents 2:?%2*, 'TH NMR and molecular modelling
studies previously performed suggested that this key hydrogen bonding distance was minimized
when the hydrazone was co-planar with the aromatic ring, i.e. the hydrazone favoured the E-

17

conformation ', and which were applied here to study the origin of the aromatic aldehyde

selectivity of 2-HYNIC. While the acetaldehyde-derived hydrazone of NA3 favours the E
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conformation (Supplementary S2A), that of 2-HYNIC favours the Z conformation
(Supplementary S2B), which may account for the substantial reduction in CEST-MRI contrast
production for aliphatic aldehydes using 2-HYNIC vs. NA3 (Figure 2.2C vs. D). Conversely, only
the 2-formyl- benzenesulfonic acid-derived hydrazone of 2-HYNIC showed hydrazone proton
peak broadening indicative of hydrogen bonding to the neighbouring carboxylate (Supplementary
S2D vs. C). Overall, the Z-spectra obtained demonstrates the inversion of the signalling selectivity
between first- and second-generation HydrazoCEST contrast agents, with 2-HYNIC favouring

signal production from hydrazones derived from aromatic aldehydes.
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Figure 2.2 Aldehyde-dependent signalling selectivity of HydrazoCEST contrast agents. (A)
CEST-MRI contrast is only produced from the hydrazone form of the contrast agent. (B) Chemical
structure of the first-generation (NA%) and second-generation (2-HYNIC) HydrazoCEST-MRI
contrast agents. Z-Spectra (dots) and %MTRasym (lines) for NA3 (C) and 2-HYNIC (D) upon

hydrazone formation with acetaldehyde (orange) or 2-formylbenzenesulfonic acid (black).
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Given the ability of 2-HYNIC-derived hydrazones to provide substantial CEST-MRI
contrast when bound to aromatic aldehydes, we next evaluated the signal production from
hydrazones derived from the reaction of metabolites of vitamin B with NA3 or 2-HYNIC (Figure
2.3). While the NA3-PL hydrazone produced negligible CEST contrast, the PLP-derived
hydrazone resulted in %MTRasym of approximately 10% (Figure 2.3A). A similar signal
enhancement pattern was observed for the 2-HYNIC-derived hydrazones, however at
substantially greater contrast values: the PL hydrazone yielded a %MTRasym of approximately 5%
at 20 mM, while the PLP-derived hydrazone resulted in 12% and 28% at 20 and 40 mM,
respectively (Figure 2.3B). In order to investigate the origin of the enhanced signal production
from 2-HYNIC-PLP hydrazones, the %MTRasym was evaluated over the pH range 6.0 to 12.0
(Supplementary S3). While the NA3-PL(P) and 2-HYNIC-PL hydrazones showed a sigmoidal
dependence of signal on pH with inflection points around pH 10.5 and 9.5, respectively, the 2-
HYNIC-PLP hydrazone maintained high signal production at pH > 7.5 (Supplementary S3B). UV
spectra of the 2-HYNIC-derived hydrazones were acquired from pH 7.5 to 10.0 (0.5 pH unit
increments), with the PL-derived hydrazone showing an increase in the bathochromic absorption
(Aabs 325 — 385 nm) between pH 9.0 and 9.5 (Supplementary S3C and D). When the absorbance
ratio at Asss / A32s was plotted as a function of pH, the sigmoidal curve with an inflection point
between pH 9.0 and 9.5 for the PL-derived hydrazone was recapitulated, however the curve for
the PLP-derived hydrazone remained relatively unchanged over the pH range evaluated
(Supplementary S3E). These spectral data suggest that there is a conformational change in the 2-
HYNIC-PL hydrazone that increases absorption at A = 385 nm at pH > 9.0, promoting enhanced
CEST-MRI contrast. This conformational change was observed through density functional theory

mechanical modelling of the 2-HYNIC-PL and 2-HYNIC-PLP hydrazones in aqueous
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environments at pH 7.5 and 10.0 (Supplementary S4). The 2-HYNIC-PL hydrazone switches from
a twisted conformation at pH 7.5 with a 2.78 A hydrogen bond distance between the hydrazone
proton and neighboring carboxylate to a planar conformation at pH 10.0, reducing the hydrogen
bond distance to 1.79 A (Supplementary S4, top). The 2-HYNIC-PLP hydrazone maintains a
planar hydrazone conformation at both pH 7.5 and 10.0, keeping the hydrogen bond distance
around 1.76 A (Supplementary S4, bottom). Taken together, these data demonstrate that 2-HYNIC
can differentially report on the presence of PL and PLP, where PL-derived hydrazones are poor
CEST-MRI contrast agents at physiological pH due to a nonplanar conformation, but those derived
from PLP maintain a planar conformation and provide substantial CEST-MRI signal at

physiological pH (Figure 2.3C).
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Figure 2.3 The ability of HydrazoCEST contrast agents to detect vitamin B¢ metabolites. (A) Z-
Spectra (dots) and %MTRasym (lines) for NA? upon hydrazone formation with PL (20 mM, grey)
or PLP (20 mM, light purple; 40 mM, purple). The NA3-PL hydrazone was not soluble at 40 mM.
(B) Z-Spectra (dots) and %MTRasym (lines) for 2-HYNIC upon hydrazone formation with PL (20
mM, grey; 40 mM, black) or PLP (20 mM, light blue; 40 mM, blue). (C) Schematic representation
of the ability of 2-HYNIC to produce substantial CEST-MRI contrast upon binding to PLP,

serving as a marker of the PDXK-PDXP activity balance.

Towards the goal of accessing vitamin B¢ metabolism as an imaging biomarker and given the
prognostic value of PDXK activity in lung cancer 7, we compared the capability of NA? and 2-
HYNIC to detect PLP vs. PL by CEST-MRI in two human non-small cell lung cancer cell lines

in vitro: A549 adenocarcinoma and H460 large cell carcinoma (Figure 2.4A). Compared to naive
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cells, only a modest increase in %MTRasym Was observed upon incubation with 20 mM NA3.
However, a substantial increase in contrast resulted from the incubation of both cell lines treated
with 20 mM 2-HYNIC, with the signal being greater in H460 than in A549 (%MTRasym of 3.6 vs.
2.9). Cells were also analyzed for vitamin B¢ metabolite content by liquid chromatography— mass
spectrometry (Figure 2.4B). In naive cells, only PN, PL, and PLP were detected, with the total
intracellular PL + PLP content being similar between H460 and A549 cells. Upon incubation with
2-HYNIC, PL- and PLP-derived hydrazones were found to comprise most of the intracellular PL
+ PLP pool, confirming that 2-HYNIC can enter cells and trap the reactive carbonyl metabolites
of vitamin Be. The total amount of derivatized and free intracellular PL + PLP was not substantially
different between the cell lines tested, however the intracellular PLP-to-PL ratio was greater for
H460 than A549, which corroborates the greater CEST signal in H460 cells following in vitro
imaging (Figure 2.4A). 2-HYNIC was non-toxic within the 2 h incubation time imaged

(Supplementary S5).
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Figure 2.4 Mapping PLP by 2-HYNIC in lung cancer cells in vitro. (A) CEST-MRI (Ao = 6.5
ppm mapped onto a Ti-weighted phantom image) of cell pellets of H460 (top) or A549 (bottom)
naive (left) or after incubation with NA3 (middle) or 2-HYNIC (right). (B) Vitamin B¢ metabolism
was evaluated in A549 (left) and H460 (right) cells by liquid chromatograph—mass spectrometry

either naive (top) or after incubation with 2-HYNIC (bottom).

With the successful imaging of intracellular PLP in vitro, 2-HYNIC was applied to map PLP
in animals bearing heterotopic A549 or H460 tumor xenografts (Figure 2.5). Following the
intravenous administration of 2-HYNIC, an increase in CEST-MRI contrast at Aw = 6.5 ppm was
observed in the tumor and in surrounding tissues (Figure 2.5A), steadily increasing in the tumor
up to 60 min post-injection (Figure 2.5B and Supplementary S5). The location of the A549 tumor
coincided axially with the bladder, which demonstrated similar time-dependent increase in CEST-
MRI contrast (Figure 2.5A1 vs. iii). Similarly to the in vitro results, CEST-MRI contrast was
significantly greater in the H460 tumors after 60 min (p < 0.05), even after normalizing to pre-
injection tumor contrast (Figure 2.5C). Since H460 xenografts were previously found to be more
sensitive to a range of chemotherapeutic agents, including cisplatin, gemcitabine, and vinorelbine

24 the difference in PLP levels between H460 and A549 mapped by 2-HYNIC may inform
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personalized therapy selection. Importantly, all of these agents are components of
chemotherapeutic combinations applied clinically for lung cancer treatment 2°, encouraging future

studies directly investigating the value of 2-HYNIC-mediated PLP mapping for predicting the

efficacy of lung cancer chemotherapy.
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Figure 2.5 Mapping of PLP by 2-HYNIC in vivo in lung tumor xenografts. (A) CEST-MRI (A®
= 6.5 ppm mapped onto an axial Ti-weighted image) of mice bearing A549 (i—iii) or H460 (iv—vi)
before (i and vi), 5 min (it and v), and 60 min (ii1t and vi) after intravenous administration of 2-
HYNIC. Tumor xenografts of A549 and H460 human lung cancers were established in a total of
n=8 (n=4 per tumor cell type). (B) Average %MTRasym value for a tumor region of interest are
plotted over time for A549 (blue) and H460 (purple) tumors. (C) Plot of the average %MTRasym
60 min post-contrast injection normalized to the pre-injection signal for A549 (blue) and H460
(purple) tumors. Plots show mean (horizontal line), standard deviation (box), and min/max range

(whiskers) with individual data points. * p < 0.05.
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2.7. Conclusion

Herein we present a second generation HydrazoCEST contrast agent, 2-HYNIC, enabling the
mapping of PLP in vitro and in vivo by MRI. Unlike the first-generation contrast agent based on
the NA3 scaffold with signalling preference for aliphatic aldehydes, the CEST-MRI contrast
generated by 2-HYNIC is substantially enhanced upon hydrazone formation with aromatic
aldehydes. The importance of vitamin Bs metabolism in health and its alteration in a variety of
pathologies, coupled with the limited number of tools available to directly evaluate intracellular
PLP levels and the lack of tools available for in vivo mapping, encouraged the application of 2-
HYNIC to map aromatic aldehyde Be vitamers key to many biochemical functions. Intracellular
PL:PLP content was mapped in vitro in A549 and H460 human lung cancer cells, with
confirmation of hydrazone formation by mass spectrometry. Importantly, the differences in
PL:PLP content observed in vitro between the two cell lines were recapitulated in vivo, supporting
the ability of 2-HYNIC to map the PL:PLP balance by CEST-MRI. With the introduction of 2-
HYNIC as second-generation HydrazoCEST contrast agent, intracellular PL:PLP content
becomes an accessible imaging biomarker with the potential to illuminate a range of diseases,
opening up new avenues of translational and fundamental research surrounding this critical

coenzyme sourced from our diet.
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2.10. Supplementary Information

2.10.1. General Experimental Procedures

Reagents were commercially available or prepared as stated below. All solvents were
HPLC grade except for water (18.2 MQ cm millipore water) and diethyl ether (Et2O). Volatiles
were removed under reduced pressure in a rotary evaporator. Thin-layer chromatography (TLC)
was carried out on Al backed silica gel plates with compounds visualized by 5% ninhydrin stain
and UV light. Melting points (mp) were obtained on EZ-Melt apparatus and are uncorrected. NMR
spectra were recorded on a 300 spectrometer for 'H NMR spectra § values were recorded as

follows: DMSO-Ds (2.50 ppm), D2O containing one drop of 40% NaOD, pH > 10 (4.79 ppm); for
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13C (93.75 or 125 MHz) 8 DMSO-Ds (39.50 ppm). Mass spectra (MS) were obtained using electron
impact (EI, compound 4) or electrospray ionisation (ESI, compounds 3, 5a and 6a); compounds
5b and 6b were analyzed by tandem ultra-high performance hydrophilic interaction liquid
chromatography-ESI (UPLC-HILIC-Z-ESI) in negative mode using the chromatographic
conditions described previously 2. Synthetic procedures associated with this work can be found

in the Supplementary Scheme S1.
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2.10.2. Synthetic Procedure for the preparation of hydrazones 3, 4, Sa, Sb, 6a and 6b

Preparation of 2-hydrazinonicotinic acid trihydrochloride (2-HYNIC - 3 HCI)

This material was prepared as described previously 2’. Briefly, 2-chloronicotinic acid (1, 1.58 g,
10 mmol) was dissolved in hydrazine hydrate solution (7 mL) and the mixture was stirred for 2 h
at 100 °C. The volatiles were evaporated, the residue was dissolved in water (10 mL), resulting
solution was cooled in an ice bath and the pH was adjusted (pH ~ 5, conc. HCl). Separated
precipitate was filtered off with suction, was washed with ice-cold water and was dried. 2-
Hydrazinonicotinic acid trihydrochloride (2-HYNIC - 3 HCI), pale yellow solid, 1.29 g, 49%.

Spectral characteristics of 2-HYNIC - 3 HCI were in agreement with those described previously

26

Reaction of 2-HYNIC - 3 HCI with 2-formylbenzenesulfonic acid (2)

A suspension of 2-HYNIC - 3 HCI (263 mg, 1 mmol) in MeOH (10 mL) and water (2.5 mL) was
treated with 2-formylbenzenesulfonic acid sodium salt (2, 208 mg, 1 mmol). The mixture was
stirred for 18 h at room temperature (rt), the precipitate was filtered off with suction, was washed
with ice-cold water and was dried. Hydrazone 3, yellow solid, 208 mg, 65%. "H NMR § (D20,
containing 1 drop of 40% NaOH, pH > 10) 8.75 (s, 1H); 8.21 (m, 1H); 8.17 (dd, J = 5.0, 2.0 Hz,
1H); 8.11 (dd, J= 8.0, 2.0 Hz, 1H); 7.85 (ddd, J= 8.0, 1.5. 0.5 Hz, 1H); 7.56 (tdd, /= 7.0, 1.0. 0.5
Hz, 1H); 7.43 (td,J=8.0, 1.5 Hz, 1H); 6.87 (dd, J= 7.5, 5.0 Hz, 1H). 3C NMR § (D,0, containing

1 drop of 40% NaOH, pH > 10) 173.3, 153.9, 150.0, 141.1, 140.9, 140.0, 131.6, 131.5, 129.0,
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126.8 (2 x C), 115.2, 114.3. HRMS (ESI) m/z found 322.0512 [M + H]" (caled 322.0498 for

Ci13H12N305S).

Reaction of 2-HYNIC - 3 HCI with acetaldehyde

Acetaldehyde (170 uL, 3 mmol) was added to a solution of 2-HYNIC - 3 HCI (263 mg, 1 mmol)
in MeOH (2 mL). The mixture was stirred for 18 h at rt, was diluted with Et20 (10 mL) and was
set aside for 2 h at -10 °C. A precipitate formed; it was filtered off, was washed with ice-cold Et,O
and was dried. Hydrazone 4, yellow solid, 116 mg, 65%. '"H NMR & (DMSO-Dg) 11.96 (brs, DO
exch., 0.35H); 11.75 (br s, D20 exch., 0.65H); 8.47 (dd, /= 7.5, 1.5 Hz, 0.65H); 8.41 (dd, J="7.5,
2.0 Hz, 0.35H); 8.30 (dd, J = 5.0, 2.0 Hz, 0.35H); 8.27 (dd, J= 5.5, 1.5 Hz, 0.65H); 7.86 (q, J =
5.0 Hz, 0.65H); 7.08 (q, /= 5.5 Hz, 0.35H); 7.00 (m, 1H); 2.03 (d, /= 5.0 Hz, 1.3H); 1.95 (d, J =
5.0 Hz, 0.7H). 3*C NMR § (DMSO-D¢) 167.6 (minor), 166.4 (major), 152.4 (minor), 150.6 (major),
150.5 (major), 147.3 (minor), 145.3 (major + minor), 145.1 (major), 143.6 (minor), 114.2 (minor),
113.5 (major), 110.2 (major), 110.0 (minor), 18.5 (major), 13.5 (minor). HRMS (EI) m/z; found
179.0695 [M*] (caled 179.0695 for CsHoN3O2), LRMS (EI) m/z (rel. abundance): 179 [M*] (10),

94 (60).
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Reactions of 2-HYNIC - 3 HCI and 5-methoxy-/NV-aminoanthranilic acid dihydrochloride (5-

MeO-NA3 - 2HCI) with pyridoxal and pyridoxal phosphate

Separate suspensions of 2-HYNIC - 3 HCI (132 mg, 0.5 mmol) or 5-MeO-NA? - 2HCI (128 mg,
0.5 mmol) in MeOH (5 mL) and water (2.5 mL) were treated with pyridoxal hydrochloride (102
mg, 0.5 mmol) or pyridoxal phosphate hydrate (, 124 mg, 0.5 mmol). The mixtures were stirred
for 18 h at rt; the precipitates were filtered off with suction, were washed with ice-cold water and

were dried.

Hydrazone 5a dihydrochloride, yellow solid, 141 mg, 75%. '"H NMR § (D-O, containing 1 drop of
40% NaOH, pH > 10) 8.47 (s, 1H); 8.16 (dd, J = 5.0, 2.0 Hz, 1H); 8.08 (dd, J=17.5, 2.0 Hz, 1H);
7.40 (s, 1H); 6.81 (dd, J= 7.5, 5.0 Hz, 1H); 4.45 (s, 2H); 2.28 (s, 3H). *C NMR § (D,0, containing
1 drop of 40% NaOH, pH > 10) 173.3, 161.5, 154.4, 151.9, 150.6, 141.3, 140.8, 132.4, 131.1,
127.8, 115.0, 113.9, 61.3, 19.0. HRMS (ESI) m/z found 303.1108 [M + H]" (calcd 303.1093 for

C14H15N4Os).

Hydrazone 5b hydrochloride, orange solid, 172 mg, 82%. '"H NMR § (D,0, containing 1 drop of
40% NaOH, pH > 10) 8.20 (s, 1H); 8.07 (dd, J= 5.0, 2.0 Hz, 1H); 7.99 (dd, /= 7.5, 2.0 Hz, 1H);
7.59 (s, 1H); 6.85 (dd, J = 7.5, 5.0 Hz, 1H); 4.86 (d, J = 6.0 Hz, 2H); 2.31 (s, 3H). 3*C NMR §
(D20, containing 1 drop of 40% NaOH, pH > 10) 171.0, 152.8, 151.1, 148.3, 144.7, 138.1, 130.9,
130.3 (d, J=8.5Hz), 126.1, 116.3, 114.8, 61.7 (d, J= 4.5 Hz), 15.4. >'P NMR § (D:0, containing
1 drop of 40% NaOH, pH > 10) 0.8 (t, /= 6.0 Hz); 0.8 (s, H-decoupled). HRMS (ESI) m/z found

381.0613 [M - H] (calcd 381.0606 for C14H14N4O7P).
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Hydrazone 6a hydrochloride, red solid, 179 mg, 97%. 'H NMR & (D20, containing 1 drop of 40%
NaOH, pH > 10) 8.28 (s, 1H); 7.32 (s, 1H); 7.25 (d, J=3.0 Hz, 1H); 7.11 (d, /= 9.0 Hz, 1H); 6.91
(dd, J=9.0, 3.0 Hz, 1H); 4.51 (s, 2H); 3.66 (s, 3H); 2.22 (s, 3H). *C NMR & (D0, containing 1
drop of 40% NaOH, pH > 10) 174.6, 161.0, 151.1, 150.9, 140.0, 138.4, 131.6, 130.2, 127.0, 119.5,
118.3,115.1, 114.0, 61.5, 55.5, 19.0. HRMS (ESI) m/z found 332.1259 [M + H]" (calcd 332.1246

for C16H1sN30s).

Hydrazone 6b, orange solid, 186 mg, 90%. 'H NMR § (D,0, containing 1 drop of 40% NaOH, pH
>10) 8.38 (s, 1H); 7.79 (s, 1H); 7.56 (d, J=9.0 Hz, 1H); 7.39 (d, /= 3.0 Hz, 1H); 7.16 (dd, J =
9.0,3.0 Hz, 1H); 5.13 (d, J= 6.0 Hz, 2H); 3.80 (s, 3H); 2.30 (s, 3H). 1*C NMR § (D,0, containing
1 drop of 40% NaOH, pH > 10) 174.9, 160.0, 151.1, 149.1, 140.4, 139.1, 130.3 (d, J = 7.0 Hz),
130.5, 126.8, 119.9, 118.5, 115.3, 115.2, 63.2 (d, J = 4.0 Hz), 55.9, 18.9. *'P NMR & (DO,
containing 1 drop of 40% NaOH, pH > 10) 4.1 (t, J= 6.0 Hz); 4.1 (s, H-decoupled). HRMS (ESI)

m/z found 410.0765 [M - H] (calcd 410.0759 for C16H17N305P).

70



2.10.3. MRI Acquisition Protocols

Z-spectra Acquisition by 300 MHz NMR

CEST spectra were acquired on a Bruker AVANCE 11 300 MHz NMR spectrometer (Bruker Corp.,
Billerica, MA, USA) equipped with a 5 mm BBOF probe. A pseudo 2D pulse sequence was used
with a variable frequency list consisting of 201 values ranging from 20 ppm to -20 ppm (water at
4.7 ppm). At each frequency, 1.15 mW of presaturation power was applied during the 3 second
recycle delay followed by a hard 90° pulse (centered at 2.5 ppm). The proton 90° pulse was 12.75
us. Four scans were averaged for each spectrum. The free induction decays were Fourier
transformed and the integral of the water resonance was plotted as a function of the saturation
frequency to give a CEST plot. Samples were composed of 10:1 PBS:D>O solutions of the
complexes (adjusted to pH 7.5) and were heated to 37 °C using heated forced air through a Model
1025 Small Animal Monitoring and Gating System (SA Instruments, Inc., Stony Brook, NY).
Similar methodology was used to evaluate the pH (15 mM, 37 °C, pH range range 6.0 to 12.0,
increments of 0.5 pH unit) sensitivity of selected agents. Z-spectra were processed using MatLab
(v. 2017b, MathWorks, Inc., MA, USA) and invoking the Interactive Peak Fitter code (v.12.1) [T.
O’Haver https:/terpconnect.umd.edu/~toh/spectrum/InteractivePeakFitter.htm] to fit Lorentzian
curves to the acquired data. Spectra were plotted in GraphPad Prism (v. 7.0c, GraphPad Software,

Inc., CA, USA).
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CEST MRI Acquisition Routine & Analysis

All CEST-MRI acquisitions were performed on a 3T pre-clinical MRI (MR Solutions, Ltd.). A
single slice Single Shot Shot Rapid Imaging with Refocused Echoes (RARE) pulse sequence was
implemented with the following parameters: Average=1, Matrix size=96x96, TE=7 ms, Echo
Spacing=7 ms, TR=6000 ms, CEST Length=5000 ms. Field of view (FOV), slice thickness,
spectral width for the Z-spectra and the sampling step size were different for in vitro and the in
vivo protocol and are outlined in the sections below. In order to correct for By inhomogeneity, a
Water Saturation Shift Referencing (WASSR) sequence was implemented prior to any Z-spectra
acquisitions 8. For WASSR, Z-spectra were acquired from +200 to -200 Hz at 25 Hz steps, and a
pre-saturation pulse B amplitude B; = 0.65 uT. The total acquisition time for WASSR was 1 min
42 seconds. Images were post-processed and analyzed using the Matlab routine provided by
Guanshu Liu et al., available for download here: http://godzilla.kennedykrieger.org/CEST/ .
Code modifications were necessary to read the vendor specific imaging files and to reorder the
image data. Maps of %MTRasym were generated and overlaid onto the Ti-weighted RARE images

acquired in the same slice.

In vitro CEST MRI

A549 and H460 cells were cultured in T125 flasks in DMEM media supplemented with 10% FBS
and 1% PenStrep in a humidified CO: incubator until the cells reached 70% confluency. Media
was replaced with media alone, media containing 20 mM NA?, or media containing 20 mM 2-
HYNIC, and cells were left to incubate overnight. Cells were then lifted by trypsinization, washed

with 1 x PBS, and suspended in 200 pL 1 x PBS. The suspension was added to microcapillary
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tubes sealed at one end, which were placed into Eppendorf tubes sealed-end down and centrifuged
for 2 min at 1200 rpm to pellet the cells in the microcapillary. Microcapillary tubes were then
inserted into a 50 mL Falcon tube containing ultrasound gel, comprising the MRI phantom. The
MRI phantom was placed into a 38 mm diameter send and receive volume coil and inserted into
the MRI. Z-spectra were acquired as described above, with a slice thickness of 7 mm, an FOV of
40 x 40 mm, spanning +2000 Hz to -2000 Hz centered on the water resonance, sampling in 50 Hz
steps, and a pre-saturation pulse B; amplitude By = 2.61 uT. Acquisition time was 13 min 56

seconds.

In vivo CEST MRI study

All animal studies were conducted under Animal Use Protocol SCe-3254-R1 approved by the
TACUC at the University of Ottawa. Tumor xenografts of A549 and H460 human lung cancers
were established in a total of n=8 (n=4 per tumor cell type) 6 week-old female nu/nu mice (Charles
River Laboratories) through the subcutaneous injection of 2 x 10° cells suspended in 1 x PBS
above the rear left flank. Four to six weeks after cell injection, CEST MRI imaging was performed.
Prior to imaging, tail veins were cannulated with an ~Im long cannula (~100 pL dead volume),
permitting intravenous injection in the MRI. Mice were warmed and respiration rate was
monitored through the duration of the imaging experiment. Tumors were centered in the FOV
using standard localizer sequences. A WASSR sequence was performed, followed by CEST MRI
prior to contrast agent administration (single slice, slice thickness = 2.0 mm FOV = 35 x 35 mm,
CEST frequency range from +1500 to -1500 Hz centered on the water resonance, sampled in steps
of 100 Hz, a pre-saturation pulse B1 amplitude B1 = 2.61 uT, and acquisition time 3 minutes 6

seconds). After the completion of the initial Z-spectrum, each mouse received a bolus injection of
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100 pL of 40 mM (~0.85 mg) dissolved in saline, and the line was flushed with 100 pL saline. No
adverse events were noted in any of the mice receiving 2-HYNIC injections. Post-contrast Z-
spectra were acquired sequentially for 60 min post-injection. Using the Matlab routine provided
by Guanshu Liu et al. %, regions of interest (ROI) were drawn over the entire tumor area of each
image, and the average %MTRasym for that ROI was calculated as part of the analysis routine. The
%MTRasym value at Ao = 6.5 p.p.m. was plotted for each animal before, 5 and 60 min after injection
of 2-HYNIC. The ROI values of %MTRasym for each mouse at 60 min post-contrast injection were
normalized to pre-injection (i.e. background) levels. Time-course data were analyzed by two-way
ANOVA with Sidak’s multiple comparisons, and post-contrast/pre-contrast data was analyzed by

two-way t-test using Prism (v. 9.1.0., GraphPad Softwae, LLC).

2.10.4. Vitamin Bs Metabolites Quantification Protocol

Vitamin Bs Metabolite Quantification

Pyridoxal hydrazone, pyridoxal 5’-phosphate hydrazone and related compounds were quantified

in samples by liquid chromatography-mass spectrometry (LC-MS).

A549 and H460 cells were seeded in 100 mm tissue culture-treated dishes and cultured with
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10 % fetal bovine serum (FBS)
and 1 % penicillin-streptomycin in a humidified CO; incubator until the cells reached 70%
confluency. Twenty-four hours after seeding, the media was replaced with fresh media alone. After
another 24 hrs, the media was replaced with fresh media alone or containing 20 mM 2-HYNIC

and incubated for 4 hrs. Two technical replicates for each of the three biological replicates were
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performed, with biological replicates performed one week apart. Polar metabolites were liquid-
liquid extracted from confluent cell cultures using LC-MS grade solvents (Optima, Fisher;
OmiSolv, Sigma). Cells were rinsed with ice cold 150 mM ammonium formate, pH 7.4 and
quenched with -20 °C equilibrated 50 % methanol (360 pL). The cell slurry was transferred to
prechilled tubes containing 1.4 mm ceramic beads (Omni International) and 220 uL of ice-cold
acetonitrile. Cells were lysed by bead beating (MagNA Lyser, Roche Diagnostics) at 2000 RPM
for two rounds of one minute. Ice-cold dichloromethane (600 pL) and H>O (300 pL) were then
added, and samples were vortexed and incubated on ice for 10 minutes. Samples were centrifuged
at 4,000 RPM for 10 minutes at 1°C and the supernatants collected and dried by vacuum
centrifugation at -4 °C (Refrigerated Centrivap, Labconco). The resulting dried polar metabolite

extract was stored at -80 °C until LC-MS analysis.

Samples were resuspended in H>O and run on a 6470 Triple Quadruple MS equipped with a 1290
Infinity ultraperformance LC system utilizing the Metabolomics Dynamic MRM Database and
Method (Agilent), which uses an ion-pairing reverse phase chromatography. This method was
optimized for phosphate-containing metabolites with the addition of 5 uM InfinityLab deactivator
(Agilent) to mobile phases A and B, which requires decreasing the backflush acetonitrile to 90 %.
Precursor/product ion pairs for pyridoxamine, pyridoxine, pyridoxal 5-phosphate were present in
the database, but ion pairs were optimized with neat standards for the novel compounds pyridoxine
hydrazone and pyridoxal 5-phosphate hydrazone (Supplementary S56). Relative metabolite
quantifications were calculated by interpolating external compound calibration curves in Mass

Hunter Quantitative Analysis 10.0 (Agilent).
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Live-Dead Flow Cytometry Assay

A549 cells were cultured in DMEM supplemented with 10 % fetal bovine serum and 1 %
penicillin-streptomycin. The cells were maintained under cell culture conditions (37 °C, 5 % COx,
and in a humidified environment). Cells were passaged into a 24-well plate and grown to
confluency. At confluency, fresh phenol red-free media was added with and without 20 mM
sterile-filtered 2-HYNIC, and incubated under cell culture conditions for 2 or 4 hrs. At the
appropriate time point, cells were washed with sterile Dulbecco’s phosphate buffered saline
(DPBS) and detached from the plate by incubation with 0.25 % trypsin-EDTA. Cells were
resuspended in phenol red-free DMEM and pelleted by centrifugation (5 min, 1000 xg, 4 °C). The
supernatant was aspirated, and cell pellets were resuspended in LIVE/DEAD® Viability stain
(ThermoFisher), consisting of 1 uM calcein-AM and 2 uM ethidium homodimer-1 in DPBS. This
solution was incubated for 20 min under cell culture conditions. After performing standard
compensation, cell solutions were examined using a Gallios flow cytometer using a 488 nm
excitation (530/30 bandpass) for calcein- AM (live cells, green) and 530 nm excitation (610/20

bandpass) for ethidium homodimer-1 (dead cells, red).
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2.10.5.'"H-NMR of the Hydrazone NH Proton in Hydrazones 3 and 4
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S2. 'H-NMR of the hydrazone NH proton, supporting conformational assignment across
tested hydrazones. Acetaldehyde-derived hydrazones of NA® (A) and 2-HYNIC (B), and 2-
formylbenzenesulfonic acid-derived hydrazones of NA* (C) and 2-HYNIC (D) are shown. The E

and Z conformations are indicated on the acetaldehyde-derived hydrazone spectra.
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2.10.6. CEST Effect as a Function of pH and UV Spectrometry of Hydrazones 5a, Sb, 6a

and 6b
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S3. The effect of pH titration on the CEST-MRI contrast generation and UV
spectrophotometry of PL(P)-derived hydrazones. Solutions (40 mM) of NA? (A) or 2-HYNIC
(B) derived hydrazones of PL (purple) or PLP (blue) were adjusted to the pH values between 6.0
and 12.0. Limited solubility at low pH prevented the full pH range to be evaluated for all
compounds. The effect of pH on the absorbance spectrum of 2-HYNIC-derived hydrazones of PL
(C) and PLP (D) was evaluated. (E) The ratio of the absorbance at A.ps = 385/325 nm was plotted

over the range of pH values tested.
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2.10.7.Molecular Mechanics Simulation of the Effect of pH on Hydrazones 5a and 5b

Conformations

IHigh

2-HYNIC-PL

Electrostatic Potential

Low

2-HYNIC-PLP

S4. Molecular mechanics simulation of the effect of pH on hydrazone conformations.
Structural optimization was performed using a B3LYP routine in water as implemented by
WebMO, resulting in the conformations shown. 2-HYNIC-PL (fop) and 2-HYNIC-PLP (bottom)
hydrazones were simulated in aqueous media at pH 7.5 (left) or pH 10.0 (right), and energy
minimizations were performed. The hydrogen bond distance between the hydrazone proton and

neighboring carboxylate were calculated and are indicated as dashed black lines.
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SS. In vitro cytotoxicity of 2-HYNIC in A549 lung cancer cells. The fraction of live (blue) and
dead (purple) cells are plotted for cells prior to (0 h), and 2 and 4 h after treatment with 20 mM 2-

HYNIC. Bar height represents the mean and whiskers represent the standard deviation of n=3

trials. ns = not statistically significant, * p<0.05.
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S6. %MTRasym Data. The %MTRuasym plots from two representative bearing either A549 (top) or
H460 (bottom) tumor xenografts are provided. Plots show pre-contrast data (black), data acquired
5 min after injection of 2-HYNIC (light blue: A549, light purple:H460), and 60 min after 2-HYNIC

injection (dark blue: A549, dark purple: H460). Dashed vertical line demarcates Aw = 6.5 p.p.m.
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2.10.8. Detailed Spectral Characterization of Hydrazones 3, 4, Sa, Sb, 6a and 6b
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S7. "TH NMR spectrum of hydrazone 3. Due to solubility problems, the spectrum was acquired

in D0, containing 1 drop of 40 % NaOH, pH > 10.
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S8. 'H NMR spectrum of hydrazone 3, expanded view.
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S9. 'H NMR spectrum of hydrazone 3, expanded view.
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S10. '"H NMR spectrum of hydrazone 3, expanded view.
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S11. 13C NMR spectrum of hydrazone 3. Due to solubility problems, the spectrum was acquired

in D>0O, containing 1 drop of 40 % NaOH, pH > 10.
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S12. 3C NMR spectrum of hydrazone 3, expanded view.
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S14. 'TH NMR spectrum of hydrazone 4 in DMSO-Ds, expanded view.
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S15. 'TH NMR spectrum of hydrazone 4 in DMSO-Ds, expanded view.
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S16. 'TH NMR spectrum of hydrazone 4 in DMSO-Ds, expanded view.
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S19. 3C NMR spectrum of hydrazone 4 in DMSO-Ds, expanded view.

94



4.449

T T T
9 8 7 G 5 4 3 2 1 ppm

0.924 —

018
3.006

0.971\
0.972-
0.990 —
1.000 —

2

S20. '"H NMR spectrum of hydrazone 5a. Due to solubility problems, the spectrum was acquired

in D>O, containing 1 drop of 40 % NaOH, pH > 10.

95



- W oy N W0 Vo ™=
- O WO = A ~ W
< — oo ©o
w cx):l:owco 0w O

. 971

S21. 'H NMR spectrum of hydrazone 5a, expanded view.
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S22. '"H NMR spectrum of hydrazone 5a, expanded view.
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S23. 13C NMR spectrum of hydrazone 5a. Due to solubility problems, the spectrum was acquired

in D>20O, containing 1 drop of 40% NaOH, pH > 10.
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S24. 13C NMR spectrum of hydrazone 5a, expanded view.
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S25. 'TH NMR spectrum of hydrazone 5b. Due to solubility problems, the spectrum was acquired

in D20, containing 1 drop of 40 % NaOH, pH > 10. The signal at  3.31 ppm is due to the presence

of MeOH in the sample.
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S26. "H NMR spectrum of hydrazone 5b, expanded view.
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S27. '"H NMR spectrum of hydrazone 5b, expanded view.
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S28. Phosphorus decoupled "TH NMR spectrum of hydrazone 5b. The signal at § 3.31 ppm is

due to the presence of MeOH in the sample.
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S29. Phosphorus decoupled "H NMR spectrum of hydrazone 5b, expanded view.
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S30. Phosphorus decoupled "H NMR spectrum of hydrazone 5b, expanded view.
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S31.13C NMR spectrum of hydrazone 5b. Due to solubility problems, the spectrum was acquired
in D>0O, containing 1 drop of 40 % NaOH, pH > 10. The signal at 8 49.0 ppm is due to the presence

of MeOH in the sample.
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S32. I3C NMR spectrum of hydrazone 5b, expanded view.
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S33. I3C NMR spectrum of hydrazone 5b, expanded view.
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S35.31P NMR spectrum of hydrazone 5b. Due to solubility problems, the spectrum was acquired

in D0, containing 1 drop of 40% NaOH, pH > 10.
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S36. 3'P NMR spectrum of hydrazone 5b, expanded view.
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S37. Proton decoupled 3'P NMR spectrum of hydrazone 5b.
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S38. Proton decoupled 3'P NMR spectrum of hydrazone 5b, expanded view.
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S39. 'TH NMR spectrum of hydrazone 6a. Due to solubility problems, the spectrum was acquired

in D0, containing 1 drop of 40 % NaOH, pH > 10.
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S40. '"H NMR spectrum of hydrazone 6a, expanded view.
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S41. 3C NMR spectrum of hydrazone 6a. Due to solubility problems, the spectrum was acquired

in D0, containing 1 drop of 40 % NaOH, pH > 10.
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S42. 13C NMR spectrum of hydrazone 6a, expanded view.
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S43. 'TH NMR spectrum of hydrazone 6b. Due to solubility problems, the spectrum was acquired

in D0, containing 1 drop of 40 % NaOH, pH > 10.
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S44. 'TH NMR spectrum of hydrazone 6b, expanded view.
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S45. 'TH NMR spectrum of hydrazone 6b, expanded view.
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S46. Phosphorus decoupled "H NMR spectrum of hydrazone 6b.
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S47. Phosphorus decoupled "H NMR spectrum of hydrazone 6b, expanded view.
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S48. Phosphorus decoupled "H NMR spectrum of hydrazone 6b, expanded view.
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S49. 3C NMR spectrum of hydrazone 6b. Due to solubility problems, the spectrum was acquired

in D0, containing 1 drop of 40 % NaOH, pH > 10.

124



a2 O m el m oo
= 0w y o ] (=0
o I w1 el o
e I = © e
Mmoo i — pu ——
—— - — — —
[ |

\ %

| | |J

[ i "
4 T gl AR Aot '“wwﬂlHv«w,n*www@ et

S50. 3C NMR spectrum of hydrazone 6b, expanded view.
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S51. 3C NMR spectrum of hydrazone 6b, expanded view.
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S52.31P NMR spectrum of hydrazone 6b. Due to solubility problems, the spectrum was acquired

in D20, containing 1 drop of 40 % NaOH, pH > 10.
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S53. 3P NMR spectrum of hydrazone 6b, expanded view.
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S54. Proton decoupled 3'P NMR spectrum of hydrazone 6b.
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S55. Proton decoupled 3'P NMR spectrum of hydrazone 6b, expanded view.
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2.10.9. Validation of Vitamin B¢ Metabolite Detection

A Pyridoxal 5-phosphate Hydrazone — Product Ion Scan

Pyridoxal Hydrazone — Product lon Scan
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S56. Validation of Vitamin Bs metabolite detection and quantification by liquid
chromatography-mass spectrometry. Product ion scans are provided for the 2-HYNIC
hydrazone of PLP (A) and PL (B), as well as LC-MS chromatogram (C). Standard curves for the
detection of hydrazones of 2-HYNIC with PLP (D) and PL (E) are provided. (F) Detailed
methodology for LCMS detection of Vitamin Bs metabolites, including 2-HYNIC hydrazones, are

tabulated.
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3.1. Overview of the Research Project Presented in this Chapter

A new approach has been developed to combine two lanthanides withing the same complex by
generating a 4,5-dihydrothiazoline ring. In this method, individual synthons complexed to
lanthanides, ranging from europium(Ill) to lutetium(Ill), are synthesized separately. These
synthons are then coupled through an uncatalyzed click reaction. The primary focus of this project
was on developing the chemistry required to couple these two lanthanides within the same
complex. This involved optimizing reaction conditions, ensuring the stability of the resulting
complex and its characterization. Following this, their potential applications in MRI and optical
imaging were explored. The unique properties of lanthanides, such as the magnetic properties of
gadolinium(IIl), and luminescent characteristics of europium(IIl), make them ideal candidates for

enhancing the sensitivity and specificity of imaging techniques.
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performed photoluminescence spectroscopy. E.M.SP.B. prepared the samples for relaxivity

measurements with the support of H.E. and A.M realized the analysis of the data.
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3.3. Copyright

A manuscript based on this chapter will be submitted to a journal for potential publication.

3.4. Abstract

Lanthanides have valence shell configurations that make them unique beacons for magnetic
resonance imaging (MRI) and fluorescence imaging, depending on the identity of the specific
chelated lanthanide. Here, a new synthetic approach for the controlled synthesis of homo- and
hetero-bislanthanide complexes, from europium(IIl) to lutetium(IIl), is introduced through an
aqueous, uncatalyzed “click” reaction based on the cyanohydroxyquinoline-cysteine condensation.
Using this approach, a library of homo- and hetero-bislanthanide compounds was generated from
single stable building blocks, and their image signalling properties were evaluated to extend this
proof of concept. Both longitudinal and transverse relaxivities including T1/T> ratio images were
acquired on a 3T MRI scanner, with Gd-Gd-containing compounds showing the highest
relaxivities when compared to other bislanthanide combinations. Optical properties of Eu-
containing combinations of some of these lanthanides were also evaluated, benefiting from energy
transfer between the quinoline benzothiazole chromophore product of the click reaction and the
chelated lanthanide centres. The synthetic building block approach described herein affords the
facile and controlled generation of bislanthanide chelates in aqueous media to support the

exploration of heterobifunctional species.
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3.5. Introduction

Lanthanides, a subset of rare-earth metals '

, are composed of 15 elements spanning
lanthanum(I1II) to lutetium(III), and their utility in magnetic and luminescent probes and chemical
sensors has emerged over the last century. The everyday application of lanthanide ions to
diagnostic medical imaging as gadolinium-based contrast agents (GBCA) for magnetic resonance
imaging (MRI) is of significant impact 2. The development of new contrast agents for MRI is
ongoing, not only to provide molecular-level diagnostics through responsive contrast agents
enabling molecular imaging, but also driven by advances in image acquisition routines bringing
new capabilities to translational MRI. For example, the emerging approach of MR fingerprinting,
which is the ability to rapidly and simultaneously discriminate between multiple MR-active

species through their unique relaxational properties > *

, may open new avenues for multiplexed
contrast agent imaging approaches. In any iteration, lanthanide-based MRI contrast agents must

form stable lanthanide chelates to be non-toxic while altering the water proton longitudinal (R1) or

transverse (R») relaxation rates to generate MRI contrast > .

Lanthanide ion complexes can also display fluorescence properties amenable to biologically-
relevant optical imaging 7. Europium(III) and terbium(III) are known to be emissive lanthanides
that have found utility in immunoassays °, live cell microscopy °, and even as a bimodal
luminescence-MRI contrast agent for glutathione sensing '°. Because the f-f transition energies
match those of visible to near-infrared wavelengths, lanthanides have also been applied to
resonance energy transfer (RET) systems as the emissive components for DNA biosensing !! or

the evaluation of protein-protein interactions in living cells. !> '3 Lanthanide-based optical probes
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are also interesting choices for time-gated RET detection !* ' due to their large Stokes shift and

long emission lifetimes '°.

Having two or more lanthanides together in the same complex has the potential to expand the
functionality of the resulting molecule or material, opening new applications not accessible by
monometallic species. The ongoing search for lanthanide-based compounds and materials has
resulted in the exploration of multimetallic complexes with combinations of two or more
lanthanide elements in a single molecule. These multimetallic complexes have been synthesized
through different approaches, including the Ugi reaction '® 7| diazotization '® or Cu(I)-catalyzed
azide-alkyne cycloaddition (CuAAC) '°. Previously reported methods have different limitations,
notably the time of the reaction, which can take from 2 '8 to as long as 6 days for chelation plus 4
days of purification by dialysis !”. For lanthanide combinations based on CuAAC, microwave
irradiation is needed, which may not be widely accessible '°. The majority of reactions seeking to
combine two lanthanides in one molecule are based on the Ugi reaction, which is a ternary reaction
system culminating in the formation of o-aminoacyl amides '® . These multicomponent systems
are however limited by synthetic complexity and sensitivity to acidic media 2°, encouraging the

search for alternative synthetic approaches to homo- and hetero-bislanthanide compounds.

Herein we report a synthetic approach for the controlled combination of two lanthanide
centers, either homo or heterometallic, based on the formation of (6-hydroxyquinolin-2-yl)-4,5-
dihydrothiazole (HQDT) from L-cysteine and 2-cyano-6-hydroxyquinoline (CHQ) 2!'. This
approach is predicated upon the synthesis of stable single lanthanide building blocks that combine
in arapid, 1-to-1 manner and avoids polymerization. This route is a less molecularly complex way
to combine lanthanide-containing synthons in aqueous media through a 2-component, as compared

to a 3- or 4-component, reaction >2. Previous approaches to synthesize 2-thiazoline, or 4,5-
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dihydrothiazole, combined a benzonitrile with L-cysteine, requiring organic solvent or co-solvent
23,2425 Herein, we employed a condensation reaction that is phosphate buffer-compatible 2! 26,

which allowed for easy control of the covalent combination of two lanthanide centers.

In this proof-of-concept synthesis approach towards heterobimetallic agents, a library of 17
different hetero- and homo-bislanthanide complexes from europium to lutetium was created in a
controlled 1:1 ratio, and the effect of bislanthanide combinations on MRI and optical signal

production properties were explored.

3.6. Results and Discussion

In order to meet the objective of this work, which is a synthetic approach to homo- or hetero-
bislanthanide complexes in aqueous media, the bislanthanide complex was divided into two
synthons affording a rapid and reproducible conjugation: a cysteinyl-DOTA component (Figure
3.1, 12), and a 2-cyano-6-hydroxyquinoline-DOTA (CHQ DOTA) component (Figure 3.2, 16).
The unidirectional nature of the reaction, in that covalent linkage only occurs between one
cysteinyl and one quinolinyl component, ensures total control over the resulting bislanthanide
combination. Importantly, this method avoids the use of metal catalysts that could displace the

chelated lanthanide through transmetallation.

After protecting the free amino-group of Boc-N-phenylenediamine with Fmoc (7), the
synthesis of cysteinyl-DOTA starts with an orthogonal deprotection of the N-Boc-N’-Fmoc-
phenylenediamine, followed by conjugation to Boc-S-trityl-L-cysteine, resulting in Boc-Cys(Trt)-

NH-(4-N’-Fmoc)-phenylenediamine (8) with a 75% yield. Following the deprotection of Fmoc to
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give Boc-Cys(Trt)-phenylenediamine (9), and HBTU-driven amide coupling to DOTA-OtBu

monoacetic acid, the fully protected cysteinyl-DOTA conjugate (10) was obtained in a 36% yield

(Figure 3.1). In order to obtain the CHQ-DOTA synthon, 6-hydroxy-2-cyanoquinoline (13) was

formed from 6-methoxy-2-quinolinecarbonitrile and pyridinium chloride with a 45% yield (Figure

3.2). Following the reaction with N-Boc-3-bromopropylamine to generate 6-O-(3-N-Boc-amino)

propoxy-2-cyanoquinoline (14, 86% yield), Boc deprotection and HBTU-mediated coupling to

DOTA-OtBu monoacetic acid yielded the fully protected quinolinyl-DOTA conjugate (15).

1) DCM, TFA, 1h, RT
i) Boc, S-trityl-L-cysteine H

H
H2N N HOBT, HBTU, DIPEA, DMF N HzN
Fmoc : : Fmoc 9 H O H
@N Boc  FmocCl DCM, DIPEA ONBOC 181, RT O\N*[Nsoc MeNH,, THF @N N
H 6h, RT H 75% HoLg 6h, RT ROl
86% i 88% Tt
7 9
. DOTA-Tris(Bu),
36% HOBT, HBTU
DIPEA, DMF
18h, RT
OTQ e 0 o Oz,ouau o
) LnCls -6 H,0, HoO — —
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Figure 3.1 Chemical synthesis of the cysteine moiety of the complex where Ln can be Eu(IIl),

Gd(I1I), Tb(I1T), Dy(I1I), Ho(I1I), Ex(I11), Tm(IIT), Yb(III), Lu(IIl) or no lanthanide. Fmoc-CI: 9-

fluorenylmethyloxycarbonyl  chloride; DCM:

dicholormethane;

DIPEA: N,N’-

diisopropylethylamine;, TFA: trifluoroacetic acid; HOBT: 1-hydroxybenzotriazole; HBTU:

Hexafluorophosphate Benzotriazole Tetramethyl Uronium; DMF: N,N’-dimethylformamide;

THF: tetrahydrofuran, TIPS: triisopropylsilane; RT: room temperature.
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Figure 3.2 Chemical synthesis of the quinoline moiety of the complex where Ln can be Eu(IlI),
Gd(I1T), Tb(Il), Tm(IM), Lu(Ill). Py" CI: pyridinium chloride; Nal: sodium iodide; K>COj:
potassium carbonate; DCM: dicholormethane; DIPEA: N,N’-diisopropylethylamine; TFA:
trifluoroacetic acid; HOBT: 1-hydroxybenzotriazole; HBTU: Hexafluorophosphate Benzotriazole
Tetramethyl Uronium;, DMF: N,N’-dimethylformamide; TIPS: triisopropylsilane; RT: room

temperature.

With the aim to load the desired lanthanide into each synthon, each of the trityl-conjugated
cysteinyl-DOTA (10) and CHQ-DOTA (15) were fully deprotected and were treated with the
desired lanthanide(III) chloride hexahydrate overnight to provide lanthanide(III)-loaded cysteinyl-
DOTA (12) (Figure 3.1) and CHQ-DOTA (16) (Figure 3.2) synthons. A library of nine different
lanthanide chelates, from europium to lutetium, was prepared for the cysteinyl-DOTA synthon,
and three different lanthanides, including europium(IIl), gadolinium(Ill) and thulium(IIl) were
prepared for the CHQ-DOTA synthon. Each synthon was individually purified by HPLC before
structural characterization by high resolution mass spectrometry (HRMS). These lanthanides ions
were chosen due to the known magnetic properties of Gd(III) % ¢ and Dy(III) 27 2% 2° the known
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visible and near-infrared optical properties of Eu(III), Tb(III), Dy(III), Ho(III), Ex(III), Tm(III) and

Yb(III) 112131415 "and the optically and magnetically silent Lu(III) as negative control.

With the lanthanide-loaded individual synthons in hand, the catalyst-free click reaction to
form the 4,5-dihydrothiazole linkage resulting in homo- or hetero-bislanthanides complex 17 could
proceed (Figure 3.3). This coupling reaction is well-suited to bimetallic species on account of it
being metal free, rapid (35 min at 50 °C), and performed in aqueous buffer. A combination of 17
bislanthanide complexes was synthesized, purified and characterized by HRMS (see
Supplementary Information). Importantly, the chelation of lanthanide into each building block
prior to click condensation prevents cross-lanthanide carboxylate coordination, preventing
polymerization as supported by HRMS data. To the best of our knowledge, this is the first chemical
approach to combine lanthanides at a controlled 1:1 ratio for bislanthanide complexes using an
uncatalyzed aqueous click reaction. With these complexes in hand, we could begin a proof-of-
concept exploration of their magnetic resonance and optical signal production properties. Although
it would have been ideal to obtain single crystals of individual synthons and bislanthanide
complexes to perform more in-depth characterizations, the bulkiness of the molecules makes

crystallization difficult. However, our crystallization efforts are ongoing.
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Figure 3.3 Rapid, aqueous condensation of the cysteinyl-DOTA and quinolinyl-DOTA synthons

to result in a 2-dihydrothiazole linkage. DTT: dithiothreitol; PBS: phosphate buffer saline.

Magnetically active complexes were based on the combination of Gd(III) chelated by the
CHQ-DOTA synthon with 9 different cysteinyl-DOTA chelates selected from Eu(III) to Lu(III),
as well as one with an unoccupied DOTA moiety. Ti and T> images of these complexes were
acquired on a 3T MRI scanner to evaluate their effect on water proton relaxation (Figure 3.4). We
evaluated each cysteinyl and CHQ synthon as monolanthanide agent prior to their combination
into bislanthanide complexes. Gd(III)-CHQ-DOTA and Gd(III)-cysteinyl-DOTA synthons
resulted in a shortening of the T, relaxation time. This effect was similar to the contrast production
by the monolanthanide Gd(III) chelate, Gadovist, used in routine clinical contrast-enhanced MRI

39, None of the monolanthanide synthons resulted in appreciable To-weighted contrast changes at
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3T. When the synthons were combined into Gd-containing bislanthanide complexes and evaluated
in an in vitro phantom, all complexes showed similar contrast enhancement effects to the
monometallic Gd(III)-CHQ-DOTA: substantial Ti-weighted contrast enhancement, but limited
To-weighted effects (Figure 3.4). While differences in Ti and Tr-weighted effects of each
bislanthanide combination were observed, the overall T1/T> ratio showed limited variation (0.9 to
1.2), which may be attributable to small changes in contrast agent concentration between samples

due to potential variability when working with in vitro samples.

A T, T, T/, B T, T, T/,
PBS@ O @ Gd-EuQ @ @
Gadovist O O @ GdThQ @ @
Gd-caO O @ GiDyQO O® ..
EuCys@ O @ Gd-HOQ O @
T-Cys@O @ .. Gy O @ @
Dy-Cys@ O @ Gd-luO O ®
Ho-Cys @ © @ Gd-cdOO®
Yb-Cys @ O @ GdEr© O @
GiCysQQO @ Gd-TmQ O @
TmCys@QO @ Gd-DOTAQ O @
ECys@ QO @
Lu-Cys@ QO @

‘U1

‘U1

Figure 3.4 In vitro 0.1 mM phantom Ti-weighted, T>-weighted, and T1/T> ratio images obtained

(A) for each lanthanide synthons and (B) bis-lanthanide complex, including PBS and Gadovist.
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To further evaluate the MRI contrast enhancement properties of hetero-bislanthanide
complexes in a concentration-independent manner, we took advantage of a newer approach to
quantitative MRI called magnetic resonance fingerprinting (MRF). By simultaneously acquiring
transverse and longitudinal relaxivities, MRF can generate a compound specific “fingerprint”. If
this fingerprint is unique from other compounds, it is possible to extract that compound’s signal
from a mix of multiple contrast enhancing components of an image 3!. In vitro phantoms were
prepared at 5 concentration levels per bislanthanide complex, from 0.025 mM to 0.6 mM. Upon
completion of the MRF measurements (Figure 3.5), only the Gd(III)-DOTA-CHQ-cysteine-
DOTA-Gd(III) complex resulted in relaxivity data significantly different from the other
bislanthanide complexes, with values of 11 = 15.4 mM!s™! and r, = 22.2 mM!s™! (Figure 3.5A).
The mean r; values of the hetero-bislanthanide complexes varied between 6.6.mM!s™! for Gd(III)
-DOTA-CHQ-cysteine-DOTA and 8.2 mM!s™! for Gd(I1I) -DOTA-CHQ-cysteine-DOTA-Dy(11I).
The small increase of the relaxivity values of the bislanthanide complexes relative to mononuclear
DOTA-chelated Gd(IIT) *° can be explained by the increase of the molecular weight of the
bislanthanides complexes and resulting decrease in molecular tumbling rate, enhancing the T;-
weighted relaxation effects 333, Likewise, mean r» values range between 9.4 mM!s™! for Gd(III)-
DOTA-CHQ-cysteine-DOTA, to 12.9 mM!s™! for Gd(III) -DOTA-CHQ-cysteine-DOTA-Tb(III).
By plotting r2 vs. 11 values for the bislanthanide library evaluated, the clustering of the hetero-
bislanthanide complexes is apparent, with the Gd-Gd homo-bislanthanide complex being the
single cluster outlier (Figure 3.5B and 3.5C). Overall, our approach to bislanthanide complex
formation did not yield a diversity of relaxivity combinations, effectively resulting in two

relaxivity fingerprints: one for homo- and one for hetero-bislanthanide compounds.
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Figure 3.5 (A) Relaxivity values for 10 homo- and hetero-bis-metallic lanthanide (IIT) complexes
obtained by MRF. Analysis was realized in triplicates (n=3). (B and C) The relationship of 12 to r;
values for the bis-lanthanide complexes evaluated, with (C) focusing on the region highlighted in

the red box. Numbers in the plot correspond to compound identity from (A).

One of the unique properties of the (6-hydroxyquinolin-2-yl)-4,5 dihydrothiazole (HQDT)
condensation approach utilized herein is the formation of a chromophore from the quinoline
dihydrothiazole ** 3. We hypothesized that this chromophore could serve as an optical antenna to
promote lanthanide-based photoluminescence from our bislanthanide complexes. Eu(III), one of
the most emissive lanthanide ions ¢, has found multiple applications as a fluorophore when
chelated to DOTA in a variety of biological applications, including peptide conjugation 37 or live

cell imaging *®. With previous literature reporting on the fluorescent properties of some lanthanide
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chelates, particularly those containing Eu(II) 3% %°, we generated a library of Eu(III) -containing

bislanthanide and evaluated their optical properties.

To better understand the potential of the bis-lanthanide complexes as optical probes, the
photophysical properties of the HQDT ligand was first evaluated by generating the lanthanide-free
condensation product (Figure 3.6A). Both UV/Vis and excitation spectral analyses suggested that
efficient ligand excitation occurs at 360 nm (Supplementary Figure S57A and S57B). Emission
spectra of the clicked product resulted in a maximum at 460 nm upon excitation at 360 nm in both
H>0 and DO solutions (Figure 3.6B and 3.6C). From this data and the evaluation of the low-
temperature, solid-state emission spectrum of the lanthanide-free complex to yield the triplet state
energy (Supplementary Figure S58), an energy level diagram of the HQDT ligand was constructed
(Figure 3.7). The energy levels depicted in the Jablonski diagram (Figure 3.7) are derived from
literature values *!. Given that the T energy level of the ligand is isoenergetic with the *Hs energy
level of Eu(I1I) and the 'D, level Tm(III), allowing for potential ligand-to-Ln(III) energy transfer,
followed by photoluminescence, the photophysical properties of bis-lanthanide complexes were
evaluated, initially with chelates of Eu(IIl) and Tm(III) (Figure 3.8). The luminescent f-f transitions
of Eu(Il1)-DOTA and Tm(III)-DOTA are well known *? (Figure 3.7), but only the Eu(IlI)-DOTA
moiety is expected to be emissive due to the reported quenching of Tm(III)-DOTA fluorescence
upon conjugation to aryl ligand systems %% Indeed, a bis-lanthanide complex containing only
Tm(III) showed only broad-band ligand, but no characteristic lanthanide emission (Supplementary
Figure S59). Since the bis-lanthanide complex is asymmetric around the HQDT ligand product,
and since each bis-lanthanide complex is comprised of one cysteinyl- to one CHQ-DOTA synthon,
there is an inherent sidedness with different ligand-to-lanthanide distances, and aryl vs. alkyl

environments (Figure 3.8). In employing chelates of Eu(Ill) and Tm(III), the effect of sidedness
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on the bis-lanthanide emission could be isolated using a singly emissive lanthanide center while

occupying both DOTA chelators with lanthanide species. Although Eu(III) can be linked to various

types of chelators, the emission signals will remain unchanged, however the intensity of these

signals may vary depending on the specific chelator used, without affecting the energy levels

associated *3.
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Figure 3.6 Structure of the lanthanide-free complex (A) and emission spectra of this complex in

(B) H20 and (C) D20 at a 1 mM concentration with an excitation wavelength of 360 nm (orange)

and 393 nm (green).
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Figure 3.7 Jablonski diagram representing energy levels of the bis-lanthanide system. Energy

levels of the (6-hydroxyquinolin-2-yl)-4,5 dihydrothiazole (HQDT) chromophore ligand as well

as Eu(IIl), Tm(III), Yb(III) and Gd(III) are provided. Potential energy transfer (ET), back energy

transfer (BET), radiative (both observed, solid arrow, and quenched, dashed arrow) and non-

radiative decay (oscillating arrow) pathways are illustrated. Intersystem crossing (ISC) from the

singlet (S1) to triplet (T1) states of the HQDT ligand is also shown.
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The photophysical evaluation of the bis-lanthanide complex began with aqueous solutions of
Eu(III)-DOTA-CHQ-cysteine-DOTA-Tm(IIT) (Eu-Tm), where the Eu(IIl) chelate is connected to
the chromophore by a flexible propylamide linker (Figure 3.8A to 3.8D). Upon excitation of the
ligand at 360 nm, a broad emission centered at 460 nm is observed due to click chromophore
fluorescence (Figure 3.8A). Additional discrete emission peaks in the 550 nm to 750 nm region
reveal the expected emission bands due to the >Do—’Fo and *Do—"F4 energy level transitions of
Eu(III) * (Figure 3.8A & 3.8C, blue curves). These results also support the anticipated absence of
Tm(III)-derived luminescence **. The presence of the Eu(IlI)-DOTA >Do—"Fj transition at 575
nm confirms the absence of mirror symmetry orthogonal to the principal symmetry axis, and
degeneracy within the *Do—’F; band confirms the presence of rotational symmetry in the

coordination geometry 3643,

H>0 occupies the eighth coordination site of the DOTA-lanthanide chelate (Figure 3.81),
where overtone vibrations can attenuate luminescence by promoting non-radiative decay
mechanisms *. Since it is also known that non-radiative decay pathways are attenuated in
deuterated water (D,0) *4, the photophysical properties of Eu-Tm were evaluated in DO (Figure
3.8A & 3.8C, red curves). Relative to water, the ligand peak intensity at 460 nm decreased while
the Eu(III)-DOTA-associated emission peaks, especially the Do—’F4 transition, increased when
in D20O. When the Eu(IIT)-DOTA chelate of the bis-lanthanide complex is excited directly (i.e. at
393 nm), both click chromophore and Eu(III)-DOTA emission are observed in both H>O and D>O
(Figure 3.8B and 3.8D). In contrast to what was observed upon click chromophore excitation (360
nm), the Eu(III)-DOTA emission intensity was solvent-independent at 393 nm (Figure 3.8C vs.
3.8D). This data suggests that energy transfer from the ligand to the Eu(III)-DOTA moiety is

susceptible to non-radiative decay pathways that can be suppressed with solvent deuteration.
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Figure 3.8 (A to D) Emission spectra obtained for I mM solutions of Eu(III)-DOTA-quinolinyl-

cysteinyl-DOTA-Tm(IIT) (Eu-Tm) in water (blue line) or deuterated water (red line) at an

excitation wavelength of 360 nm (A, C) and 393 nm (B, D) with a zoom in on the lanthanide-

derived emission spectra (C, D). (E to H) Emission spectra obtained for 1 mM solutions of Tm(III)-

DOTA-quinolinyl-cysteinyl-DOTA-Eu(IIl) (Tm-Eu) in water (blue line) or deuterated water (red

line) at an excitation wavelength of 360 nm (E, G) and 393 nm (F, H) with a zoom in on the

lanthanide-derived emission spectra (G, H). (I) Chemical representation of the Eu(IIl)-DOTA-

quinolinyl-cysteinyl-DOTA-Tm(III) showing the effect of the resonant energy transfer when the

europium(IIl) is on the quinolinyl moiety. (J) Chemical representation of the Tm(III)-DOTA-
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quinolinyl-cysteinyl-DOTA-Eu(IIl) showing the effect of the resonant energy transfer when the

europium(III) is on the cysteinyl moiety.

In order to determine if the same energy transfer relationship exists with Eu(III)-DOTA
conjugated to the click chromophore with an aromatic linker system (i.e. via the cysteinyl synthon),
a Tm(IIT)-DOTA-CHQ-cysteine-DOTA-Eu(IIl) (Tm-Eu) bis-lanthanide complex was investigated
(Figure 3.8E to 3.8G). The ligand emission intensity increased substantially relative to the
characteristic Eu(IlI)-DOTA-derived emission peaks upon excitation at 360 nm, with minimal
change in peak intensity in the presence of deuterated solvent (Figure 3.8E & 3.8G). However, the
relative Eu(Ill)-derived emission increased relative to the ligand peak when the complex was
excited at 393 nm, with the *Do—'F4 emission intensity increasing in deuterated solvent (Figure
3.8F & 3.8H).The greater Eu(III)-DOTA-derived emission intensity for the Eu-Tm relative to the
Tm-Eu complex suggests that Eu(Ill)-DOTA chelate luminescence is enhanced when connected
to the click chromophore through an aliphatic as opposed to aromatic linker (Figure 3.8 A vs. 3.8E).
The increase in Eu-Tm bis-lanthanide complex emission in D>O upon chromophore excitation at
360 nm suggests that the energy transfer pathway is susceptible to substantial non-radiative decay
effects in water, as supported by the literature *> 4+ 4> 46 The replacement of the coordinated
solvent protons by deuterons alters the solvent vibration state, which results in stronger f-f emission
bands *. The deuteron-enhancement of lanthanide emission also appears when the Eu(III)-DOTA
center of Tm-Eu, the alternative click configuration where the lanthanide ion is linked to the
chromophore by an aromatic linker, is directly excited at 393 nm (Figure 3.8F & 3.8H). These
results provide evidence that the linker characteristic (i.e. aliphatic vs. aromatic) defines the

solvent-sensitivity of the Eu(IlI)-DOTA emission pathways: aliphatic linkers facilitate lanthanide
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ion emission upon excitation of the linked chromophore, but aromatic linkers favor emission from
direct excitation of the lanthanide ion. Where there is no effect of solvent deuteration upon
lanthanide emission intensity (Figure 3.8B, 3.8D vs. 3.8E, 3.8G), a substantial decrease in click
chromophore emission is observed. While paradoxical against the known fluorescence
enhancement with solvent deuteration *’, we hypothesize that the known triplet state quenching of
lanthanide ion-DOTA chelates by appended aromatic groups has a larger effect than solvent-

derived non-radiative decay pathways in these systems *2.

The effect of the lanthanide partner chelated by the cysteinyl-DOTA moiety on the emission
of the Eu(Il)-DOTA was evaluated (Figure 3.9). A combination of four different lanthanides were
synthesized and their emission spectra were acquired in both H>O and D>O. As expected, the
Eu(Ill)-DOTA-quinoline-cysteine-DOTA-Eu(Ill) complex (Eu-Eu) resulted in the highest
intensity Do—F4 transition (Figure 3.9A). Fluorescence emission from Eu-Lu (Figure 3.9B) and
EuYb (Figure 3.9D) complexes were similar to those observed for the Eu-Eu and Eu-Tm
complexes: both increasing in intensity in D20 relative to H2O. While a suppression of the ligand
emission is observed for the Eu-Eu (Figure 3.9A) and Eu-Gd (Figure 3.9C) complexes in D-O,
only the Eu-Eu band at 704 nm increases in D>O. However, in both the Eu-Eu and Eu-Gd bis-
lanthanide complexes, the lanthanide partner linked to the chromophore by the aromatic linker are
isoenergetic with the triplet state of the chromophore, similar to Tm(IIl) (Figure 3.7). We
hypothesize that the dominant triplet state quenching of lanthanide-DOTA chelates by aromatic
systems observed with Tm(IIl) may apply to Eu(Ill) and Gd(III) as well. The ability to precisely
control the ratio and sidedness of the bis-lanthanide pairings demonstrate that the photophysical

outcomes of different lanthanide combinations derive from differences in the lanthanide ion energy

156



levels, the relative energy of the triplet state of the click chromophore, and the chemical

characteristics (i.e. aliphatic vs. aromatic) of the linking moiety.
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Figure 3.9 Emission spectra for (A) Eu-Eu, (B) Eu-Lu, (C) Eu-Gd, and (D) Eu-Yb obtained in

water (blue line) or deuterated water (red line) at an excitation wavelength of 393 nm.
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3.7. Conclusion

Herein we present the first chemical approach to the synthesis of homo- or hetero-
bislanthanide complexes in a one-to-one ratio through a fast and uncatalyzed aqueous click
reaction based on the formation of a 2-thiazoline ring. The library of homo- and hetero-
bislanthanide compounds were subjected to preliminary evaluation of their potential contrast
agents for MRI and optical imaging. Using MRF, we demonstrated that bis-gadolinium complexes
resulted in relaxivities that were substantially different from those of the hetero-bis-lanthanide
complexes generated. We also showed that the 4,5-dihydrothiazole that forms upon synthon
condensation acts as a chromophore capable of promoting fluorescence emission of the linked
Eu(Ill)-DOTA center. Due to molecular asymmetry of the bislanthanide product, the linker
chemistry (aliphatic vs. aromatic) is an important modulator of lanthanide ion luminescence. The
chemistry presented can be adapted to metals beyond the lanthanides by changing the type of
chelator conjugated to the cysteinyl and CHQ synthons, opening up new possibility to homo- and
hetero-bismetallic materials with the potential to expand on the resulting functionality for

biological applications.
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3.9. Supplementary Information

3.9.1. General Experimental Procedures

All reagents were commercially available or prepared according to the procedure below. All
solvents used were HPLC grade except the water that is 18.2 MQ cm Millipore water. Compounds
were visualized by using 5% ninhydrin stain and UV light on Al backed silica gel plates for the
thin-layer chromatography (TLC). 300 or 400 MHz spectrometers were used for 'H NMR spectra

where § values are DMSO-Ds 2.50 ppm, and for *C § DMSO-Dg 39.50 ppm, CD3OD 49 ppm.

3.9.2. Synthetic Procedure

Preparation of N-Boc-N’-Fmoc-phenylenediamine (7)

Fmoc-chloride (2.48 g, 10 mmol) was added to a stirred suspension of N-Boc-p-phenylenediamine
(2 g, 10 mmol) in CH2Cl> (120 mL) and DIPEA (8.4 mL, 50 mmol). The mixture was stirred at
room temperature for 6 h, the pink solid was filtered, was washed with cold CH>Cl» and was dried.
N-Boc-N -Fmoc-phenylenediamine 7, white solid, 4.31 g, 86%. '"H NMR (300 MHz, DMSO) &
9.54 (s, 1H), 9.19 (s, 1H), 7.90 (d, J= 7.5, 1.1 Hz, 2H), 7.75 (d, J = 7.4 Hz, 2H), 7.47 — 7.28 (m,
8H), 4.45 (d, J= 6.7 Hz, 2H), 4.29 (t, J= 6.7 Hz, 1H), 1.46 (s, 9H). '3*C NMR (100 MHz, DMSO)
0 153.44, 152.80, 143.78, 140.76, 134.40, 133.40, 127.63, 127.07, 125.10, 120.12, 118.85, 118.61,
78.73, 65.46, 46.62, 28.12. HRMS (ESI) m/z found 453.1782 [M + Na]" (calcd 453.1790 for

CaosH26N204SNa).
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Reaction of N-Boc-NV’-Fmoc-phenylenediamine (7) with Boc-S-Trityl-L-Cysteine

TFA (1 mL) was added to a stirred suspension of N-Boc-N -Fmoc-phenylenediamine (430 mg, 1
mmol) in CH>Cl> (1 mL) which was then stirred for 1 h at room temperature. Followed by a
complete evaporation, the excess of TFA was removed by evaporation with CH>Cl, (3 times 35
mL). DIPEA (700 pL, 4 mmol) was added to a solution of Boc-S-Trityl-L-Cysteine (463.57 mg,
1 mmol) in dry DMF (2 mL). The mixture was cooled to 0 °C on ice, followed by the addition of
HOBT (40.5 mg, 0.3 mmol) and HBTU (379 mg, 1 mmol). The mixture was stirred for 10 minutes
at 0 °C followed by the addition of N-Fmoc-phenylenediamine (430 mg, 1 mmol). The cooling
bath was removed, and the mixture was stirred for 18 hours at room temperature. The solution was
then partitioned between brine (60 mL) and EtOAc (3 x 30 mL), combined organic extract was
washed with brine (3 x 30 mL), was dried with Na>xSO4 and was concentrated. The residue was
subjected to FCC on 80 g SiO, hexane/acetone (2:1). Evaporation of the eluate afforded Boc-
Cys(Trt)-NH-(4-N-Fmoc)-phenylenediamine 8, brown solid, 75%. 'H NMR (300 MHz, DMSO)
0 9.88 (s, 1H), 9.64 (s, 1H), 7.90 (d, 2H), 7.75 (d, J= 7.3 Hz, 2H), 7.51 — 7.18 (m, 26H), 7.03 (d,
J=28.1Hz, 1H), 4.47 (d, J= 6.7 Hz, 2H), 4.30 (t, /= 6.6 Hz, 1H), 4.18 (d, /= 7.7 Hz, 1H), 1.37
(s, 9H). 3C NMR (100 MHz, DMSO) § 168.57, 153.41, 144.20, 143.76, 140.76, 134.66, 133.47,
129.04, 128.88, 128.02, 127.63, 127.24, 127.08, 126.74, 125.09, 121.34, 120.12, 119.88, 118.69,
78.41, 65.91, 65.51, 53.92, 46.61, 34.15, 34.00, 30.91, 30.65, 28.08, 24.74, 22.02, 20.57, 13.92.

HRMS (ESI) m/z found 798.2956 [M + Na]" (calcd 798.2978 for C4sHasN30sSNa).
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Preparation of N-Boc-Cys(Trt)-phenylenediamine (9)

A methylamine solution in THF (7 mL, 2 M) was mixed with Boc-Cys(Trt)-NH-(4-N"-Fmoc)-
phenylenediamine (583.2 mg, 0.78 mmol) and stirred for 1 hour at room temperature. Followed
by a complete evaporation, the product was subjected to FCC on 50 g SiO,, CH>Clo/MeOH (95:5).
Evaporation of the eluate afforded N-Boc-Cys(Trt)-phenylenediamine 9, orange solid, 379.5 mg,
88%. '"H NMR (300 MHz, DMSO) 6 9.53 (s, 1H), 7.40 — 7.14 (m, 17H), 6.95 (d, J = 8.3 Hz, 1H),
6.49 (d, J=8.6 Hz, 2H), 4.89 (s, 2H), 4.14 (d, J= 7.7 Hz, 1H), 2.34 (dd, /= 6.9, 2.7 Hz, 2H), 1.37
(s, 9H). *C NMR (100 MHz, DMSO) § 167.78, 145.01, 144.23, 129.04, 128.00, 127.66, 126.71,
120.98, 113.69, 78.34, 65.83, 54.85, 53.78, 34.21, 28.08. HRMS (ESI) m/z found 576.2298 [M +

Na]" (caled 576.2297 for C33H3sN303SNa).

Reaction of Boc-Cys(Trt)-phenylenediamine (9) with DOTA-OtBu monoacetic acid

DIPEA (171.8 uL, 0.3 mmol) was added to a solution of DOTA-OtBu monoacetic acid (171.8 mg,
0.3 mmol) in dry DMF (2 mL) in a separate vial. The mixture was cooled to 0 °C on ice, followed
by the addition of HOBT (13.4 mg, 0.1 mmol) and HBTU (113.8 mg, 0.3 mmol). The mixture was
stirred for 10 minutes at 0 °C followed by the addition of Boc-Cys(Trt)-phenylenediamine (163.5
mg, 0.3 mmol). The cooling bath was removed, and the mixture was stirred for 18 hours at 60 °C.
The solution was then partitioned between brine (60 mL) and EtOAc (2 x 30 mL), combined
organic extract was washed with brine (3 x 30 mL), was dried with Na,SO4 and was concentrated.

The residue was subjected to FCC on 40 g SiO», hexane/acetone (1:1). Evaporation of the eluate
afforded a tritylated DOTA conjugate 10, yellow solid, 332.5 mg, 36%. 'H NMR (300 MHz,

DMSO0) § 10.06 (s, 1H), 9.93 (s, 1H), 7.52 — 7.42 (m, 2H), 7.35 — 7.20 (m, 8H), 2.89 (s, 1H), 2.73
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(d, J=0.7 Hz, 1H), 2.08 (s, 1H), 1.51 — 1.29 (m, 21H). '*C NMR (100 MHz, DMSO) & 172.57,
172.47, 170.44, 168.71, 144.22, 134.40, 134.24, 129.08, 128.05, 126.77, 119.82, 119.41, 81.14,
81.10, 78.47, 65.95, 55.29, 33.94, 30.96, 30.69, 28.11, 27.61, 27.56, 27.53, 22.07, 13.97. HRMS

(EST) m/z found 1130.5981 [M + Na]" (caled 1130.5976 for Ce;HssN7010SNa).

Preparation of DOTA conjugate TFA salt (11)

The tritylated DOTA conjugate (120 mg, 0.2 mmol) was dissolved in CH>Cl, (1 mL) and TFA (1
mL) was added with TIPS (200uL) to the mixture which was stirred for 18 hours at room
temperature. The volatile is then evaporated with DCM (3 x 30 mL) and the residue triturated with
hexane (3 x 10 mL, each time sonicated for 10 minutes) followed by drying in vacuum. This
permits to obtain the DOTA conjugate as TFA salt 11, pale yellow solid, 81.2 mg, 68 %. 'H NMR
(400 MHz, DMSO) & 10.60 — 10.40 (m, 1H), 8.38 (s, 1H), 7.57 (d, J = 1.6 Hz, 2H), 7.34 — 7.27
(m, 1H), 7.14 — 7.08 (m, 1H), 4.18 — 2.93 (m, 49H), 2.69 (s, 4H), 1.28 (s, 1H), 1.03 (d, /= 6.8 Hz,
2H). 3C NMR (100 MHz, DMSO) & 165.57, 165.34, 165.26, 164.61, 162.33, 143.80, 129.05,
128.36, 126.26, 120.17, 120.09, 119.84, 119.32, 117.36, 115.40, 113.45, 104.77, 55.78, 52.93,
51.95, 38.25, 35.79, 30.47, 25.07, 19.24, 17.04, 17.03. HRMS (ESI) m/z found 620.2462 [M +

Na]" (caled 620.2479 for C2sH39N70sSNa).

Preparation of the lanthanide DOTA conjugate TFA salt (12)

The solution of DOTA conjugate TFA salt (81.2 mg, 0.14 x 10~ mol) in water (3.6 mL) was treated
with LnCl; — 6 H2O (48 mg, 0.16 x 10 mol). The pH was maintained at pH 6-7 with a NaOH (1

M) solution and stirred for 18 hours at room temperature. The reaction mixture was transferred
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into a Falcon tube, diluted with water (25 mL) and centrifuged (3 times 3 minutes at 3000 rpm).
The supernatant was analyzed to preparative HPLC purification to then concentrate the fraction
containing the product and lyophilized to provide Ln(III) DOTA cysteine complex 12. Every

Ln(III) cysteinyl DOTA complex obtained appeared as a white solid.

Table 3.1. Chromatographic retention time (minutes) and synthetic yields (%) for each Ln(III)

cysteinyl DOTA component including the free lanthanide DOTA-cysteine moiety.

Compounds Retention time tz (min) Yield (%)
Eu(III)-DOTA-Cysteine 12.65-13.83 20
Gd(IIT)-DOTA-Cysteine 12.21 -13.30 27
Tb(IIT)-DOTA-Cysteine 12.54 - 13.61 34
Dy(IIT)-DOTA-Cysteine 12.57-13.73 31
Ho(IIT)-DOTA-Cysteine 12.31-13.76 23
Er(Il)-DOTA-Cysteine 12.33 - 13.56 28
Tm(III)-DOTA-Cysteine 12.19-13.33 33
Yb(III)-DOTA-Cysteine 12.47-13.92 23
Lu(III)-DOTA-Cysteine 12.58 — 13.89 24

DOTA-Cysteine 13.93 - 15.21 19
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Table 3.2. Experimental and theoretical high resolution mass spectrometry values for each Ln(III)

cysteinyl DOTA component including the free lanthanide DOTA-cysteine moiety.

Compounds (dimer)

HRMS (ESI) m/z found

HRMS(ESI) m/z calcd

Eu(IlT)-DOTA-Cysteine

1491.3042 [2M - H]

1491.3025 for
CsoH71N14016S2"°'Eu'>*Eu

Gd(IIT)-DOTA-Cysteine

1502.3152 [2M — H]"

1502.3109 for
Cso0H71N14016S2"°’Gda

Tb(IIT)-DOTA-Cysteine

1505.3088 [2M — H]*

1505.3121 for
CsoH71N14016S2!¥Tb;

Dy(IIT)-DOTA-Cysteine

1512.3075 [2M — H]*

1512.3110 for
CsoH71N1401652!% Dy,

Ho(IIT)-DOTA-Cysteine

1517.3250 [2M — H]*

1517.3221 for
CsoH71N14016S2!%Hoa

Er(IlT)-DOTA-Cysteine

(monomer)

763.1746 [M + H]"

763.1748 for
C25H37N70sS ! *8Er

Tm(IIT)-DOTA-Cysteine

1525.3284 [2M — H]*

1525.3298 for
CsoH71N 1401652 Tm;

Yb(III)-DOTA-Cysteine

1533.3345 2M — H]®

1533.3378 for
CsoH71N14016S2!*Ybs

Lu(Ill)-DOTA-Cysteine

1537.3472 [2M - H]

1537.3430 for
Cso0H71N14016S2'°Luz

DOTA-Cysteine (monomer) 598.2633 [M + H]* 598.2659 for C25H40N70sS

Preparation of 6-hydroxy-2-cyanoquinoline (13)

6-methoxy-2-quinolinecarbonitrile (1.156 g, 10 mmol) was stirred with pyridinium hydrochloride
(368 mg, 2 mmol) for 1 hour at 210 °C in a pressure vessel. The mixture was cooled to room

temperature and partitioned between saturated NaHCO3 solution (60 mL) and DCM (3 x 40 mL)
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and then with CH>CIl,/MeOH 9:1 (2 x 40 mL). The organic extract was combined, dried and
concentrated and the residue was co-evaporated with toluene (100 mL). The residue was subjected
to FCC on 60 g SiO2, CH2Cl2/MeOH 95:5. Evaporation of the eluate afforded 6-hydroxy-2-
cyanoquinoline 13, yellow solid, 151.2 mg, 45 %. 'H NMR (400 MHz, DMSO) § 10.68 (s, 1H),
8.40 (dd, J = 8.6, 0.8 Hz, 2H), 7.98 (dd, J=9.2, 0.8 Hz, 2H), 7.87 (d, J = 8.5 Hz, 2H), 7.48 (dd, J
= 9.2, 2.7 Hz, 2H), 7.26 (d, J = 2.7 Hz, 2H). >*C NMR (100 MHz, CD;0D) & 159.88, 144.73,
137.08,132.32,131.91, 130.91, 125.46, 124.74, 118.83, 109.23. HRMS (ESI) m/z found 193.0372

[M + Na]" (caled 193.0378 for C10HeN2ONa).

Reaction of the 6-hydroxy-2-cyanoquinoline (13) with N-Boc-3-bromopropylamine

A mixture of DMF (1.7 mL) with N-BOC-3-bromopropylamine (173.9 mg, 0.73 mmol), 6-
hydroxy-2-cyanoquinoline (133.6 mg, 0.73 mmol), K»CO3 (121.6 mg, 0.88 mmol) and Nal (22
mg, 0.15 mmol) was stirred for 18 hours at 80 °C. The mixture was cooled to room temperature,
partitioned between brine (60 mL) and EtOAc (3 x 30 mL), and combined organic extract was
washed with brine (3 x 60 mL), dried and concentrated. The residue was subjected to FCC on 60
g of Si02, CH2Cl2/MeOH (98:2) and afforded 6-O-(3-N-Boc-amino) propoxy-2-cyanoquinoline
14 after evaporation of the eluate, yellow solid, 205.6 mg, 86 %. 'H NMR (400 MHz, DMSO) &
8.48 (dd, J= 8.6, 0.8 Hz, 1H), 8.02 (d, /= 9.3 Hz, 1H), 7.95 (d, J= 8.5 Hz, 1H), 7.55 (d, J=9.2,
2.8 Hz, 1H), 7.49 (d, J= 2.8 Hz, 1H), 6.98 — 6.89 (m, 1H), 4.16 (t, J= 6.2 Hz, 2H), 3.13 (q, J =
6.6 Hz, 2H), 1.92 (p, J = 6.5 Hz, 2H), 1.36 (s, 9H). 3C NMR (100 MHz, DMSO) § 158.75, 155.61,
143.60, 136.50, 130.66, 130.32, 129.87, 124.66, 124.09, 117.89, 106.18, 77.48, 69.74, 66.00,
36.81, 28.90, 28.19. HRMS (ESI) m/z found 350.1455 [M + Na]® (caled 350.1481 for
CisH21N303Na).
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Preparation of fully protected DOTA quinoline conjugate (15)

TFA (700 pL) was added to a stirred suspension of 6-O-(3-N-Boc-amino) propoxy-2-
cyanoquinoline (205.6 mg, 0.6 mmol) in CH>Cl> (3.5 mL) which was then stirred for 2 hours at
room temperature. Followed by a complete evaporation, the excess of TFA was removed by
evaporation with CH2Cl> (3 x 35 mL). DIPEA (628 puL, 3.6 mmol) was added to a solution of
DOTA-OtBu monoacetic acid (343.6 mg, 0.6 mmol) in dry DMF (2 mL) in a separate vial. The
mixture was cooled to 0 °C on ice, followed by the addition of HOBT (26.3 mg, 0.195 mmol) and
HBTU (227.5 mg, 0.6 mmol). The mixture was stirred for 10 minutes at 0 °C followed by the
addition of 6-O-(3-N-amino)propoxy-2-cyanoquinoline (205.6 mg, 0.6 mmol). The cooling bath
was removed, and the mixture was stirred for 18 hours at room temperature. The solution was then
partitioned between brine (60 mL) and EtOAc (3 x 40 mL), combined organic extract was washed
with brine (3 x 60 mL), dried with Na2SO4 and concentrated. The residue was subjected to FCC
on 40 g Si02, CH2Cl2/MeOH (95:5). Evaporation of the eluate afforded a fully protected DOTA
quinoline conjugate 15, yellow solid, 380.3 mg, 81 %. '"H NMR (400 MHz, DMSO) & 8.47 (d, J =
8.6, 0.8 Hz, 1H), 8.26 (t,J=5.7 Hz, 1H), 8.08 — 7.93 (m, 2H), 7.53 (dd, J=9.3, 2.8 Hz, 1H), 7.46
(d, J=2.8 Hz, 1H), 4.18 (t, J = 6.2 Hz, 2H), 2.69 (s, 4H), 2.03 — 1.93 (m, 3H), 1.42 (d, J=11.2
Hz, 30H). *C NMR (100 MHz, DMSO) 6 172.56, 172.18, 171.55, 158.67, 143.67, 136.57, 130.82,
130.33, 130.02, 124.63, 124.23, 117.91, 106.14, 81.08, 80.95, 66.10, 38.24, 35.68, 28.55, 27.57,

27.55. HRMS (ESI) m/z found 804.4628 [M + Na]" (calcd 804.4636 for C41He3N7OgNa)
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Preparation of the Ln(III)-DOTA-quinoline conjugate (16)

A solution of fully protected DOTA quinoline conjugate (190.15 mg, 0.24 mmol) was treated in
DCM (1.2 mL) with TFA (2mL) and TIPS (200 pL). The mixture was stirred for 4 hours at room
temperature followed by a complete evaporation. The residue was then co-evaporated with CH>Cl,
(4 x 40 mL) to remove excess of TFA. The residue was dissolved in dioxane (2.4 mL) and water
(6 mL) with a solution of LnCl; - 6H>O (108.5 mg, 0.29 mmol). The pH of the reaction mixture
was maintained at pH ~ 6 — 7 (1 M NaOH) and the mixture was stirred for 18 h at room temperature.
The reaction mixture was transferred into a Falcon tube, diluted with water (15 mL) and
centrifuged (3 min at 3,000 rpm). The supernatant was subjected to preparative HPLC purification.
The fraction containing the product (¢r 17.5 min) was concentrated and was lyophilized to afford
quinoline-decorated Ln(IIl) complex 16. Every Ln(Ill) 2-cyano-6-hydroxyquinoline DOTA

complex obtained appeared as a white solid.

Table 3.3 Chromatographic retention time (minutes) and synthetic yields (%) for each Ln(III) 2-

cyano-6-hydroxyquinoline (CHQ) DOTA component including the lanthanide-free CHQ-DOTA

moiety.

Compounds Retention time tz (min) Yield (%)
Eu(IIT)-DOTA-Quinoline 16.44 —17.37 35
Gd(IIT)-DOTA-Quinoline 16.72 — 17.88 42
Tm(IIT)-DOTA-Quinoline 16.56 — 17.63 51

DOTA-Quinoline 1543 -16.84 33
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Table 3.4. Experimental and theoretical high resolution mass spectrometry values for each Ln(III)

2-cyano-6-hydroxyquinoline DOTA component including the free lanthanide DOTA-quinoline

moiety.
Compounds HRMS (ESI) m/z found HRMS(ESI) m/z calcd

Eu(III)-DOTA-Quinoline 786.1738 [M + Na]" 784.1722 for
C29H36N70s"*'EuNa

Gd(IIT)-DOTA-Quinoline 769.1971 [M + H]* 769.1945 for

Ca9H37N705'*%Gd

Tm(IIT)-DOTA-Quinoline 802.1853 [M + Na]" 802.1865 for

C20H36N70s'®TmNa
DOTA-Quinoline 614.2913 [M + H]* 614.2938 for C20H40N70s

Preparation of the homo-/hetero-bislanthanide complexes (17)

A solution of Ln(IIT)-DOTA-cysteine conjugate (6 mg, 7.84 x 10> mmol) dissolved in PBS (1.5
mL) was stirred with Ln(IIT)-DOTA-quinoline conjugate (5.4 mg, 7.84 x 10> mmol) before adding
the DTT (120.9 mg, 0.784 mmol). The pH of the reaction mixture was maintained at pH ~ 6 — 7
(1 M NaOH) and the mixture was stirred for 40min at 50°C. The reaction mixture was transferred
into a Falcon tube, diluted with water (15 mL) and subjected to preparative HPLC purification.
The fraction containing the product was concentrated and was lyophilized to afford quinoline-
decorated Ln(III)-DOTA-quinoline-cysteine-DOTA-Ln(IlI) complex 17. Every bislanthanide

complexes obtained appeared as a white solid.
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Table 3.5. Chromatographic retention time (minutes), synthetic yields (%) and HPLC purity (%)

for each Ln(III)-DOTA-CHQ-cysteine-DOTA-Ln(III) complexes including the free lanthanide

DOTA-CHQ-cysteine-DOTA complex.

DOTA-cysteine-Gd(I1I)

Compounds Retention time tz (min) Yield (%) HPLC Purity (%)

Gd(IIT)-DOTA-quinoline- 16.65—-17.47 54 82
DOTA-cysteine-Eu(III)

Gd(IIT)-DOTA-quinoline- 16.22 -17.12 43 86
DOTA-cysteine-Gd(III)

Gd(IIT)-DOTA-quinoline- 16.53 —17.53 37 91
DOTA-cysteine-Tb(III)

Gd(IIT)-DOTA-quinoline- 16.51-17.14 47 92
DOTA-cysteine-Dy(III)

Gd(IIT)-DOTA-quinoline- 16.53 -17.49 45 94
DOTA-cysteine-Ho(III)

Gd(IIT)-DOTA-quinoline- 16.31 -17.23 66 84
DOTA-cysteine-Er(III)

Gd(IIT)-DOTA-quinoline- 16.90 - 17.60 48 87
DOTA-cysteine-Tm(III)

Gd(III)-DOTA-quinoline- 16.56 — 17.25 23 92
DOTA-cysteine-Yb(III)

Gd(III)-DOTA-quinoline- 16.84 —17.95 33 91
DOTA-cysteine-Lu(III)

Gd(IIT)-DOTA-quinoline- 16.78 — 17.66 46 89

DOTA-cysteine

Eu(IIT)-DOTA-quinoline- 16.41 —17.26 61 89
DOTA-cysteine-Eu(III)

Eu(IlT)-DOTA-quinoline- 16.39-17.18 59 80
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Eu(III)-DOTA-quinoline- 16.41 -17.19 51 88
DOTA-cysteine-Tm(I1I)

Eu(IIT)-DOTA-quinoline- 16.38 - 17.15 49 87
DOTA-cysteine-Yb(III)

Eu(III)-DOTA-quinoline- 16.44 —17.13 39 78
DOTA-cysteine-Lu(III)

Tm(III)-DOTA-quinoline- 16.46 — 17.15 66 61
DOTA-cysteine-Eu(III)

Tm(III)-DOTA-quinoline- 16.48 —17.20 56 70
DOTA-cysteine-Tm(I1I)

DOTA-quinoline-DOTA- 15.42 -16.06 54 94

cysteine
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Table 3.6. Experimental and theoretical high resolution mass spectrometry values for each Ln(III)-

DOTA-CHQ-cysteine-DOTA-Ln(IIl) complexes including the free lanthanide DOTA-quinoline-

DOTA-cysteine complex.

Compounds

HRMS (ESI) m/z found

HRMS (ESI) m/z caled

Gd(IIT)-DOTA-quinoline-

1515.5197 [M + H +

1515.3332 for

DOTA-cysteine-Eu(III) H>0]" Cs4H72N13017S8°8Gd! ¥ Eu
Gd(IIT)-DOTA-quinoline- 1522.3380 [M + H + 1522.3372 for
DOTA-cysteine-Gd(I1I) H>O]" CssH72N13017S'38Gd,

Gd(IIT)-DOTA-quinoline-
DOTA-cysteine-Tb(III)

1505.3225 [M + H]"

1505.3279 for
Cs4H7N13016S°8Gd "> Tb

Gd(IIT)-DOTA-quinoline-

1526.3311 [M + H +

1526.3412 for

DOTA-cysteine-Tm(I1I)

DOTA-cysteine-Dy(III) H,O]" CssH72N13017S81°8Gd'* Dy
Gd(IIT)-DOTA-quinoline- 1528.3354 M+ H + 1528.3356 for

DOTA-cysteine-Ho(11I) H,O]" Cs4sH72N13017S81°8Gd!' Ho
Gd(IIT)-DOTA-quinoline- 1512.3275 [M + H]" 1512.3344 for

DOTA-cysteine-Er(I1I) Cs4H7oN13016S"°'Gd'"Er
Gd(IIT)-DOTA-quinoline- 1514.3326 [M + H]" 1514.3366 for

Cs4H70N13016S’GdTm

Gd(1I)-DOTA-quinoline-
DOTA-cysteine-Yb(III)

15373492 [M + H +
H.O1"

1537.351 for
Cs4H72N130178"°8Gd! *Yb

Gd(1I)-DOTA-quinoline-
DOTA-cysteine-Lu(III)

1520.3386 [M + H]"

1520.3432 for
Cs4H70N13016S’Gd! °Lu

Gd(IIT)-DOTA-quinoline-
DOTA-cysteine

1368.4380 [M + H +
H.O1"

1368.4444 for
Cs4H76N130178"%8Gd

Eu(Ill)-DOTA-quinoline-
DOTA-cysteine-Eu(III)

768.6392 [M + 2 Na]*

768.6451 for
Cs4HeoN13016SP*EusNas

Eu(IIT)-DOTA-quinoline-
DOTA-cysteine-Gd(III)

15163445 [M + H +
H.O1"

1516.3402 for
Cs4H72N13017S°*Eu'**Gd
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Eu(III)-DOTA-quinoline-
DOTA-cysteine-Tm(I11)

1532.3927 [M + Na]"

1532.3164 for
Cs4sHeoN13017S*Eu'®TmNa

Eu(IIT)-DOTA-quinoline-

1532.3535 [M + H +

1532.3544 for

DOTA-cysteine-Yb(III) H,0]" Cs4H7N130178'53Eu'?Yb
Eu(IIT)-DOTA-quinoline- 1556.3766 [M + Na* + 1556.3324 for
DOTA-cysteine-Lu(11I) H,0]" Cs4H71N13017S'3*Eu' " LuNa
Tm(IIT)-DOTA-quinoline- 1550.3247 [M + Na' + 1550.3258 for
DOTA-cysteine-Eu(III) H>0]" Cs4H71N13017S5°Eu'TmNa
Tm(IIT)-DOTA-quinoline- 1566.3167 [M + Na" + 1566.3394 for
DOTA-cysteine-Tm(III) H,O]" Cs4H71N13017S'Tm,Na

DOTA-quinoline-DOTA-

cysteine

1217.3829 [M + Na]*

1217.3761 for
Cs4H75sN13016SNa
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3.9.3. HPLC Analysis

Each mono lanthanides synthons and bimetallic complexes were purified on a HPLC system
(Shimadzu) by preparing a 5 mg/mL solution in water. The separation was realized on a polar C18
Phenomenex Luna column (250 x 4.6 mm, particle size 5 um, pore size 100 A). The mobile phase
is composed of water + 0.1 % TFA (mobile phase A) and acetonitrile + 0.1 % TFA (mobile phase
B). Products are eluted according to a linear gradient from 0.0 to 23.00 min 0-92% B, 23.01-24.01
min 1%, followed by a 6 min column equilibration after each run. Chromatograms were detected

at 254 nm and a flow rate of 10 mL/min was set up with a temperature of 25 °C.

3.9.4. Relaxation Time Analysis

All MRI acquisitions were performed on a 3T pre-clinical MRI (MR Solutions, Ltd.). Contrast
agent samples were prepared in 1x PBS in standard NMR tubes, which were then inserted into a
50 mL Falcon tube containing ultrasound gel, comprising the MRI phantom. The MRI phantom
was placed into a 38-mm-diameter send-receive coil and inserted into the MRI. A multislice Rapid
Imaging with Refocused Echoes (RARE) pulse sequence was implemented for the evaluation of
phantoms using the following parameters for 7;-weighted imaging: slice thickness of 5 mm, FOV
of 40x40 mm, averages = 3, matrix size = 96x96, TE = 11 ms, echo spacing =7 ms, TR =720 ms,
and acquisition time of 2 minutes 16 seconds. For 7>-weighted imaging, all parameters were the

same as for Ti-weighted images, except TE = 68 ms and TR = 4800 ms, and acquisition time was
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7 minutes 28 seconds. T1-weighted/T2-weighted ratiometric images were generated using ImageJ'’

by invoking the image math command and using a custom look up table.

3.9.5. Relaxivities Measurement

All MRF acquisitions were acquired on a 3T preclinical scanner (Agilent, Santa Clara, CA) with
a quadrature RF coil. Bislanthanide complexes were dissolved and mixed in a PBS and 4% gelatin
solution at 5 different concentrations (0.025 mM, 0.05 mM, 0.2 mM, 0.4 mM and 0.6 mM) and
placed in an NMR tube. The NMR tubes were then placed in the quadrature coil. The MRF
sequence was based off a Steady State Free Precession paradigm, with varied TR, TE and flip
angle (FA) for 1000 imaging frames. TR, TE, and FA initially remain constant to enable
conventional steady-state recovery for 200 frames. A 1D Perlin variation of TR ranging from 16
to 20 ms was then introduced, alongside a Perlin noise pattern for FA ranging from 20 to 60°, with
two intervals where FA is omitted. For the final 400 frames, FA was kept constant while TE
changes sinusoidally, gradually increasing from 5 to 10 ms. The acquisition utilized a variable
density trajectory, each interleaf sampling 923 points with a 5 pus dwell time, resulting in a 5 ms
acquisition window. Total acquisition of 8 interleaves per imaging slice resulted in a total scan
time of 2 mins per slice. Reconstruction and parameter matching of the images was performed in
MATLAB (The MathWorks; Natick, MA), on a virtual machine with 200GB memory and 24

CPUS running on a Linux enterprise cluster.
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3.9.6. Photoluminescence Spectroscopy

Steady-state photoluminescence spectroscopy of the bislanthanide complexes in solution (1 mM
concentration in H>O or D,0) was carried out in a quartz cuvette (suitable spectral range from 200
to 2500 nm, 1 cm optical path) inserted into the Peltier temperature sample holder of a
QuantaMaster 8075-21 spectrofluorometer from HORIBA, equipped with a double additive
excitation monochromator with triple gratings, a single emission monochromator with triple
gratings, and a red-extended photomultiplier detector R13456 PMT (185 to 980 nm). A 75 W
continuous Xenon lamp was used as the excitation source for the recording of steady-state
excitation and emission spectra. A long-pass 400 nm filter was placed in front of the detector.
Excitation spectra were corrected in real time according to the response of the excitation
monochromators and the lamp intensity. Emission spectra were corrected according to the

sensitivity of the photomultiplier detector and response of the monochromator gratings.
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3.9.7. Supplementary data
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S57. (A) UV-visible spectrum of the lanthanide-free complex in HoO at 1 mM and 0.5 mM
concentration obtained on a range from 200 nm to 800 nm. (B) Excitation spectra of the free
lanthanide complex obtained in H,O and D>O at 1 mM concentration, monitoring the 460 nm

emission.
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S58. Solid state emission spectrum (Aex = 320 nm) of the lanthanide-free complex collected at 77

K to determine the position of the triplet excited state (T}), returning a value of 27473 cm™.
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S59. Emission spectrum of Tm(IIl)-DOTA-quinolinyl-cysteinyl-DOTA-Tm(III) (Tm-Tm) in
water (blue line) and deuterated water (red line) under 360 nm excitation. The solution was made

in a concentration of 1 mM.
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3.9.8. NMR Spectral Characterization
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$60. 'H NMR spectrum of compound 7 in DMSO-De.
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S61. 1*C NMR spectrum of compound 7 in DMSO-Ds.
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$62. 'H NMR spectrum of compound 8 in DMSO-Ds.
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S63. 3C NMR spectrum of compound 8 in DMSO-Ds.
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183



= 58 58878 3 5 T  ge 5 3
5 23 EERER © - : s
\/ N \/

1
|
|
]
I
| 1
1 \ "
| " Al
170 160 150 140 130 120 110 100 90 80 70 50 40 30 20 10
f1 (ppm)

$65. 3C NMR spectrum of compound 9 in DMSO-De.
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S67. 3C NMR spectrum of compound 10 in DMSO-Ds.
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S72. 'H NMR spectrum of compound 14 in DMSO-Dg.
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S74. "H NMR spectrum of compound 15 in DMSO-Dg.

193



01'99—

S56°08
mﬁ.ﬁmvl

+90T—

B LIT—
ELPET

mw.w.mﬁu"
20"0ET~
EEOET—=
N,mdmﬁu\|
L59ET—

L9EPT—
19°85T—

SSUTLT
mr.nnrw
9574

60

70

T T
120 100 90
f1 (ppm)

T
130

T T
160 150

T
170

T
80

S75. 3C NMR spectrum of compound 15 in DMSO-Ds.

194



3.10. Notes and References

1. da Rocha, J. D. G.; Cechinel, M. A. P; Rocha, L. F.; Riella, H. G.; Padoin, N.; Soares, C.
Exploring the Potential of Rare Earth Doped Carbon Dots: Concepts and Applications. Chem. Eng.

J. Adv. 2024, 17, 100583.

2. Caravan, P. Strategies for increasing the sensitivity of gadolinium based MRI contrast

agents. Chem. Soc. Rev. 2006, 35, 512-523.

3. Panda, A.; Mehta, B. B.; Coppo, S.; Jiang, Y.; Ma, D.; Seiberlich, N.; Griswold, M. A_;
Gulani, V. Magnetic resonance fingerprinting — An overview. Curr. Opin. Biomed. Eng. 2017, 3,

56-66.

4, Bipin Mehta, B.; Coppo, S.; McGivney, D. F.; Hamilton, J. I.; Chen, Y.; Jiang, Y.; Ma, D.;
Seiberlich, N.; Gulani, V.; Griswold, M. A. Magnetic resonance fingerprinting: a technical review.

Magn. Reson. Med. 2019, 81, 25-46.

5. Li, H.; Meade, T. J. Molecular Magnetic Resonance Imaging with Gd(III)-Based Contrast

Agents: Challenges and Key Advances. J. Am. Chem. Soc., 2019, 141, 17025-17041.

6. Morrow, J. M.; Toth, E. Next-Generation Magnetic Resonance Imaging Contrast Agents.

Inorg. Chem. 2017, 56 (11), 6029—-6034.

7. Cho, U.; Chen, J. K. Lanthanide-Based Optical Probes of Biological Systems. Cell/ Chem.

Biol. 2020, 27 (8), 921-936.

195



8. Wang, Y.; Ma, B.; Liu, M.; Chen, E.; Xu, Y.; Zhang, M. Europium Fluorescent
Nanoparticles-Based Multiplex Lateral Flow Immunoassay for Simultaneous Detection of Three

Antibiotic Families Residue. Front. Chem. 2021, 9, 793355.

9. Chen, T.; Pham, H.; Mohamadi, A.; Miller, L. W. Single-Chain Lanthanide Luminescence
Biosensors for Cell-Based Imaging and Screening of Protein-Protein Interactions. iScience 2020,

23 (9), 101533,

10. Song, B.; Shi, W.; Shi, W.; Ma, H.; Tan, M.; Zhang, W.; Guo, L.; Yuan, J. A dual-modal
nanoprobe based on Eu(Ill) complex-MnO2 nanosheet nanocomposites for time-gated

luminescence—magnetic resonance imaging of glutathione in vitro and in vivo. Nanoscale 2019,

14, 6784-6793.

11. Dekaliuk, M.; Hildebrandt, N. Lanthanide-FRET Molecular Beacons for microRNA
Biosensing, Logic Operations, and Physical Unclonable Functions. Eur. J. Inorg. Chem. 2023, 26

(36), €202300288.

12. Rajapakse, H. E.; Gahlaut, N.; Mohandessi, S.; Yu, D.; Turner, J. R.; Miller, L. M. Time-
resolved luminescence resonance energy transfer imaging of protein—protein interactions in living

cells. Proc. Natl. Acad. Sci. 2010, 107 (31), 13582—-13587.

13. Bhattacharya, K.; Bernasconi, L.; Picard, D. Luminescence resonance energy transfer
between genetically encoded donor and acceptor for protein-protein interaction studies in the

molecular chaperone HSP70/HSP90 complexes. Sci. Rep. 2018, 8, 2801.

14. Afsari, H. S.; Dos Santos, M. C.; Lindén, S.; Chen, T.; Qiu, X.; van Bergen En

Henegouwen, P. M. P.; Jennings, T. L.; Susumu, K.; Medintz, I. L.; Hildebrandt, N.; Miller, L. W.

196



Time-gated FRET nanoassemblies for rapid and sensitive intra- and extracellular fluorescence

imaging. Sci. Adv. 2016, 2 (6), €1600265.

15. Wheeler, S.; Butler, S. J. Exploiting the Unique Properties of Lanthanide Complexes as

FRET Probes: from Quantitation to Protein Dynamics. Anal. Sens. 2023, 3, €202200036.

16. Serensen, T. J.; Kenwright, A. M.; Faulkner, S. Bimetallic lanthanide complexes that

display a ratiometric response to oxygen concentrations. Chem. Sci. 2015, 6 (3), 2054-2059.

17. Serensen, T. J.; Tropiano, M.; Kenwright, A. M.; Faulkner, S. Triheterometallic
Lanthanide Complexes Prepared from Kinetically Inert Lanthanide Building Blocks. Eur. J. Inorg.

Chem. 2017, 15,2165-2172.

18. Placidi, M. P.; Villaraza, A. J. L.; Natrajan, L. S.; Sykes, D.; Kenwright, A. M.; Faulkner,
S. Synthesis and Spectroscopic Studies on Azo-Dye Derivatives of Polymetallic Lanthanide
Complexes: Using Diazotization to Link Metal Complexes Together. J. Am. Chem. Soc. 2009, 131

(29), 9916-9917.

19.  Szijjarto, C.; Pershagen, E.; Borbas, K. E. Functionalisation of lanthanide complexes via
microwave-enhanced Cu(I)-catalysed azide—alkyne cycloaddition. Dalton Trans. 2012, 41 (25),

7660-7669.

20. Ahmed Fouad, M.; Abdel-Hamid, H.; Salah Ayoup, M. Two decades of recent advances

of Ugi reactions: synthetic and pharmaceutical applications. RSC Adv. 2020, 10, 42644-42681.

21. Ye, D.; Shuhendler, A. J.; Cui, L.; Tong, L.; Tee, S. S.; Tikhomirov, G.; Felsher, D. W_;
Rao, J. Bioorthogonal cyclization-mediated in situ self-assembly of small-molecule probes for

imaging caspase activity in vivo. Nat. Chem. 2014, 6 (6), 519-526.

197



22. Main, M.; Snaith, J. S.; Meloni, M. M.; Jauregui, M.; Sykes, D.; Faulkner, S.; Kenwright,
A. M. Using the Ugi multicomponent condensation reaction to prepare families of chromophore

appended azamacrocycles and their complexes. Chem. Commun. 2008, 41, 5212-5214.

23. Liu, J.; Li, Y.; Chen, Y.; Hua, X.; Wan, Y.; Wei, W.; Song, H.; Yu, S.; Zhang, X.; Li, Z.
Design, Synthesis, Antifungal Activities and SARs of (R)-2-Aryl-4,5-dihydrothiazole-4-

carboxylic Acid Derivatives. Chin. J. Chem. 2015, 33 (11), 1269-1275.

24, Lu, Y.; Li, C.-M.; Wang, Z.; Chen, J.; Mohler, M. L.; Li, W.; Dalton, J. T.; Miller, D. D.
Design, Synthesis, and SAR Studies of 4-Substituted Methoxylbenzoyl-aryl-thiazoles Analogues

as Potent and Orally Bioavailable Anticancer Agents. J. Med. Chem. 2011, 54 (13), 4678—4693.

25. Liu, J.; Li, F.; Wang, Y.; Zhang, H.; Dong, J.; Sun, P.; Li, Y.; Li, Z. Synthesis, biological
activities and 3D-QSAR studies of (R)-2-phenyl-4,5-dihydrothiazole-4-carboxamide derivatives

containing a sulfur ether moiety. Chin. Chem. Lett. 2019, 30 (3), 668—671.

26. Shuhendler, A. J.; Ye, D.; Brewer, K. D.; Bazalova-Carter, M.; Lee, K.-H.; Kempen, P.;
Wittrup, K. D.; Graves, E. E.; Rutt, B.; Rao, J. Molecular Magnetic Resonance Imaging of Tumor

Response to Therapy. Sci. Rep. 2015, 5, 14759.

217. Gomez-Gonzalez, E.; Caro, C.; Garcia-Martin, M. L.; Becerro, A. I.; Ocafia, M.
Outstanding MRI contrast with dysprosium phosphate nanoparticles of tuneable size. Nanoscale

2022, /14 (31), 11461-11470.

28. Aime, S.; Botta, M.; Barbero, L.; Uggeri, F.; Fedeli, F. Water signal suppression by T2-
relaxation enhancement promoted by Dy(IIl) complexes. Magn. Reson. Chem. 1991, 29 (13), S85—

S8&8.

198



29. Harris, M.; Henoumont, C.; Peeters, W.; Toyouchi, S.; Vander Elst, L.; Parac-Vogt, T. N.
Amphiphilic complexes of Ho(III), Dy(III), Tb(III) and Eu(III) for optical and high field magnetic

resonance imaging. Dalton Trans. 2018, 47 (31), 10646—10653.

30. Shen, Y.; Goerner, F. L.; Snyder, C.; Morelli, J. N.; Hao, D.; Hu, D.; Li, X.; Runge, V. M.
T1 relaxivities of gadolinium-based magnetic resonance contrast agents in human whole blood at

1.5, 3, and 7 T. Invest. Radiol. 2015, 50 (5), 330-338.

31. Mehta, B.; Coppo, S.; McGivney, D. F.; Hamilton, J. I.; Chen, Y.; Jiang, Y.; Ma, D.;
Seiberlich, N.; Gulani, V.; Griswold, M. A. Magnetic resonance fingergrinting: a technical review.

Magn Reson Med. 2019, 81 (1), 25-46.

32. Zhang, J.; Dai, L.; He, L.; Bhattarai, A.; Chan, C.-M.; Tai, W. C.-S.; Vardhanabhuti, V_;
Law, G.-L. Design and synthesis of chiral DOTA-based MRI contrast agents with remarkable

relaxivities. Commun. Chem. 2023, 6 (251), 1-10.

33. Caravan, P.; Esteban-Gomez, D.; Rodriguez-Rodriguez, A.; Platas-Iglesias, C. Water
exchange in lanthanide complexes for MRI applications. Lessons learned over the last 25 years.

Dalton Trans. 2019, 48 (30), 11161-11180.

34, Ibrahim Mohamed Allaoui, Z.; le Gall, E.; Fihey, A.; Plaza-Pedroche, R.; Katan, C.; le
Guen, F. R.; Rodriguez-Lopez, J.; Achelle, S. Push—Pull (Iso)quinoline Chromophores: Synthesis,
Photophysical Properties, and Use for White-Light Emission. Chem. — Eur. J. 2020, 26 (36), 8153—

g161.

35.  Lee, H.; Landgraf, R.; Wilson, J. N. Synthesis and photophysical properties of a fluorescent
cyanoquinoline probe for profiling ERBB2 kinase inhibitor response. Bioorg. Med. Chem. 2017,

25 (21), 6016-6023.

199



36.  Binnemans, K. Interpretation of europium(IIl) spectra. Coord. Chem. Rev. 2015, 295, 1—

45.

37. Fremy, G.; Raibaut, L.; Cepeda, C.; Sanson, M.; Boujut, M.; Sénéque, O. A novel DOTA-
like building block with a picolinate arm for the synthesis of lanthanide complex-peptide

conjugates with improved luminescence properties. J. Inorg. Biochem. 2020, 213, 111257.

38. Smith, D. G.; McMahon, B. K.; Pal, R.; Parker, D. Live cell imaging of lysosomal pH
changes with pH responsive ratiometric lanthanide probes. Chem. Commun. 2012, 48 (68), 8520—

8522.

39. Liu, C.; Li, P.; Yan, X.; Yang, L.; Liu, P.; Wang, Q. Design of a dual Ir-Eu tag for
fluorescent visualization and ICP-MS quantification of SIRPa and its host cells. Anal. Bioanal.

Chem. 2024, 416 (11), 2691-2697.

40. Josan, J. S.; De Silva, C. R.; Yoo, B.; Lynch, R. M.; Pagel, M. D.; Vagner, J.; Hruby, V. J.
Fluorescent and Lanthanide Labeling for Ligand Screens, Assays, and Imaging. Methods Mol.

Biol. Clifion Nj 2011, 716, 89—126.

41. Carnall, W. T.; Goodman, G. L.; Rajnak, K.; Rana, R. S. A systematic analysis of the

spectra of the lanthanides doped into single crystal LaF3. J. Chem. Phys. 1989, 90, 3443-3457.

42, Blackburn, O. A.; Tropiano, M.; Serensen, T. J.; Thom, J.; Beeby, A.; Bushby, L. M.;
Parker, D.; Natrajan, L. S.; Faulkner, S. Luminescence and upconversion from thulium(III) species

in solution. Phys. Chem. Chem. Phys. 2012, 14 (38), 13378-13384.

200



43, Thomsen, M. S.; Nawrocki, P. R.; Kofod, N.; Serensen, T. J. Seven Europium(III)
Complexes in Solution — The Importance of Reporting Data When Investigating Luminescence

Spectra and Electronic Structure. Eur. J. Inorg. Chem. 2022, 27, €202200334.

44, Hasegawa, M.; Ohmagari, H.; Tanaka, H.; Machida, K. Luminescence of lanthanide
complexes: From fundamental to prospective approaches related to water- and molecular-stimuli.

J. Photochem. Photobiol. C Photochem. Rev. 2022, 50, 100484.

45.  Muller, G. Luminescent chiral lanthanide(IIl) complexes as potential molecular probes.

Dalton Trans. 2009, 44, 9692-9707.

46. Xiao, X., Haushalter, J. P., Weiss, M. & Faris, G. W. Optical response measurements of a
new class of upconverting luminescent reporters. Genetically Engineered and Optical Probes for

Biomedical Applications II, 2004, 5329, 229-238.

47. Maillard, J.; Klehs, K.; Rumble, C.; Vauthey, E.; Heilemann, M.; Fiirstenberg, A. Universal
quenching of common fluorescent probes by water and alcohols. Chem. Sci. 2021, 12 (4), 1352—

1362.

201



Chapter 4: Second Generation Probes of Homo-Bislanthanide Complexes — Potential

Application for Glioblastoma Treatment

Emilie Marie Sophie Patit-Tha Brun ' 2, Halimo-Kafia M. Fourreh > ? and Adam J.

Shuhendler %3

'Dept. Chemistry & Biomolecular Sciences, University of Ottawa, Ottawa, Ontario, Canada. E-

mail: adam.shuhendler@uottawa.ca
2University of Ottawa Heart Institute, Ottawa, Ontario, Canada

3Dept. Biology, University of Ottawa, Ottawa, Ontario, Canada

202



4.1. Overview of the Research Project Presented in this Chapter

A second generation probe, Lu(Ill) DOTA-quinoline-lysine-DOTA-Lu(IIl), has been
synthesized as a potential targeted radionuclide therapy agent against glioblastoma. A previous
study reported a first generation probe based on the condensation of two individually synthesized
components to form a 2-thiazioline ring. Based on this same chemistry, an azide modified lysine
is added as a linker on one side of the complex, to bind two peptides, D-VAP and RI-VAP, for
glioblastoma targeting. In this project, the primary focus was on the synthesis of the homo-
bimetallic complex with efforts to optimize the yield and identifying the most effective method for
Fmoc deprotection in the presence of a DOTA component. This process led to a redesigning of the

synthetic scheme

4.2. Authors Contributions

E.M.S.P.B. performed all synthesis and characterization for every chemical compounds with

support from H-K.M.F.
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4.3. Abstract

Glioblastoma multiforme, a grade IV tumor in the central nervous system, can be regulated by
the glucose-regulated protein 78 kDa (GRP78), which is considered as a potential biomarker due
to its role in regulating high-grade gliomas. A novel synthetic approach is introduced to bind D-
VAP and RI-VAP, peptides that target GRP78, specifically to glioblastoma cells. Based on the
previously reported condensation method between a cyanohydroxyquinoline and cysteine moieties
to form a 2-thiazoline ring, a second-generation probe based on lutetium(III) has been synthesized.
This probe includes a linker through an azide-modified lysine amino acid. With the azide-
functionalized Lu(Ill) DOTA-quinoline-lysine-DOTA-Lu(Ill) complex, the strain promoted
azide-alkyne cycloaddition (SPAAC) will be performed using DBCO-maleimide to attach desired
peptides to the homo-bimetallic complex. After evaluating the complex as a cold standard, the
radioactive isotope !"’Lu will be incorporated into both complexes to test their potential as targeted

radionuclide therapy agent against glioblastoma.
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4.4. Introduction

Gliomas, which are tumors that originate from glial cells, the supportive cells in the brain,
account for 80% of all brain tumors and tumors in the central nervous system (CNS) !. Classified
as grade IV CNS tumors, glioblastoma, also known as glioblastoma multiforme (GBM), is a highly
aggressive and malignant type of brain tumor. Even if this disease occurs almost exclusively in the
brain, it can also be detected in the brain stem, cerebellum and spinal cord % 3. Glioblastoma
frequently presents varying grades of cell-differentiation within a single tumor, suggesting the
existence of diverse cell populations with differing responses to treatment. Targeted diagnostics
and therapies concentrate on various genetic mutations and alterations in important molecular
pathways that are associated with the development and prognosis of GBM. Among the various
mutations associated with it, notable examples include the loss of genetic material in the
chromosome 10q *, amplification of epidermal growth factor receptor (EGFR) % °, mutations in
neurofibromatosis type 1 (NF1), tumor protein p53 (TP53) & 7, telomerase reverse transcriptase
(TERT) promoter region ®,and deletions in the phosphatase and tensin homolog (PTEN) *, among

others ! °.

Although multiple mutations are associated with glioblastoma, the glucose-regulated protein
78 kDa (GRP78) can be considered as a biomarker for high-grade gliomas due to its role in
regulating this type of cancer '°. GRP78, a member of the heat shock protein HSP70 family that is
overexpressed in GBM, functions as a key chaperone protein located in the lumen of the
endoplasmic reticulum. It is activated by stress and plays a role in the unfolded protein response
(UPR), helping to ensure proper protein folding '!. This specific protein plays a significant role in

various tumor processes, including growth, metastasis, immune regulation and tumor progression
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12. 13 Tts overexpression in tumor microenvironments is a response to conditions such as glucose
starvation and hypoxia which make its localization on the membrane of specific cancer cell types
1415 GRP78 was found to specifically bind a 7-amino acids peptide, L-VAP (SNTRVAP), which
targets metastatic androgen-independent prostate cancer '°. Since GRP78 is overexpressed in both
glioma cells and glioma stem cells !7, and the stability of peptides can be enhanced using D-amino
acids '®, the efficiency of the D-VAP and the RI-VAP (PAVRTNS) peptides was tested for glioma
targeting. These peptides were considered effective in accomplishing glioma-targeted drug

delivery '°.

With the application of gadolinium-based contrast agents (GBCA), magnetic resonance
imaging (MRI) has been considered one of the primary methods in the diagnosis and evaluation
of the treatment efficacy in glioblastomas. However, due to an inaccurate reflection of tumor
progression in around 28 to 30% of glioma patients in the first three months of chemoradiation !°,
positron emission tomography-computed tomography (PET-CT) or single photon emission

I In

computed tomography (SPECT) have become more relevant for glioblastomas detection
addition to these imaging methods has emerged new techniques for cancer treatment such as
targeted radionuclide therapy (TRT). TRT uses a biochemical vector linked to a radionuclide,
which can be employed for diagnosis, therapy, or both, makes it then a radiotheranostic agent 2°.
Lutetium(III), specifically isotope '”’Lu, is a metal radionuclide that can be combined with a
targeting biomolecule, such as a peptide, to diagnose, monitor or treat disease. Due to its
theranostic properties, this isotope emits simultaneously gamma photons in addition to its S
particle emission 2!, Its long half-life of 6.734 days, is compatible with pharmacodynamics and

pharmacokinetics properties of monoclonal antibodies and proteins 2. Even though this

radioactive isotope has been applied mostly as ['"’Lu]PSMA-617 or ['""Lu]DOTA-TATE for
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gastroenteropancreatic tumors 2°, different TRT have been developed for GBM cases like

['""Lu]Lu-DOTAGA-SP # or !""Lu-NeoBOMBI1 .

To enhance the multifunctional properties of '"’Lu, one approach involves integrating two
lanthanides within a single molecular complex. This strategy could potentially leverage the unique
advantages of each lanthanide, creating a system that improves both diagnostic accuracy and

therapeutic efficacy. Among the various methods to combine lanthanides, which include

26, 27 8

diazotization 2°, Ugi reaction , or Cu(I)-catalyzed azide-alkyne cycloaddition 2%, a novel
approach has been developed. This method combines two lanthanide in a 1:1 ratio through a fast
and uncatalyzed aqueous click reaction, based on the formation of a 2-thiazoline ring (Chapter 3).
In the case of this research project, we reported a synthetic approach to bind D-VAP
(PSPNPTPRPVPAPP) and RI-VAP (PPPAPVPRPTPNPS) peptides with a !"’Lu based homo-
bismetallic complex as a potential TRT agent against glioblastomas. This is achieved by the
formation of (6-hydroxyquinolin-2-yl)-4,5-dihydrothiazole (HQDT) from an azide-modified-L-

lysine linked to L-cysteine with 2-cyano-6-hydroxyquinoline (CHQ) .
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4.5. Results and Discussion

Optimization of N-(azido-lysyl)-N'-(DOTA-OtBu-phenyl) amide deprotecting group

chemistry

To achieve the goal of this project, based on developing a synthetic approach of a potential
theranostic contrast agent in the treatment of glioblastoma, the final bimetallic complex was
separated into two synthons: a lysyl-DOTA component (Figure 4.1 & 4.2, 26) and a 2-cyano-6-
hydroxyquinoline-DOTA (CHQ DOTA) component, based on the previous chapter (Figure 4.3,
30). Like our first generation bimetallic complexes, the one-way nature of the reaction, where a
covalent bond forms exclusively between one lysyl and one quinolinyl component, allows for

precise control over the resulting bislanthanide combination without the need of a metal catalyst.

The initial synthesis scheme, depicted in Figure 4.1, began with the conjugation of Fmoc-
azido-lysine with  Boc-phenylenediamine, resulting in N-Fmoc-azido-lysine-N -Boc-
phenylenediamine amide (18) with a 70 % yield after purification. A selective deprotection was
successfully carried out on the doubly protected phenylenediamine compound (18), effectively
removing the Boc group under acidic conditions. This allowed for an HBTU-driven amide
coupling with DOTA-OtBu monoacetic acid, leading to the desired product, N-Fmoc-azido-lysine-

(N’-DOTA-OtBu-phenylenediamine) amide (19), with a 35 % yield.
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Figure 4.1 Initial synthetic scheme for Lu(Ill) lysine moiety complex using Boc-
phenylenediamine as a precursor. DIPEA: N,N’-diisopropylethylamine; HOBT: I-
hydroxybenzotriazole; HBTU: Hexafluorophosphate Benzotriazole Tetramethyl Uronium; DMF:
N,N’-dimethylformamide; TFA: trifluoroacetic acid; DCM: dicholormethane; TIPS:

triisopropylsilane; RT: room temperature.

To obtain the final product, the lysyl-DOTA component, the next step involved Fmoc
deprotection, which was necessary before performing the coupling reaction with Boc-S-trityl-L-
cysteine. However, several methodologies were realized to achieve Fmoc deprotection, as

presented in Table 4.1., but none were successful.

The presence of an acidic proton on the fluorenyl ring system can be extracted by a base,
leading to the removal of the Fmoc group and the formation of carbon dioxide and dibenzofulvene

intermediate. As a highly reactive electrophile, dibenzofulvene will react with primary or
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secondary amines to prevent unwanted side reactions. Therefore, to scavenge the dibenzofulvene

by-product and remove the Fmoc group, amine reagents are commonly used 3% 3!,

To remove any traces of impurities, including the dibenzofulvene-amine adduct, each attempt
was purified by flash column chromatography using an appropriate ratio of DCM to methanol.
Known to work for the first-generation probe, the initial attempt was conducted with methylamine
in tetrahydrofuran (THF) for 1 hour at room temperature. After purification, a yield of 33 % was
obtained, which did not provide enough pure material to perform the next step, the coupling
reaction with Boc-S-trityl-L-cysteine. Upon examining the 'H NMR spectrum, residual traces of
the Fmoc group were observed in the aromatic region, leading to the conclusion that this method

was ineffective.

Following this, alternative conditions were investigated, including varying the reaction time,
as well as exploring different solvents and secondary amines to enhance the deprotection
efficiency. This is the case of diethylamine in dichloromethane (DCM), a polar solvent, as a
potential solution. Experiments with varying reaction times to assess the impact on the
deprotection process were conducted. This method was chosen to evaluate whether changes in
solvent and reaction duration could improve the efficiency and purity of the desired product. The
first attempt was realized with a 3-hour reaction time resulting in an 11 % yield, which was
insufficient for the next synthesis step. Consequently, the reaction was repeated with a longer
duration of 4 hours leading to no conversion. Another attempt with a 6-hour reaction time yielded
56 % providing enough product to proceed with the coupling reaction. However, after multiple
purifications, the final product yield remained insufficient. Numerous side products, formed during
Fmoc deprotection, were observed beyond the expected dibenzofulvene-amine adduct, unreacted

starting material and the desired free amine product.
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To optimize the reaction, a different approach was realized by changing the solvent, to see if
it would enhance the reaction efficiency and yield. Due to the polar nature of dichloromethane, we
switched to a more polar solvent, dimethylformamide (DMF), which is known to promote faster
reactions *°. Some studies have also shown that this type of reaction works better in a more polar,
electron-donating solvent like DMF compared to a less polar solvent like DCM 2. With the same
secondary amine, diethylamine, the reaction was conducted from 1 hour to 18 hours and monitored
by LC-MS to determine if the desired product had formed. According to the LC-MS results, the
desired free amine mass (m/z), corresponding to azido-lysine-(N’-DOTA-OtBu-
phenylenediamine) amide, was not observed. Instead, only the mass (m/z) of the starting material,
N-Fmoc-azido-lysine-(N -DOTA-OtBu-phenylenediamine) amide (19), was detected, indicating

that the reaction did not proceed under those conditions.

Multiple reported methods have presented piperidine as one of the best methods to remove
Fmoc protecting group *!> 32 33, Due to the nature of the amino acid used in this second-generation
probe, Fmoc-azido-lysine, a new procedure with piperidine in the presence of ethyl acetate was
tested according to a publish procedure **. The reaction was conducted for 3 hours at room
temperature. Unfortunately, this new procedure was unsuccessful and failed to produce the desired
product. Other studies reported that the best method involves using piperidine in the presence of
DMF 3% 36 which is why this procedure was tested 1 hour and 2 hours at room temperature. Both
methods resulted in the production of multiple spots on thin-layer chromatography (TLC), which
were all isolated and analyzed by LC-MS. None of the spots matched the desired product mass

(m/z).

In the effort to remove the Fmoc protecting group from N-Fmoc-azido-lysine-(N’-DOTA-

OtBu-phenylenediamine) amide, various methods and procedures with different parameters were
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explored. Despite multiple attempts, the deprotection remain unsuccessful, and there are several
potentials reasons for this outcome. The reactions conditions, such as temperature or reaction time,
might not have been optimal, or the base used might not have been strong enough for Fmoc
removal. The choice of solvent might not have been suitable for solvating the reagents or
stabilizing the intermediates formed during deprotection. Another alternative could have been tried

t 37. The conditions used for Fmoc

using N-methyl-2-pyrrolidone, a different polar aprotic solven
removal might have led to side reactions, such as decomposition or modification of other
functional groups in the molecule. Without the right procedure, the reaction might not have gone
to completion, or the intermediates might have been unstable. Indeed, the intermediates formed
during the deprotection process might have been unstable under the reaction conditions, leading
to degradation or rearrangement. Among these reasons, we believe that the primary factor for the
inefficient Fmoc removal might be the presence of the DOTA moiety on the molecule. The
presence of bulky groups, such as DOTA-OtBu, near the Fmoc protected amine could block the
approach of the base or other reagents, making deprotection more difficult. Additionally, the

DOTA moiety might be sensitive to pH changes occurring during Fmoc deprotection, potentially

leading to unwanted reactions or degradation.
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Table 4.1 Overview of experimental efforts to synthesize N-(azido-lysyl)-N-(DOTA-OtBu-
phenyl) amide. All reactions were performed at room temperature and followed by LC-MS. The
asterisk (*) indicates the yield values achieved following purification, which included the presence

of various side products.

Amine reagents Solvent Reaction time Yield
Methylamine THF lh 33%*
Diethylamine DCM 3h 11% *
Diethylamine DCM 4h N/A
Diethylamine DCM 6 h 56 % *
Diethylamine DMF lh N/A
Diethylamine DMF 18 h N/A

Piperidine EtOAc 3h N/A
Piperidine DMF lh N/A
Piperidine DMF 2h N/A
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Design and synthesis of a novel molecular conjugate

Given our inability to identify an effective procedure for Fmoc removal on N-Fmoc-azido-
lysine-(N -DOTA-OtBu-phenylenediamine) amide, the entire synthetic scheme was revised. This
decision was driven by the challenges encountered in achieving the desire deprotection without
forming unwanted by-products or compromising yield. By redesigning the synthetic route, we
aimed to improve the overall efficiency and purity of the same final product, Lu(IIl)-DOTA-

lysine-cysteine complex (26) (Figure 4.2).
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Figure 4.2 Chemical synthesis of Lu(IIl) lysine moiety complex. DCM: dicholormethane; HCI:
hydrochloric acid; MeOH: methanol; DIPEA: N,N’-diisopropylethylamine; HOBT: I-

hydroxybenzotriazole;, HBTU: Hexafluorophosphate Benzotriazole Tetramethyl Uronium, DMF:
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N,N’-dimethylformamide; THF': tetrahydrofuran; Pd(PPhs3)s. tetrakis(triphenylphosphine)

palladium; TFA: trifluoroacetic acid; TIPS: triisopropylsilane; RT: room temperature.

Protection of the free amino group of Boc-N-phenylenediamine with Alloc, in order to generate
allyl (4-aminophenyl) carbamate (20) after an orthogonal Boc deprotection, led to the synthesis of
the first synthon, the lysyl-DOTA component. This was followed by conjugation to Fmoc-azido-
lysine, resulting in N-Fmoc-azido-lysine-Alloc-phenylenediamine amide (21) with 77 % yield.
Subsequent deprotection of Fmoc in presence of methylamine gave azido-lysine-Alloc-
phenylenediamine amide (22). An HBTU-driven amide coupling with Boc-S-trityl-L-cysteine
generated S-tert-butyl-cysteine-azido-lysine-(N-Alloc-phenylenediamine) amide (23) with a 63 %
yield. The next step of the synthesis involved a palladium-catalyzed reaction to induce Alloc
deprotection. After two purification steps, including HPLC, the desired product, S-tert-butyl-
cysteine-azido-lysine-(phenylenediamine) amide (24) was isolated. This was followed by an
HBTU-mediated coupling to DOTA-OtBu monoacetic acid, providing the fully protected S-tert-
butyl-cysteine-azido-lysine-(N'-DOTA-OtBu-phenylenediamine) amide (25) with a 39 % yield.
On the other hand, the CHQ-DOTA synthon was acquired according to the previous synthesis
(Chapter 3) offering a fully protected quinolinyl-DOTA conjugate (29). Both the trityl-conjugated
lysyl-DOTA (25) and CHQ-DOTA underwent complete deprotection and were subsequently
reacted with the desired lutetium(III) chloride hexahydrate overnight. This process yielded the
Lu(IIl)-loaded lysyl-DOTA (26) and CHQ DOTA synthons (30). Both, Lu(III)-DOTA-lysine-
cysteine complex (26) and Lu(Ill)-CHQ-DOTA complex (30), were purified by HPLC and

characterized by high resolution mass spectrometry (HRMS).
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By demonstrating that the 4,5-dihydrothiazole linkage can be achieved through a catalyst-free

aqueous click reaction with first-generation bimetallic complexes, the prepared lutetium(III)-

loaded individual synthons were reacted together in PBS, resulting in homo-bislanthanide complex

(31) (Figure 4.4).
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Figure 4.3 Chemical synthesis of Lu (IIT) quinoline moiety complex. Py" CI': pyridinium chloride;

Nal: sodium iodide; K2CO3: potassium carbonate; DCM: dicholormethane; DIPEA: N,N’-

diisopropylethylamine; TFA: trifluoroacetic acid; HOBT: I-hydroxybenzotriazole; HBTU:

Hexafluorophosphate Benzotriazole Tetramethyl Uronium; DMF: N,N’-dimethylformamide;

TIPS: triisopropylsilane; RT: room temperature.
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Figure 4.4 Fast and aqueous condensation of the lysyl-DOTA and quinolinyl-DOTA synthons to

result in a 4,5-dihydrothiazole linkage. DTT: dithiothreitol; PBS: phosphate buffer saline.
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Future application of the homo-bismetallic complex

After successfully synthesizing the targeted complexes, the next phase of the project involves
investigating the chemical properties of the complex to understand their potential applications and
interactions. Additionally, plans include evaluating the efficacy of the complex by testing them in
glioblastoma cell lines. This approach will allow for an assessment of both the chemical and
biological aspects of the synthesized complexes, contributing to the understanding of their

potential therapeutic value against this form of brain cancer.

In order to combine our targeted peptides to GRP78, overexpressed and present on the cell
surface of glioblastoma cells '7, on the homo-metallic complexes 31, a linker between those two
parts need to be synthesized (Figure 4.5). By performing a standard amide bond coupling reaction
between N-aminoethylmaleimide and DBCO-acid, the DBCO-maleimide conjugate 32 will be

obtained, resulting in a thiol-reactive maleimide group suitable for bioconjugation applications.

A
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HOBT, HBTU o) wo

. .
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Figure 4.5 Chemical synthesis of DBCO-Maleimide conjugate. HOBT: 1-hydroxybenzotriazole;
HBTU:  Hexafluorophosphate  Benzotriazole  Tetramethyl =~ Uronium;, DIPEA: N,N’-

diisopropylethylamine; DMF': N,N’-dimethylformamide.
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On the other hand, the two peptides, D-VAP and RI-VAP, will be synthesized using a peptide
synthesizer to achieve the desired sequences, each featuring a cysteine residue at the C-terminus.
This cysteine will facilitate the attachment of the peptides to the resin, 2-chlorotrityl resin, ensuring
efficient and stable linkage '°. Additionally, the cysteine residue on both peptides will enable their
coupling to the DBCO-maleimide conjugate 32 through the thiol-reactive maleimide group,
facilitating a covalent sulfhydryl-maleimide conjugation ¥, to form the final DBCO-maleimide

conjugated D-VAP 33 and conjugated RI-VAP 34 (Figure 4.6).
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Figure 4.6 Chemical synthesis of peptide conjugates with DBCO-Maleimide. (A) Structure of D-
VAP peptide with C-terminal cysteine, which reacts with the maleimide group on molecule 32 to
form DBCO-Maleimide conjugated D-VAP 33. (B) Structure of RI-VAP peptide with C-terminal
cysteine, which reacts with the maleimide group on molecule 32 to form DBCO-Maleimide
conjugated RI-VAP 33.
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Once the DBCO-maleimide conjugated D-VAP 33 and conjugated RI-VAP 34 are
synthesized, they can both react with Lu(III)-DOTA-quinoline-lysine-DOTA-Lu(IIT) complex 31
to form the different complexes 35 and 36 (Figure 4.7). The lysyl-DOTA-component 26 of the
homo-bismetallic complex presents an azide on the side chain of the lysine, allowing the
complexation with an alkyne, here dibenzocyclooctyne (DBCO) maleimide, through a strain-
promoted azide alkyne cycloaddition (SPAAC). As an alternative to copper(I)-catalysed alkyne-
azide cycloaddition (CuAAC), which is limited by the toxicity of free copper ions in cellular assays
and in vivo environments *°, SPAAC reactions are bioorthogonal. This means that they can proceed
in living systems without interfering with native biological processes and without requiring a
catalyst *°. These properties makes SPAAC suitable for in vivo applications such as live-cell
imaging and drug delivery *!. Compared to the first generation of cyclooctynes, which have a
reaction rate constant of k=0.12 M"'.s™!, the presence of an endocyclic sp? nitrogen in the DBCO
ring structure enhances reactivity, resulting in improved kinetics with a rate constant of k£ = 0.31
Mlst % Due to its stability and versatility in functionalizing various molecules, such as
biomolecules, polymer and nanoparticles 4}, DBCO was selected for this project. Its properties
make it ideal for conjugation with homo-bimetallic complexes to generate D-VAP and RI-VAP

peptides conjugates for glioblastoma targeting.

Once the azide functionalized Lu(III)-DOTA-quinoline-cysteine-DOTA-Lu(IlI) DBCO-
Maleimide-D-VAP conjugate 35 and RI-VAP conjugate 36 are obtained, the next step is to test
these complexes in U87MG, glioblastoma cell lines, and HEK 293, serving as a negative control
10 This will involve conducting a live/dead assay followed by flow cytometry analysis to assess
the efficacy and cellular impact of the conjugates. Too evaluate their potential as therapeutic

agents, the live/dead assay will determine the viability of glioblastoma cells after exposure to both
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complexes, providing insights into their cytotoxic effects. This will also help identify the
specificity and efficacy of the targeting strategy by analyzing whether the homo-bimetallic
complexes can effectively target glioblastoma cells, particularly GRP78. Additionally, flow
cytometry experiments will provides quantitative data on cell population, allowing for precise

measurement of the proportion of live and dead cells *.

After evaluating the Lu(IIl)-DOTA-quinoline-cysteine-DOTA-Lu(Ill) DBCO-Maleimide-D-
VAP conjugate 35 and RI-VAP conjugate 36 complexes as cold standard on glioblastoma cell
lines, the next step will be to test them as a hot standard using '”’Lu radioisotope. This involves
assessing their potential as targeted radionuclide therapy agents by performing hot chemistry
experiments and analyzing the results to determine their efficacy on US7MG cell lines as a

potential treatment for glioblastoma.
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Figure 4.7 Chemical synthesis of peptide conjugates with homo-bismetallic complex. (A)
Structure of DBCO-Maleimide conjugated D-VAP 33 which reacts with the azide group on the
Lu(Ill)-DOTA-quinoline-lysine-DOTA-Lu(III) complex 31 to form, through a SPAAC chemistry,
an azide functionalized Lu(III)-DOTA-quinoline-cysteine-DOTA-Lu(Ill) DBCO-Maleimide-D-
VAP conjugate 35. (B) Structure of DBCO-Maleimide conjugated RI-VAP 34 which reacts with
the azide group on the Lu(III)-DOTA-quinoline-cysteine-DOTA-Lu(Ill) complex 31 to form,
through a SPAAC chemistry, an azide functionalized Lu(IlI)-DOTA-quinoline-cysteine-DOTA-

Lu(Ill) DBCO-Maleimide-RI-VAP conjugate 36.
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4.6. Conclusion

In this project, we present a second generation probe, Lu(IIl) DOTA-quinoline-lysine-DOTA-
Lu(IIl) complex, that will be functionalized with DBCO-maleimide D-VAP and RI-VAP
conjugates for targeted glioblastoma therapy. After multiple attempts to optimize or find an
effective procedure to Fmoc deprotection in the presence of a DOTA component on the lysyl-
DOTA, the synthetic scheme was redesigned. Based on the aqueous and uncatalyzed click reaction
to form a 2-thiazoline ring between the lysyl-DOTA and quinolinyl-DOTA synthons, the
functionalized azide-lysyl DOTA moiety will be attached to the DBCO-maleimide peptide
conjugates through a strain-promoted azide-alkyne cycloaddition (SPAAC). While the evaluation
of these complexes in glioblastoma cell lines is still ongoing at this stage of the project, the
synthesis of these targeted probes has been successfully achieved up to the homo-bimetallic
complexes. Incorporating the radioactive isotope !”’Lu into these complexes shows promise for
targeted radionuclide therapy. Future testing will validate their efficacy and specificity in targeting

glioblastoma cell, particularly US7MG cell line.
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4.8. Supplementary Information

4.8.1. General Experimental Procedures

All reagents were either commercially obtained or synthesized following the procedures described
below. Solvents used were HPLC grade, except for water (18.2 MQ cm Millipore-grade). A rotary
evaporator was used to remove any volatiles under reduced pressure. Thin-layer chromatography
(TLC) was performed on aluminum-backed silica gel plates, with compounds visualization using
5 % ninhydrin stain and UV light. For nuclear magnetic resonance (NMR) spectroscopy, 'H NMR
spectra were recorded on 400 or 600 MHz spectrometers, with & values of 2.50 ppm for DMSO-
Dgand 7.26 ppm for CDCls. For 1*C NMR, § values were 39.50 ppm for DMSO-Dg and 49.0 ppm
for CDCls. High resolution mass spectrometry (HRMS) data were obtained were obtained using
electrospray ionization (ESI). Preparation of the Lu(IIl)-DOTA-quinoline conjugate was realized

according to the synthetic procedure developed in chapter 3.
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4.8.2. Synthetic Procedure

Preparation of N-Fmoc-azido-lysine-/V’-Boc-phenylenediamine amide (18)

A solution was prepared by dissolving Fmoc-azido-lysine (394.4 mg, 1 mmol) in dry DMF (2 mL)
within a separate vial, along with DIPEA (522 pL, 3 mmol). The mixture was cooled to 0 °C using
an ice bath. Subsequently, HOBt (40.5 mg, 0.3 mmol) and HBTU (379.24 mg, 1 mmol) were
introduced. After stirring at 0 °C for 10 minutes, BOC-phenylenediamine (208.26 mg, 1 mmol)
was added to the reaction. The cooling was then removed, and the reaction proceeded at room
temperature for 18 hours. The resulting solution was extracted with brine (45 mL) and EtOAc (3
% 30 mL). The combined organic layers were washed with brine (3 x 45 mL), dried over Na;SOs,
and concentrated under reduced pressure. The crude product was purified using flash column
chromatography (FCC) on 50 g of silica gel with a hexane/acetone 2:1 eluent. Evaporation of the
collected fractions yielded the N-Fmoc-azido-lysine-N-Boc-phenylenediamine amide 18 as a light
yellow solid, 483.2 mg, 83%. '"H NMR (300 MHz, DMSO) § 9.92 (s, 1H), 9.26 (s, 1H), 7.89 (d, J
=7.5Hz, 2H), 7.74 (dd, J=7.5, 3.9 Hz, 2H), 7.65 (d, J = 8.0 Hz, 1H), 7.52 — 7.27 (m, 8H), 4.31
—4.18 (m, 3H), 4.12 (q, J = 8.3 Hz, 1H), 1.46 (s, 16H). '*C NMR (100 MHz, DMSO) § 170.57,
156.08, 152.81, 143.89, 143.79, 140.72, 135.06, 133.42, 127.64, 127.05, 125.33, 120.11, 119.70,
118.42, 78.85, 65.65, 55.11, 50.52, 46.67, 31.41, 28.15, 27.91, 22.84. HRMS (ESI) m/z found

607.2631 [M + Na]* (calcd 607.2645 for C32H3sN¢OsNa).

225



Reaction of N-Fmoc-azido-lysine-/N’-Boc-phenylenediamine amide with DOTA-OtBu

monoacetic acid

TFA (800 pL) was introduced to a stirred suspension of N-Fmoc-azido-lysine-N’-Boc-
phenylenediamine amide (477.6 mg, 0.8 mmol) in CH>Cl; (2.7 mL), and the mixture was stirred
for 1 hour at room temperature. After complete evaporation, excess TFA was removed by co-
evaporation with CH2Clz (3 x 60 mL) and afforded the BOC deprotected compound. In a separate
vial, DIPEA (279 pL, 1.6 mmol) was added to a solution of DOTA-OtBu monoacetic acid (458.2
mg, 0.8 mmol) in dry DMF (2 mL). The mixture was cooled to 0 °C on ice, followed by the
addition of HOBt (35.1 mg, 0.26 mmol) and HBTU (303.4 mg, 0.8 mmol). After stirring for 10
minutes at 0 °C, N-Fmoc-azido-lysine-phenylenediamine (477.6 mg, 0.8 mmol) was added. The
cooling bath was removed, and the mixture was stirred for 18 hours at 60 °C. The solution was
then partitioned between brine (60 mL) and EtOAc (3 x 35 mL). The combined organic extracts
were washed with brine (3 x 60 mL), dried over Na;SOs, and concentrated. The residue was
purified by flash column chromatography on 50 g of silica gel using hexane/acetone (1:1) as the
eluent. Evaporation of the eluate yielded the fully protected DOTA lysine conjugate 19 as a light
yellow solid, 217.4 mg, 26 %. 'H NMR (400 MHz, DMSO) § 10.05 (s, 1H), 9.99 (s, 1H), 7.89 (d,
J=7.7Hz, 2H), 7.73 (t, J= 6.4 Hz, 2H), 7.67 (d, J = 7.7 Hz, 1H), 7.49 (s, 4H), 7.41 (td, J= 7.5,
4.4 Hz, 2H), 7.32 (td, J = 7.4, 4.5 Hz, 2H), 4.24 (dq, J = 13.3, 7.1 Hz, 3H), 4.17 — 4.05 (m, 1H),
3.24 — 1.94 (m, 32H), 1.75 — 1.27 (m, 37H). *C NMR (100 MHz, DMSO) § 174.65, 172.65,
172.58, 170.74, 164.62, 156.12, 143.86, 143.79, 140.73, 134.57, 134.23, 129.28, 127.66, 127.63,
127.06, 125.34, 124.19, 121.11, 120.94, 120.12, 119.77, 119.58, 119.20, 113.79, 113.53, 104.51,

81.33, 81.23, 81.15, 81.13, 81.09, 73.96, 68.53, 65.67, 60.77, 59.77, 56.27, 55.83, 55.62, 55.30,
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55.23, 55.19, 55.04, 54.69, 50.54, 46.68, 38.26, 29.61, 27.91, 27.61, 27.53, 24.92, 14.10. HRMS

(EST) m/z found 1039.6021 [M + H]" (calcd 1039.5981 for CssH7oN10010).

Preparation of allyl (4-aminophenyl) carbamate (20)

Synthesis of allyl (4-aminophenyl) carbamate was realized according to the publish patent *°,
affording a pink solid, 330 mg, 100%. '"H NMR (400 MHz, DMSO) & 9.85 (s, 1H), 9.61 (s, 2H),
7.49 (d,J=8.3 Hz, 2H), 7.19 (d, /= 6.7 Hz, 2H), 5.97 (ddt, J=17.2, 10.7, 5.4 Hz, 1H), 5.35 (dq,
J=17.2, 1.7 Hz, 1H), 5.23 (dq, J = 10.4, 1.4 Hz, 1H), 4.60 (dt, J = 5.5, 1.5 Hz, 2H). *C NMR
(100 MHz, DMSO) 6 153.24, 138.78, 133.19, 133.03, 126.14, 123.63, 120.49, 119.05, 117.69,

72.17,70.54, 70.48, 66.37, 64.80, 60.19, 43.65.

Preparation of N-Fmoc-azido-lysine-Alloc-phenylenediamine amide (21)

A solution of Fmoc-azido-lysine (500 mg, 1.27 mmol) was prepared in a separate vial with dry
DMF (3 mL) and DIPEA (662 pL, 3.8 mmol). The reaction mixture was cooled on ice at 0 °C,
after which HOBt (51.4 mg, 0.38 mmol) and HBTU (481 mg, 1.27 mmol) were added. The mixture
was stirred at 0°C for 10 minutes before the addition of allyl (4-aminophenyl) carbamate (244 mg,
1.27 mmol) to the reaction. After removal of the cooling bath, the reaction was stirred 18 hours at
room temperature. The solution was then extracted with brine (45 mL) and EtOAc (3 x 30 mL).
The organic layers were combined, washed with brine (3 X 45 mL), dried with Na>SO4 and
concentrated under reduced pressure. The crude product was purified by FCC on 50 g of silica gel
using hexane/acetone (1:1). Evaporation of the collected fractions afforded the N-Fmoc-azido-

lysine-Alloc-phenylenediamine amide 21, light yellow solid, 559.2 mg, 77%. '"H NMR (600 MHz,
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DMSO) 6 9.94 (s, 1H), 9.63 (s, 1H), 7.89 (d, /= 7.6 Hz, 2H), 7.74 (t, J= 7.6 Hz, 2H), 7.64 (d, J =
8.1 Hz, 1H), 7.50 (d, J= 8.5 Hz, 2H), 7.44 — 7.35 (m, 5H), 7.32 (q, /= 7.0 Hz, 3H), 5.97 (ddt, J =
16.2,10.6, 5.4 Hz, 1H), 5.35 (dd, J=17.2, 2.2 Hz, 1H), 5.23 (dd, J=10.5, 1.9 Hz, 1H), 4.59 (d, J
=5.4Hz, 2H), 4.34 - 4.08 (m, 5H), 2.69 (s, 2H), 1.75 — 1.30 (m, 8H). '*C NMR (100 MHz, DMSO)
0 170.63, 156.08, 153.24, 143.89, 143.79, 140.72, 140.71, 134.56, 133.81, 133.38, 127.64, 127.05,
125.33, 120.12, 120.10, 119.78, 118.56, 117.51, 104.58, 65.64, 64.56, 55.11, 50.51, 46.67, 40.06,
31.39, 27.90, 22.83. HRMS (ESI) m/z found 591.2352 [M + Na]" (caled 591.2332 for

C31H32N6OsNa).

Preparation of azido-lysine-Alloc-phenylenediamine amide (22)

A solution of methylamine in THF (9 mL, 2 M) was combined with N-Fmoc-azido-lysine-Alloc-
phenylenediamine amide (513.5 mg, 0.90 mmol) and stirred at room temperature for 1 hour. After
a complete evaporation of the solvent, the crude product was purified by FCC on 40 g of silica
with CH2Cl,/MeOH (95:5). Evaporation of the collected fractions afforded azido-lysine-Alloc-
phenylenediamine amide 22, light yellow solid, 202.61 mg, 65%. '"H NMR (600 MHz, DMSO) &
9.62 (s, 1H), 7.55 - 7.47 (m, 2H), 7.37 (d, J = 8.5 Hz, 2H), 5.97 (ddt, /= 17.3, 10.7, 5.4 Hz, 1H),
5.35(dq,J=17.2,1.7 Hz, 1H), 5.23 (dq, J=10.5, 1.5 Hz, 1H), 4.59 (dt, J= 5.4, 1.5 Hz, 2H), 3.26
(dd, J = 7.4, 5.4 Hz, 2H), 1.68 — 1.30 (m, 8H). '*C NMR (100 MHz, DMSO) § 173.95, 153.26,
134.44, 133.82, 133.39, 119.71, 118.58, 117.51, 104.54, 64.56, 55.25, 50.62, 40.06, 34.55, 28.21,

22.67. HRMS (ESI) m/z found 369.1664 [M + Na]* (calcd 369.1651 for C16H2:NsO3Na).
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Preparation of S-tert-butyl-cysteine-azido-lysine-(/N-Alloc-phenylenediamine) amide (23)

A solution of Boc-S-Trityl-L-cysteine (267.7 mg, 0.58 mmol) was prepared in a separate vial with
dry DMF (2 mL) and DIPEA (301 pL, 1.73 mmol). The reaction mixture was cooled on ice at 0
°C, after which HOBt (23.4 mg, 0.17 mmol) and HBTU (219 mg, 0.58 mmol) were added. The
mixture was stirred at 0°C for 10 minutes before the addition of azido-lysine-Alloc-
phenylenediamine amide (200 mg, 0.58 mmol) to the reaction. After removal of the cooling bath,
the reaction was stirred 18 hours at room temperature. The solution was then extracted with brine
(40 mL) and EtOAc (3 x 25 mL). The organic layers were combined, washed with brine (3 x 40
mL), dried with Na,SO4 and concentrated under reduced pressure. The crude product was purified
by FCC on 30 g of silica gel using hexane/acetone (2:1). Evaporation of the collected fractions
afforded the S-tert-butyl-cysteine-azido-lysine-(N-Alloc-phenylenediamine) amide 23, white
solid, 288.1 mg, 63%. 'H NMR (400 MHz, DMSO) § 9.89 (s, 1H), 9.65 (s, 1H), 7.80 (d, J = 8.1
Hz, 1H), 7.45 (d, J = 8.5 Hz, 2H), 7.39 — 7.20 (m, 20H), 7.07 (d, J = 8.2 Hz, 1H), 5.97 (td, J =
10.9, 5.3 Hz, 1H), 5.35 (d, J = 17.2 Hz, 1H), 5.23 (d, J = 10.5 Hz, 1H), 4.59 (d, J = 5.5 Hz, 2H),
4.36 (s, 1H), 3.93 (d, J= 7.2 Hz, 1H), 3.24 (t, J="7.0 Hz, 2H), 2.35 (t, J=7.5 Hz, 2H), 1.75 - 1.42
(m, 5H), 1.38 (s, 13H). >*C NMR (151 MHz, DMSO) § 169.92, 169.61, 154.99, 153.23, 144.26,
134.75, 133.48, 133.37, 129.06, 128.03, 126.78, 126.74, 119.93, 117.52, 104.55, 78.58, 65.87,
64.57, 53.57, 52.77, 50.48, 40.06, 33.61, 31.78, 30.96, 28.10, 27.80, 22.24, 13.97. HRMS (ESI)

m/z found 814.3383 [M + Na]" (calcd 814.3363 for C43H49N706SNa).
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Preparation of S-tert-butyl-cysteine-azido-lysine-(phenylenediamine) amide (24)

The S-tert-butyl-cysteine-azido-lysine-(N-Alloc-phenylenediamine) amide (258.8 mg, 0.33 mmol)
was dissolved in dichloromethane (3.5 mL) followed by the addition of palladium-
tetrakis(triphenylphosphine) (19.6 mg, 0.017 mmol) and pyrrolidine (65 pL, 0.79 mmol). The
reaction mixture was stirred for 1 hour at room temperature under an inert atmosphere. After a
complete evaporation of the solvent, the crude product was subjected to FCC on 30 g of silica with
CH2Cl12/MeOH (95:5) to remove traces of palladium. A second purification was carried out using
preparative HPLC. The fraction containing the final product (tz 13 — 15min) was collected,
concentrated and lyophilized to provide S-tert-butyl-cysteine-azido-lysine-(phenylenediamine)
amide 24, light yellow solid, 92.5 mg, 40%. 'H NMR (600 MHz, DMSO) § 9.89 (s, 1H), 7.80 (d,
J=8.2Hz, 1H), 7.45 (d, J = 8.5 Hz, 2H), 7.30 (p, J = 8.0 Hz, 14H), 7.25 — 7.21 (m, 3H), 7.05 (d,
J=8.3 Hz, 1H), 6.93 (d, J = 8.3 Hz, 2H), 4.36 (td, ] = 8.4, 5.2 Hz, 1H), 3.93 (td, ] = 8.1, 5.6 Hz,
1H), 3.24 (t,] = 6.9 Hz, 3H), 2.36 (qd, ] = 11.9, 6.9 Hz, 2H), 1.68 (ddt, ] = 13.5, 9.8, 5.9 Hz, 1H),
1.58 (dtd, J = 13.7, 9.2, 4.9 Hz, 1H), 1.54 — 1.45 (m, 2H), 1.38 (s, 8H), 1.35 — 1.21 (m, 5H). °C
NMR (100 MHz, DMSO) & 169.95, 169.69, 157.99, 157.78, 155.00, 144.26, 129.07, 128.04,
126.75, 120.64, 78.59, 65.88, 53.56, 52.82, 50.49, 40.06, 33.60, 31.73, 28.10, 27.80, 22.25. HRMS

(ESI) m/z found 730.3173 [M + Na]" (calcd 730.3151 for C39HasN704SNa).
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Reaction of S-tert-butyl-cysteine-azido-lysine-(phenylenediamine)amide (24) with DOTA-

OtBu monoacetic acid

A solution of DOTA-OtBu monoacetic acid (217 mg, 0.38 mmol) was prepared in a separate vial
with dry DMF (3 mL) and DIPEA (103 pL, 0.63 mmol). The reaction mixture was cooled on ice
at 0 °C, after which HOBt (12.8 mg, 0.09 mmol) and HBTU (120 mg, 0.32 mmol) were added.
The mixture was stirred at 0°C for 10 minutes before the addition of S-tert-butyl-cysteine-azido-
lysine-(phenylenediamine) amide (224 mg, 0.32 mmol) to the reaction. After removal of the
cooling bath, the reaction was stirred 18 hours at 60 °C. The solution was then extracted with brine
(45 mL) and EtOAc (3 x 30 mL). The organic layers were combined, washed with brine (3 x 45
mL), dried with Na;SO4 and concentrated under reduced pressure. The crude product was purified
by FCC on 30 g of silica gel using hexane/acetone (1:1). Evaporation of the collected fractions
afforded the S-tert-butyl-cysteine-azido-lysine-(N'-DOTA-OtBu-phenylenediamine) amide 285,
white solid, 158 mg, 39%. "H NMR (400 MHz, DMSO) § 10.05 (s, 1H), 9.92 (s, 1H), 7.82 (d, J =
8.2 Hz, 1H), 7.52 - 7.43 (m, 4H), 7.37 - 7.18 (m, 17H), 7.07 (d, /= 8.2 Hz, 1H), 4.36 (s, 1H), 3.92
(q,J=7.5Hz, 1H), 3.55 - 1.90 (m, 86H), 1.74 — 1.20 (m, 48H). 13C NMR (100 MHz, DMSO)
172.56, 170.37, 169.95, 169.68, 164.59, 162.31, 155.01, 144.25, 134.38, 134.26, 129.06, 128.01,
126.72, 119.72, 119.31, 104.47, 81.13, 81.09, 78.57, 65.87, 56.28, 55.83, 55.61, 55.30, 55.23,
55.04, 53.64, 52.80, 50.49, 38.25, 35.78, 31.70, 30.77, 29.60, 28.09, 27.79, 27.61, 27.55, 27.53,

22.27. HRMS (ESI) m/z found 1262.6974 [M + H]" (caled 1262.7012 for C67HosN11011S).
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Preparation of Lu(III)-DOTA conjugate TFA salt (26)

The tritylated DOTA conjugate (140 mg, 0.11 mmol) was dissolved in CH>Cl, (2 mL) and TFA
(1.2 mL) was added with TIPS (103 uL) to the mixture which was stirred for 18 hours at room
temperature. The volatile is then evaporated with DCM (3 x 30 mL) and the residue triturated with
hexane (3 x 10 mL, each time sonicated for 10 minutes) followed by drying in vacuum. The
obtained solution of DOTA conjugate TFA salts (60 mg, 0.08 mmol) was combined in water (2.5
mL) with LuCl; — 6 H>O (31.2 mg, 0.08 mmol). The pH was adjusted and maintained between 6
and 7 using a 1 M NaOH solution, and the mixture was stirred at room temperature for 18 hours.
The reaction mixture was transferred to a Falcon tube, diluted with water (20 mL), and centrifuged
three times (3 minutes at 3000 rpm each). The supernatant was purified using preparative HPLC,
and the fraction containing the product (tz = 15.53 — 16.56 minutes) was concentrated and
lyophilized to provide the Lu(III)-DOTA-lysine-cysteine complex 26, colorless solid, 6.8 mg, 9%.

HRMS (ESI) m/z found 923.2626 [M + H]" (calcd 923.2608 for C31HasLuN;;O9S).

Preparation of the homo-bislanthanide complex

A solution of Lu(IIl)-DOTA-lysine conjugate (6 mg, 6.5 x 10 mmol) in PBS (1.5 mL) was
combined with Lu(III)-DOTA-quinoline conjugate (4.6 mg, 5.8 10 mmol) and stirred. DTT
(100.2 mg, 0.65 mmol) was then added to the mixture. The pH of the reaction was maintained at
pH ~ 6-7 using 1 M NaOH, and the mixture was stirred 40 minutes at 50 °C. The reaction mixture
was transferred to Falcon tubes, diluted with water (15 mL), and purified using preparative HPLC.

The fraction containing the product (tz = 18.31 — 19.35 minutes) was concentrated and lyophilized
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to afford quinoline-decorated Lu(III)-DOTA-quinoline-lysine-DOTA-Lu(Ill) complex 31 as a

white solid, 4 mg, 38 %.

HPLC analysis

Both lutetium (IIT) synthons and the homo-bislanthanide complex were purified through an HPLC
system (Shimadzu) by dissolving them in water to obtain a 5 mg/mL concentration. The separation
process was conducted on a polar C18 Phenomenex Luna column (250 x 4.6 mm, particle size 5
um, pore size 100 A). The mobile phase is composed of water with 0.1 % TFA (mobile phase A)
and acetonitrile with 0.1 % TFA (mobile phase B). The elution followed a linear gradient,
increasing from 0 % to 92 % B over 23 minutes, then reducing to 1 % B from 23.01 to 24.01
minutes, followed by a 6-minute equilibration period for the column. Chromatograms were

monitored at 254 nm, with a flow rate of 10 mL/min and a temperature maintained at 25 °C.
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4.8.3. NMR Spectral Characterization
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S76. "TH NMR spectrum of compound 18 in DMSO-Ds. The signal at § 2.09 ppm is due to the

presence of acetone in the sample.
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S78. 'TH NMR spectrum of compound 19 in DMSO-Ds.
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S79. 3C NMR spectrum of compound 19 in DMSO-Ds. Presence of multiple peaks indicated an

impure compound.
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presence of methanol in the sample.
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presence of methanol in the sample.
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5.1. Overview of the Research Project Presented in this Chapter

Over the past decade, the increasing legalization of tetrahydroxannbinol (THC) across various
countries has led to greater accessibility and usage. This trend highlights the need for a better
understanding of THC’s pharmacological and toxicological effects to effectively reduce associated
risks. The pharmacological interaction of THC with the cannabinoid receptors CB; and CB,,
including their roles within the endocannabinoid system, is well studied. However, specific
cannabinoid-based imaging probes have yet to be developed for scientific application in both
research and diagnostic Positron Emission Tomography (PET) imaging. Radiotracers have been
created using molecules distinct from the cannabinoids THC and cannabidiol (CBD), which
interact with CB; receptors. These also includes THC analogues such as HU-210F and HU-211F.
Based on this specificity, a new radiotracer with minimally modified chemical structure of A® and
A°-THC can be developed by incorporating a proton bioisostere, radioactive fluorine-18 ('5F), at
the end of the cannabinoid aliphatic chain. This modification will enable the creation of

radiotracers capable of quantifying biodistribution and receptor engagement using PET imaging.

5.2. Authors Contributions

E.M.S.P.B. performed the synthesis and characterization of every chemical compounds including
the different purification attempts on HPLC and automated purification systems, with the support
of D.G. R.L performed the separation of the sample on the analytical-scale fractions collector

HPLC.
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5.3. Abstract

An attempt to synthesize new THC-based radiotracers, ['*F]-o-fluoro- A-THC and ['*F]-o-
fluoro- A°-THC, has been made for PET-CT imaging to initially evaluate its biodistribution and
receptor engagement in the endocannabinoid system. Based on J. Med. Chem. 20085, (48:7389-
7399), an intermediate, a brominated THC, was formed by converting a proton bioisostere to a
bromine atom on the aliphatic chain, facilitating the subsequent conversion to fluorine. NMR
characterization revealed the complexity of the aliphatic region, suggesting a mixture of both A®-
THC and A°-THC isomers during the synthesis of brominated THC. Although the intermediates
were synthesized according to the published procedure, additional purification steps through
HPLC were required to obtain the desired pure brominated A3-THC and A°-THC. This necessitated

a redesign of the initial project plan.

5.4. Introduction

After its legalization in Canada in 2018, cannabis has attracted increased research interest due
to its increased use across demographics and its pharmacological and psychotropic effects .
Tetrahydrocannabinol (THC) is one of hundreds of phytocannabinoid compounds extracted from
the female plant of Cannabis sativa L. and is known for its psychoactive properties. As a
terpenophenolic compound with antibacterial, anti-inflammatory or analgesic properties >, THC

shows a high affinity for different receptors present in the endocannabinoid system (ECS).

Multiple studies show that THC binds to the two main cannabinoids receptors (CB), the G protein-
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coupled CB; and CB, 3. THC activates both CB; and CB; receptors, with the CB; receptor, mostly
found in the central nervous system (CNS), typically leading to the psychoactive effects associated
with cannabis. In contrast, the CB: receptor is predominantly present in various immune cells,
where it does not produce psychoactive effects, and is generally linked to protective biological

functions > 4.

Due to its lipophilic nature, THC can be rapidly absorbed and accumulated in body’s adipose
tissue for extended periods °. In rodent studies, THC was found at higher concentrations in gonadal
fat organs than in other tissue like the brain, liver or lungs, where it remains unmetabolized for
several hours . Human studies have detected THC in fat biopsies up to 28 days after cannabis
exposure '. Although THC appears to transfer from fat tissue back into the bloodstream under
normal physiological conditions, this specific cannabinoid can be released from adipocytes at

higher concentrations in the blood during enhanced fat metabolism, such as lipolysis ®.

Although cannabinoids receptors are involved in psychiatric or neurological disorders, they
also play a role in non-central nervous system pathologies such as liver fibrosis or metabolic
disorders like diabetes and cancer *. THC has demonstrated several therapeutic effects, including
pain relief due to its analgesic properties °, making it a valuable option for patients with multiple
sclerosis '°. Additionally, THC can reduce nausea and vomiting notably benefiting patients
suffering from conditions like HIV/AIDS !, It has also been shown to aid in mood regulation by
decreasing anxiety and tension 2, and has potential applications in the treatment of conditions such

13

as Alzheimer’s and Parkinsons’s diseases '*. However, THC’s psychoactive properties,

12" can induce anxiety, paranoia and even psychotic

including euphoria and altered perception
symptoms in some individuals at high dose !> '®. These potential adverse effects highlight the need

for better understanding and monitoring of THC’s impact on the body. To date, specific
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cannabinoid imaging probes have not yet been developed but they could have both research and
diagnostic applications in the PET-CT imaging field. While related analogues to synthetic
cannabinoids have been synthesized and characterized as potential agonists of CB; and CB:
receptors !7, specific imaging probes are still lacking. These synthetic cannabinoids, which feature
a terminal fluorine atom on their linear aliphatic chains, present higher pharmacological properties
compared to their non-fluorinated analogs '”. Radiotracers have been made based on molecules
other than THC or cannabidiol (CBD) that engage the CB; receptor '® °, including THC analogues

such as HU-210F and HU-211F %,

This is why, one of the main goals of this project is to assess the biodistribution of cannabinoids
through non-invasive, quantitative imaging techniques, and to investigate how factors like the age,
sex and body mass index (BMI) could influence its biodistribution. By evaluating both A-THC
and A°-THC, a low and high potency cannabinoid respectively, and comparing them, this study
aims to establish the evaluation of these radiotracers to applying ['®F]-w-fluoro- A®-THC and ['®F]-

o-fluoro- A’-THC to PET imaging within mouse models.
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5.5. Results and Discussion

Design and synthesis strategies for fluorinated tetrahydrocannabinol derivatives

To assess the biodistribution of cannabinoids and their receptor engagement , the primary
objective of this project was to synthesize THC derivatives radiotracers. These radiotracers had
minimally modified chemical structures of A®-THC and A’-THC, achieved by adding a proton
bioisostere, a radioactive fluorine, to the end of the cannabinoid aliphatic chain. This generated
['®F]-w-fluoro- A®-THC and ['*F]-o-fluoro- A>-THC. Therefore, the synthesis of these radiotracers
focused on established methods to obtain 3’-bromo-A®-tetrahydrocannabinol (41) and 3’-bromo-

A8-tetrahydrocannabinol (42) (Figure 5.1) 2!

Based on a paper published in the Journal of Medicinal Chemistry in 2005 2!, where the
authors developed a synthesis to produce THC and THC analogues for immunopharmacotherapy,
the synthesis scheme presented in Figure 5.1 began with the in situ production of a Grignard
reagent. This reagent reacted with 3,5-dimethoxybenzaldehyde affording S5-phenoxy-1-(3,5-
dimethoxyphenyl)pentanol (37) with a 91% yield after purification. Following a dihydroxylation
reaction using a combination of TMSCI and Nal, product 38 was obtained with a 90% yield after
extraction and filtration. The resulting product 38 was then deprotected using the Lewis acid boron
tribromide (BBr3) etherate, which converted the methoxy groups into primary alcohols and the
phenol group into a bromine, yielding the precursor 1-(3,5-dihydroxyphenyl)-5-bromopentane
(39) after purification. The synthesis of brominated A3-tetrahydrocannabinol and brominated A°-
tetrahydrocannabinol involved two separate steps with different reagents (Figure 5.1B). The

synthesis of 3’-bromo-A3-tetrahydrocannabinol (41) began with the coupling of (s)-cis-verbenol
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and the precursor 1-(3,5-dihydroxyphenyl)-5-bromopentane (39) in the presence of p-
toluenesulfonic acid (p-TSA), giving the intermediate (40), with a 24% yield after purification.
This intermediate was then cyclized using boron fluoride etherate to form the brominated A3-THC
analogue (41). On the other hand, under the same acidic conditions used for the brominated AS-
THC analogue (41), the precursor 1-(3,5-dihydroxyphenyl)-5-bromopentane (39) was coupled
with (+)-p-mentha-2,8-dien-1-ol to produce the brominated A°>~-THC analogue (42) in one single

step.
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Figure 5.1 Chemical synthesis of bromine-labeled THC. (A) Synthesis scheme for the precursor
1-(3,5-dihydroxyphenyl)-5-bromopentane 39. (B) Synthesis scheme for the final products 3’-
bromo-A3-tetrahydrocannabinol 41 and  3’-bromo-A’-tetrahydrocannabinol ~42. THF:
tetrahydrofuran; TMSCI: trimethylsilyl chloride; Nal: sodium iodide; ACN: acetonitrile; Et>0:

diethyl ether; DCM: dichloromethane; p-TSA: p-toluenesulfonic acid.

With the synthesis of the various brominated THC analogues, the next objective was to
convert the bromine atom into fluorine. This process required careful selection of fluorinating
agents and optimization of reaction conditions to ensure selective substitution without

compromising the structural integrity of the THC analogues. This conversion was essential for
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developing potential radiotracers, which will be used to map their biodistribution through PET-CT
imaging. Multiple conditions and methodologies were explored to achieve the conversion of
bromine to fluorine, as presented in Table 5.1, before identifying the most effective approach. As
a nucleophilic substitution, the first approach involved using kryptofix with potassium fluoride
(KF) in acetonitrile solvent ?2. The goal was to enhance the solubility of the fluoride ion by
complexing the potassium ion with kryptofix 2> 2* due to its non-solubility in polar aprotic solvent
like acetonitrile. However, this method did not yield to the desired product. This can be explained
by the fact that, even with the presence of kryptofix, the solubility of KF in acetonitrile might not
have been sufficient to provide enough reactive fluoride ions for the substitution reaction.
Additionally, the reactivity of the fluoride ion might have been insufficient to displace the bromine

atom under the given conditions, despite being more soluble with kryptofix.

The next attempt was realized with tetra-butylammonium fluoride (TBAF) in various solvents
like 2-methyl-2-butanol ?° and tert-butanol ¢, with different reaction times and temperatures.
TBAF is known for its solubility in organic solvents and its ability to provide a reactive fluorine
ion 2’ which might offer a more reactive fluoride source and better conditions for the substitution
to occur efficiently. Despite these advantages, LC-MS data showed that the nucleophilic
substitution of bromine with fluorine ion was either incomplete or produced minimal desired
product. After multiple trials on both brominated A®-THC (41) and A°-THC (42), TBAF in
acetonitrile solvent emerged as the optimal combination. By closely monitoring the reaction
progress using LC-MS, it was determined that setting up the reaction for 2 hours at 80 °C provided
the best condition for an effective conversion. This method facilitated the nucleophilic substitution,

yielding the non-pure desired fluorinated A®-THC (46) and A>-THC (44) (Figure 5.2).
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Table 5.1 Overview of experimental procedure to synthesize ['°F]-w-fluoro-A%-THC and [°F]-o-

fluoro-A°-THC. All reactions were followed by LC-MS.

Solvent Reagent Reaction time Temperature
Acetonitrile KF + Kryptofix 1 h 30 min 80 °C
2-methyl-2-butanol TBAF 30 min 70 °C
Tert-butanol TBAF lh 80 °C
Acetonitrile TBAF 30 min 80 °C
Acetonitrile TBAF 2h 80 °C
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Figure 5.2 Chemical synthesis of fluorinated radiotracer THC analogues. (A) Synthesis scheme
for fluorinated A®-THC 46 through the tosylated intermediate 45. (B) Synthesis scheme for
fluorinated A°>-THC 44 through the tosylated intermediate 43. TBAF: tetra-n-butylammonium

Sfluoride; ACN: acetonitrile.

Evaluation and optimization of HPLC methods for the purification of tetrahydrocannabinol

derivatives

Before proceeding with any further purification of the fluorinated THC, the crude product was
injected into the analytical HPLC system to observe its chromatographic behavior. This step
allowed for a comparison with the precursor, THC-Br, and standard THC, as a reference. By
analyzing the retention times of these compounds under identical HPLC conditions, it was possible

to evaluate how the fluorinated THC differed from its precursor and the standard.

According to the HPLC chromatograms obtained for A° THC and its analogues (Figure 5.3),
it was observed that the brominated (Figure 5.3A) and fluorinated THC (Figure 5.3B) variants

presented nearly identical retention times, even though the fluorinated THC was injected into the
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HPLC system before further purification process. Furthermore, the chromatogram of the
fluorinated THC (Figure 5.3B) revealed a shoulder peak, which could be potentially indicative of
the presence of a mixture of fluorinated and brominated THC within the sample. The co-elution of
these compounds complicated the separation process, as the resolution between the peaks is
insufficient to achieve a clear distinction and separation. This similarity in the retention time could
be attributed to the similar electronic and steric effects conferred by the bromine and fluorine
substituents, both being halogens atoms 2%, which may not change the overall polarity or molecular
shape of THC. When compared to the THC standard (Figure 5.3A/B vs C), both brominated and
fluorinated THC variants demonstrated a slight difference in retention time, observed as less than
half a minute. This indicated that the halogenation of THC introduced changes in its
chromatographic behavior, such as altered interactions with the stationary phase or modification

in molecular polarity, due to the introduction of halogen to the molecule.

The conversion from brominated THC to fluorinated THC resulted in identical or very similar
retention times on the HPLC, inducing a significant challenge for subsequent hot chemistry with
radioactive fluorine. In radiochemistry, especially when working with short-lived isotopes like
fluorine-18 (t,, = 109.77 min) %°, it is important to have distinct retention times for the starting
material and the product. The differentiation allows for efficient purification and isolation of the
desired radiotracer from any unreacted precursor or by-products. Without a clear separation in
retention time, ensuring the purity of the radiotracer becomes difficult. This purity is essential for
accurate PET imaging and reliable biological studies due to its high sensitivity and specificity
required for measuring different protein targets or receptors engagement °. To address this issue,
an additional step was added to the synthesis by incorporating a tosylated intermediate (Figure

5.2). By converting the brominated THC precursor, both A® (41) and A’ THC-Br (42), into their
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corresponding tosylated form, the aim was to enhance the separation and purification of the
compounds. This process involved a nucleophilic attack at the bromine position to generate the
tosylate as a leaving group, facilitated by reaction with silver toluenesulfonate in acetonitrile °.
This modification should lead to a difference in the retention time on the HPLC chromatograms.
By achieving this separation, reaction progress could be monitored more effectively to ultimately
obtain a pure radiotracer usable for in vivo studies in mouse models. This strategy ensured that
both radiolabeled products, ['*F]-o-fluoro-AS-THC and ['®F]-w-fluoro-A°-THC, could be isolated

with high purity and specificity activity, which are critical factors for PET imaging applications.

270



m
150 Petector A 225nm

125
100+
75
50
254
0

L e e L e ey o B A e e s s ey B e e

0o 10 20 30 40 5.0 60 70 80 9.0 10.0 min
B my

150 ~Detector A225nm
T T T T T T T T T T

00 10 20 30 40 50 60 70 80 90 100 min
1254
1004
=
50
2%

L e s o L e B L A e B e e e LAy B e

0.0 10 20 30 40 50 6.0 70 80 9.0 10.0 min

Figure 5.3 HPLC chromatograms comparing (A) brominated A° THC, (B) fluorinated A’ THC
and (C) A’ THC as a reference. The chromatograms illustrate the retention times and peak

intensities of each THC variant, highlighting differences in their chemical properties and purity

levels.
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Upon successfully synthesizing the intermediate THC-tosylate for both A® (45) and A° THC
(43), the reaction mixture was purified using an automated Biotage system. This system is based
on a specialized cannabinoid column with a methanol/water solvent mixture (Supplemental Figure
S1), designed for cannabinoids and achieved effective separation of the tosylated intermediates
from side products. Multiple fractions were collected from the Biotage system for both samples.
Each fraction was individually analyzed by LC-MS to determine its composition. Once the
fractions containing THC-tosylate were identified, they were pooled together to concentrate the
product. This combined sample was then subjected to NMR spectroscopy for further structural
characterization, confirming the presence of the tosylate group. The NMR spectra (Supporting
Information) revealed the presence of characteristic doublets signals in the aromatic region, which
corresponds to the protons on the benzene ring of the tosylate group and confirmed the successful
formation of the tosylate intermediate. However, a closer examination of the NMR spectra
revealed that the aliphatic region for both tosylated A® (45) and A’ THC (43) appeared complex

and disordered, indicating potential impurities or structural heterogeneity.

Further detailed analysis of the NMR spectra obtained from multiple purification attempts and
precursor syntheses, including THC-OTs and THC-Br, revealed additional information. The
complexity in the aliphatic region suggested the presence of a mixture of A® and A’ isomers, likely
resulting from the cyclization step during the synthesis (Figure 5.1B). Despite following published
procedures for the synthesis of the precursor THC-Br 2!, the presence of isomeric mixtures and the
need for additional purification steps showed the importance of refining the synthesis and
purification protocols from the previously published procedure 2!. This refinement was necessary
to ensure the isolation of pure A® and A’ THC-tosylate intermediates, which was crucial for

subsequent radiolabeling studies where purity and structural integrity were essentials for receptor
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engagement and biodistribution assay. Despite observing that the aliphatic regions in the NMR
spectra of the tosylated products was complex, with multiple peaks resulting from a mixture of the
two isomers, A% and A’ THC intermediates, it was decided to proceed with the reaction to convert

the tosylated intermediates to their fluorinated forms.

The decision to proceed with the fluorination reaction was driven by the expectation that the
isomers could be effectively separated using HPLC purification. Multiple HPLC methods were
explored, employing various gradient solvents, to achieve this separation for fluorinated A THC
(46) (Table 5.2) and fluorinated A’ THC (44) (Table 5.3). The solvent system used was a mixture
of acetonitrile with 0.1% TFA and water with 0.1% TFA. This method aimed to mimic established
HPLC purification methods for cannabinoids to achieve effective separation and purification of
the intermediates ' 32, The goal was to identify conditions under which fluorinated A3 (46) and A’
THC (44) isomers would elute at distinct retention times, enabling their separation and subsequent

i1solation.

Despite employing multiple solvents gradient systems for both fluorinated A® THC (46) and
A° THC (44), achieving a clear separation between the two isomers remained difficult, where each
chromatographic attempt presented unique challenges and outcomes. Concerning A® THC-F (46)
(Figure 5.4), the chromatogram consistently presented a major peak at around 5 minutes. This peak
was hypothesized to correspond to hydroxy-THC, a side product formed during the fluorination
reaction. Following this initial peak, a broad and complex region was observed, which did not
allow for the distinct separation of the two isomers. The absence of well-defined peaks in this

region indicated co-elution or insufficient resolution under the tested conditions.

In the case of A’ THC-F (44) (Figure 5.5), the gradient solvent system used were nearly

identical. The only differences between the methods were the duration of the chromatographic
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runs and the length of the 100 % acetonitrile (solvent B) plateau 3. The goal of adjusting this
plateau was to improve isomer separation and potentially obtained a major peak corresponding in

this case to A’ THC-F (44) with the most successful method for the final attempt (Figure 5.6).

It demonstrated a clear separation with two major peaks at approximately 15 and 17 minutes,
along with several minor peaks that likely resulted from side products or contaminants from
previous reactions. This method offered the best resolution among the attempts, suggesting its
potential for isomer separation. However, multiple attempts were made to reproduce the results by
adjusting the sample concentration or the injection’s volume, with the aim of transitioning to a
semi-preparative system for large-scale purification. Unfortunately, these efforts did not provide
consistent results, highlighting the sensitivity of the separation process to subtle changes in

experimental conditions.
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Table 5.2 HPLC methods attempts for the separation of A® THC-F (46) at a flow rate of 1.5

mL/min, where solvent A is water + 0.1 % TFA and solvent B is acetonitrile + 0.1 % TFA.

Attempt Solvent A (%)  Solvent B (%) Time (min)

1 50 50 0.00
0 100 20.00 —22.00
99 1 0.00

2 0 100 25.00 —30.00
99 1 30.01 —35.00
75 25 0.00

3 0 100 25.00 —30.00
75 25 30.01 —35.00
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Figure 5.4 HPLC chromatogram of A® THC-F (46) with the gradient system of attempt 3, as
detailed in Table 5.2. Chromatogram was acquired using a solvent system of water + 0.1 % TFA
and acetonitrile + 0.1 % TFA, at a wavelength of 220 nm, a flow rate of 1.5 mL/min and a volume

of injection of 10 uL.
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Table 5.3 HPLC methods attempts for the separation of A° THC-F (44) at a flow rate of 1.5

mL/min, where solvent A is water + 0.1 % TFA and solvent B is acetonitrile + 0.1 % TFA. Each

run was realized at a flow rate of 1.5 mL/min.

Attempt

1

Solvent A (%)

50

0

50

0

50

0

50

0

99

0

99

Solvent B (%)

276

50

100

50

100

50

100

50

100

100

Time (min)
0.00
23.00 —29.00
0.00
24.00 — 40.00
0.00
7.00 - 15.00
0.00
7.00 —20.00
0.00
25.00 —30.00

30.01 —35.00
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Figure 5.5 HPLC chromatogram of A’ THC-F (44) with the gradient system of attempt 5, as
detailed in Table 5.3. Chromatogram was acquired using a solvent system of water + 0.1 % TFA
and acetonitrile + 0.1 % TFA, at a wavelength of 220 nm, a flow rate of 1.5 mL/min and a volume

of injection of 10 pL.

Giving the challenges encountered in the purification of THC-F isomers and the observed
complexity in the NMR spectra of THC-Br, even if the published procedure to obtain this
intermediate was followed 2!, efforts were redirected towards optimizing the purification of THC-

Br using HPLC.

The synthesis of A* THC-Br (42) was produced through a single cyclization step, which was
then followed by a straightforward filtration and flash chromatography for initial purification .
Considered a more practical starting point for HPLC purification attempts, this allowed the
investigation and refinements of various HPLC gradients systems (Table 5.4) for A° THC-Br (42).
The objective was to identify the best parameters for separating A° THC-Br (42) from its isomer,

A% THC-Br (41).
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Table 5.4 HPLC methods attempts for the separation of A° THC-Br (42) at a flow rate of 1.5

mL/min, where solvent A is water + 0.1 % TFA and solvent B is methanol + 0.1 % TFA. Each run

was realized at a flow rate of 1.5 mL/min.

Attempt

Solvent A (%)

20
20
25
30
60
20
60
20
60
10
10
30

15

Solvent B (%)

80
80
75
70
40
80
40
80
40
90
90
70

85

278

Time (min)

0.00 —23.00
0.00 —23.00
0.00 - 30.00
0.00 —20.00
0.00
20.00 —30.00
0.00
20.00 - 30.00
0.00 —15.00
15.01 - 17.00
17.01 - 30.00
0.00

20.00

Volume of

Injection (uL)

100

10

50

50

10

100

10

10



A chromatogram (Figure 5.6A) was obtained with a reduced injection volume of 10 uL
revealing a splitting peak at approximately 10 minutes. Based on the purity of the previously
obtained intermediates, it was hypothesized that this splitting peak represented the isomers, A® (41)

and A’ THC-Br (42), presenting also the same peak shape of what can be found in the literature 3.

A new gradient profile was designed, starting with a plateau at 60% methanol (solvent B) for
15 minutes, followed by an increase to 90% and a second 15-minute plateau (Figure 5.6B). This
approach aimed to provide more time for the compound to interact with the stationary phase and
potentially improve separation. However, this gradient profile resulted in multiple broad peaks

starting at 20 minutes and continuing to the end of the run, further complicating the separation.

Multiple factors may have contributed to the challenges in separating A® (41) and A’ THC-Br
(42) isomers using the initial HPLC methods. A primary reason was the similar polarity between
these isomers since they have nearly identical chemical structures, which made it difficult to
achieve effective separation using standard HPLC techniques. This similarity caused the isomer to
interact with the stationary phase in almost identical ways, leading to overlapping peaks. In
summary, different isocratic and gradient elution methods were explored to separate the A% (41)
and A° THC-Br (42) isomers. While some adjustments led to changes in peak shape and retention
time, none of the attempted methods successfully resolved the isomers into two distinct peaks.
However, the splitting peak was observed on most of the chromatograms obtained, suggesting the
association to both A% (41) and A’ THC-Br (42) isomers. Therefore, it was decided to separate the
samples using an analytical-scale fraction collector HPLC (Agilent), enabling their subsequent

collection and validation through NMR.
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Figure 5.6 Comparative HPLC chromatograms of A’ THC-F (44). (A) shows the gradient system
of attempt 2 and (B) shows the gradient system of attempt 8, as detailed in Table 5.4.
Chromatograms were acquired using a solvent system of water + 0.1 % TFA and methanol + 0.1

% TFA, at a wavelength of 220 nm and a flow rate of 1.5 mL/min.

To achieve the best separation possible of the isomers, multiple experiments were conducted
to optimize HPLC conditions and provided baseline separation, as evident in the chromatograms
for at least one of the samples (Figure 5.7 & Figure 5.8). In figure 5.7B, which represented the A°
THC-Br (42) sample, two main peaks were observed on the chromatogram with nearly identical

intensities. This observation suggested that the isomer mixture was present in approximately equal

280



proportions, indicating that the synthesis procedure resulted in a roughly 1:1 mixture of A® THC-
Br (41) and A’ THC-Br (42) isomers. This finding highlighted the challenge of selectively

synthesizing one isomer over the other using the published method 2!.

The HPLC system used a reversed-phase C18 column, known for separating compounds based
on their hydrophobicity. Given that methanol is more polar than acetonitrile ¥, its use as the
organic solvent in the mobile phase influenced the retention times of the compounds. The presence
of halogen atoms on the aliphatic chain of THC-Br isomers altered their polarity, affecting their
interaction with the stationary phase of the C18 column. This resulted in later retention times

compared to pure standard.

Based on these observations, the peaks in Figure 5.7B could be attributed as follows: A’ THC-
Br (42) eluted first (tg = 9.5 minutes) and A* THC-Br (41) eluted second (tg = 10.5 minutes). This
attribution was supported by the known differences in polarity and interaction with the stationary
phase 3% 3¢, To validate the hypothesis that the synthesis step produced both isomers, the decision
was made to collect these two peaks and to characterize them through NMR. Peak 1, characterized
in Figure 5.7A, showed a singlet at 4.87 ppm that integrated for one hydrogen, which is specific
to the double bond of A’ THC-Br (42) *7 38, This observation, along with the matching integration
values and chemical shifts, confirmed that peak 1 (tz = 9.5 minutes) corresponded to A° THC-Br

(42).

In contrast, peak 2, characterized in Figure 5.7C, showed a singlet at 5.43 ppm that integrated
for one hydrogen, which is specific to the doublet bond of A* THC-Br Br (41) *”> 3. However,
upon closer examination, some chemical shifts and integration values in the NMR spectrum of
peak 2 did not perfectly align with the expected values for A®* THC-Br (41), particularly in the
aliphatic region. While the NMR characterization of peak 1 confirmed its identity as A° THC-Br
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(42), the identity of peak 2 remains less certain. It was possible that peak 2 represented a A®* THC
analogue or an incomplete cyclized product that closely resembled A% THC-Br (41). This
ambiguity could be attributed to the fact that the sample was synthesized using the procedure
intended for A° THC-Br (42) (Figure 5.1B). Since A% (41) and A’ THC-Br (42) are produced
through different synthesis steps, the presence of an analogue or incomplete cyclization product is
plausible. The HPLC analysis and subsequent NMR characterization provided valuable insight
into the composition of the synthesized samples. While A° THC-Br (42) was successfully isolated
and characterized, the identity of the second peak required further investigation. Additional
experiments, such as optimizing the synthesis conditions or employing alternative purification

techniques, might be necessary to obtain pure A®* THC Br (41) and confirm its structure.
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Figure 5.7 Isolation and Characterization of A’ THC-Br (42). (A) 'H NMR spectrum
characterization of peak 1 (tz = 9.5 minutes). (B) HPLC chromatogram of A’ THC-Br (42) sample
obtained on Agilent HPLC system. (C) '"H NMR spectrum characterization of peak 1 (tz = 10.5

minutes).
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The same analytical procedure was applied to the A®> THC-Br (41) sample, with the results
presented in Figure 5.8. In Figure 5.8B, which represented the chromatogram of A* THC-Br (41)
sample, two major peaks were observed at a retention times of 9.8 and 10.5 minutes. These peaks
were presumed to correspond to the isomer mixture of A® (41) and A’ THC-Br (42). Additionally,
smaller peaks observed before 9.8 minutes were likely due to residual contaminants from the
synthesis reactions, indicating the presence of impurities in the sample. Applying the same
reasoning as before, it was suggested that the first peak (tg = 9.8 minutes) might correspond to A’
THC-Br (42), while the second peak (tg = 10.5 minutes) corresponded to A® THC-Br (41). This
observation indicated that the synthesis procedure for A* THC-Br (41) also resulted in a mixture
of isomers, but with a different ratio compared to the A’ THC-Br (42) sample. Specifically, there
appeared to be a higher proportion of assumed A’ THC-Br (42) relative to A THC-Br (41) in this

sample.

To validate the hypothesis that a mixture of isomers was obtained, both peaks were isolated
and collected for characterization by NMR. The NMR spectrum of the second peak (Figure 5.8C)
revealed the presence of a singlet at 5.46 ppm, which is characteristic of the specific double bond
in A® THC-Br (41). This observation, along with the correct chemical shifts and integration values

37,38 confirmed that the second peak corresponded to A® THC-

for all other signals in the spectrum
Br (41). However, a closer examination of the first peak and its characterization by NMR reveals
some differences. The NMR spectrum of the first peak showed a signal at 4.87 ppm, which is
expected to correspond to the double bond of A® THC-Br (42). Instead of the typical singlet
observed for this bond, a doublet of doublet was presented, which still integrated for one hydrogen.

This unusual splitting pattern and the fact that some integration values did not align perfectly with

the expected values *’> 3® suggested that the first peak may not be pure A’ THC-Br (42).
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The synthesis of A* THC-Br (41) involved a separate chemical step (Figure 5.1B) designed to
produce a higher yield of A® THC-Br (41). Therefore, the presence of A’° THC-Br (42) in this
sample is unexpected. It was possible that the first peak represented a derivative of A° THC-Br
(42) or a side product that did not fully cyclize during the synthesis step. This hypothesis was
supported by the presence of extra signals in the NMR spectrum of the first peak (Figure 5.8A),
which exhibited chemical shifts and integration values that were not characteristic of A° THC-Br
(42). These additional signals suggested the presence of impurities or side products that were not
fully separated during the HPLC analysis. The complexity of the synthesis process and the
potential for side reactions to happen may contribute to the formation of these byproducts. The
HPLC and NMR analyses provided valuable insights into the composition of the A® THC-Br (41)
sample. While the second peak was confirmed to be A THC-Br (41) (Figure 5.8C), the first peak
required further investigation to determine its identity. The presence of unexpected signals in the
NMR spectrum and integration values of the first peak suggested that it may be a derivative or side
product rather than pure A° THC-Br (42). Additional experiments will be necessary to fully

characterize this peak and optimize the synthesis and purification of A> THC-Br (41).

In a word, both sets of peaks for both chromatograms (Figure 5.7 & Figure 5.8) were collected
separately to validate the hypothesis via NMR analysis. The aim of this additional purification step
was to determine if the HPLC separation reduced the complexity in the aliphatic region of the
NMR spectra. By achieving better separation and purification, it was expected that the NMR
spectra will be cleaner, allowing for more accurate identification and characterization of the

individual isomers.
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Figure 5.8 Isolation and Characterization of A* THC-Br (41). (A) 'H NMR spectrum
characterization of peak 1 (tz = 9.8 minutes). (B) HPLC chromatogram of A® THC-Br (41) sample
obtained on Agilent HPLC system. (C) '"H NMR spectrum characterization of peak 1 (tz = 10.5

minutes).
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5.6. Conclusion

The primary focus of this project was to convert brominated THC analogues, based on a
published method, to their fluorine counterparts to study their biodistribution and receptor
engagements in the body. During the synthesis, HPLC analysis revealed the need for an additional
step to generate tosylated AS-THC and A’-THC intermediates, based on their retention times. What
was initially intended to be a straightforward replication of a published synthesis to produce
brominated A®-THC and A°-THC turned into a whole purification process due to the presence of
additional signals on the NMR characterization. This involved the addition of HPLC and
automated flash column chromatography, highlighting the complexity of working with these
molecules despite their prior publication. The next step of this project would be the addition of
radioactive fluorine ('*F) to the end of the aliphatic chain, producing THC-based radiotracers with

minimal modification of A% and A° THC.
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5.8. Supplementary Information

5.8.1. General Experimental Procedures

All materials were either purchased commercially or synthesized according to the methods
outlined below. Solvents used were HPLC grade except for water (18.2 MQ cm Millipore-grade).
Volatile substances were removed using a rotary evaporator under reduced pressure. Thin-layer
chromatography (TLC) was conducted on aluminum-backed silica gel plates, and compounds were
visualized using Hanessian’s stain and UV light. Concerning nuclear magnetic resonance (NMR)
spectroscopy, 'H NMR spectra were recorded using 400 or 600 MHz instruments, with chemical
shifts values (8) of 2.50 ppm for DMSO-Dg and 7.26 ppm for CDCls. For 3C NMR, the & values
were 39.50 ppm for DMSO-D¢ and 49.0 ppm for CDCI3. High-resolution mass spectrometry

(HRMS) data were acquired using electrospray ionization (ESI).
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5.8.2. Synthetic Procedure

Preparation of 5-phenoxy-1-(3,5-dimethoxyphenyl)pentanol (37)

To a stirred suspension of magnesium (530.5 mg, 21.82 mmol) in THF (22 mL), a solution of 4-
phenoxybutyl bromide (5.257 g, 21.82 mmol) was added dropwise in a flame-dried flask. The
mixture was kept under reflux at 50 °C for 20 minutes followed by an additional hour at 70 °C. As
the Grignard reagent cooled to room temperature, 3,5-dimethoxybenzaldehyde (2.13 g, 12.84
mmol) was dissolved with THF (43 mL). The Grignard solution was then transferred and stirred
for 30 minutes at -78 °C. The mixture was warmed to room temperature and stirred for an
additional hour. After 1 hour, the reaction was quenched by dropwise addition of saturated NH4Cl
(20 mL). The solution was then partitioned between brine (20 mL) and EtOAc (2 % 45 mL). The
combined organic extracts were dried over NaxSO4 and concentrated. The residue was purified by
flash column chromatography (FCC) on 60 g of silica gel using hexane/EtOAc 4:1 then 3:2 as the
eluent. Evaporation of the collected fractions provided the 5-phenoxy-1-(3,5-
dimethoxyphenyl)pentanol 37 as a colorless oil, 3.13 g, 77 %. "H NMR (600 MHz, CDCls) § 7.27
—7.23 (m, 2H), 6.90 (tt, /= 7.3, 1.1 Hz, 1H), 6.87 — 6.84 (m, 2H), 6.49 (d, /= 2.3 Hz, 2H), 6.36
(t,J=2.3 Hz, 1H), 4.62 (ddd, J=7.7,5.5,3.2 Hz, 1H), 3.93 (t, /= 6.5 Hz, 2H), 3.77 (s, 6H), 1.86
(d,J=3.3 Hz, 1H), 1.84 — 1.71 (m, 4H), 1.64 — 1.55 (m, 1H), 1.51 — 1.42 (m, 1H). '*C NMR (100
MHz, CDCIl3) & 161.00, 159.10, 147.50, 129.53, 120.64, 114.58, 103.86, 99.51, 74.69, 67.72,

55.46, 38.76, 29.27, 22.56.
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Preparation of 5-phenoxy-1-(3,5-dimethoxyphenyl)pentane (38)

In a flask, TMSCI (7.52 mL, 59.22 mmol) and sodium iodide (8.9 g, 59.4 mmol) were mixed with
acetonitrile (4 mL) and stirred for 15 minutes at room temperature. In a separate vial, compound
37 (3.1216 g, 9.87 mmol) was dissolved in a mixture of Et;O (6.77 mL) and hexane (5.2 mL)
before being transferred to the initial flask. The mixture was stirred at room temperature under
argon for 24 hours. The reaction was quenched with water (30 mL) and the solution was extracted
with Et;0 (4 x 25 mL). The combined organic extracts were washed with a saturated aqueous
thiosulfate solution (3 x 50 mL) and brine (3 % 50 mL). The organic solution was dried over
Na>SO4 and concentrated. Without any further purification, evaporation provided the 5-phenoxy-
1-(3,5-dimethoxyphenyl)pentane 38 as a light-yellow oil, 2.6 g, 87%. 'H NMR (400 MHz, CDCl5)
0 7.32-7.23 (m, 2H), 6.97 — 6.86 (m, 3H), 6.37 (d, J=2.3 Hz, 2H), 6.32 (t, /= 2.3 Hz, 1H), 3.96
(t, J= 6.5 Hz, 2H), 3.79 (s, 6H), 2.64 — 2.57 (m, 2H), 1.83 (dq, J = 8.1, 6.6 Hz, 2H), 1.75 — 1.65
(m, 2H), 1.58 — 1.47 (m, 2H). 1*C NMR (101 MHz, CDCls) & 160.81, 159.15, 145.08, 129.51,

120.59, 114.56, 106.57, 97.73, 67.78, 55.32, 36.30, 31.14, 29.28, 25.87.

Preparation of 1-(3,5-dihydroxyphenyl)-S-bromopentane (39)

The product 38 (2.6 g, 9.58 mmol) was initially dissolved in dichloromethane (20.7 mL) and
cooled to -78 °C before adding a 1 M BBr3 solution (4.6 mL, 47.9 mmol). The mixture was slowly
warmer to room temperature and stirred for 36 hours. The reaction was quenched with a dropwise
saturated NaHCO3 solution (60 mL) followed by an extraction with ether (3 x 60 mL). The
combined organic extracts were washed with saturated NaHCO3 solution (3 x 50 mL) and brine

(3 x50 mL). The residue was purified by FCC on 60 g of silica using hexane/EtOAc 4:1 then 3:2
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as the eluent. Evaporation of the collected fractions provided the 1-(3,5-dihydroxyphenyl)-5-
bromopentane 39 as a light brown-oil, 2.02 g, 81%. 'H NMR (400 MHz, CDCls) § 7.54 (s, 2H),
6.32 (d,J=3.7 Hz, 3H), 3.31 (t, ] = 6.8 Hz, 2H), 2.39 (t, ] = 7.6 Hz, 2H), 1.76 (p, J = 7.0 Hz, 2H),
1.47 (p, J= 7.5 Hz, 2H), 1.35 (q, ] = 8.1 Hz, 2H). '*C NMR (100 MHz, CDCl3) § 156.76, 145.60,

108.15, 100.48, 35.67, 33.97, 32.76, 30.25, 27.86.

Preparation of 2-[(1S-cis)-4,6,6-trimethylbicyclo[3.1.1]hept-3-en-2-yl]-5-(5-

bromopentyl)resorcinol (40)

(S)-cis verbenol (237.4 mg, 1.56 mmol) was first dissolved in chloroform (4.5 mL) and then
transferred to a flame-dried flask containing a solution of 1-(3,5-dihydroxyphenyl)-5-
bromopentane 39 (403.9 mg, 1.56 mmol) and p-toluenesulfonic acid (30 mg, 0.156 mmol) in
chloroform (9 mL). The mixture was stirred under argon at room temperature. After 2.5 hours, the
reaction mixture was partitioned between NaHCO3 (60 mL) and dichloromethane (2 x 40 mL).
The combined organic layers were dried using Na>xSO4 and concentrated. The resulting residue
was purified by FCC on 50 g of silica using hexane/EtOAc 9:1 as the eluent. Evaporation of the
collected fractions provided the 2-[(1S-cis)-4,6,6-trimethylbicyclo[3.1.1]hept-3-en-2-yl]-5-(5-
bromopentyl)resorcinol 40 as a yellow oil, 168.4 mg, 27%. 'H NMR (400 MHz, CDCl3) § 6.19 (s,
2H), 5.70 (dd, J= 3.1, 1.7 Hz, 1H), 3.91 (q, /= 2.6 Hz, 1H), 3.40 (t, J= 6.9 Hz, 2H), 2.46 (t, J =
7.6 Hz, 2H), 2.36 — 2.22 (m, 2H), 2.21 — 2.15 (m, 1H), 1.92 — 1.82 (m, 5H), 1.63 — 1.54 (m, 4H),
1.51 — 1.41 (m, 3H), 1.32 (s, 3H), 0.96 (s, 3H). '3C NMR (100 MHz, CDCI3) & 157.60, 154.86,
152.64, 143.26, 117.95, 116.97, 108.88, 102.01, 48.50, 47.93, 41.11, 39.75, 33.84, 32.95, 32.73,

31.73, 30.67, 28.40, 27.38, 26.11, 23.83, 22.79, 20.53, 14.27.
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Preparation of 3’-bromo-A3-tetrahydrocannabinol (41)

A solution of 2-[(1S-cis)-4,6,6-trimethylbicyclo[3.1.1]hept-3-en-2-yl]-5-(5-
bromopentyl)resorcinol 40 (168.4 mg, 0.43 mmol) in dichloromethane (7.8 mL) was cooled to 0°C
under argon. BF3/Et;O (105 pL, 0.86 mmol) was added, and the mixture was allowed to warm
temperature before being stirred for 2 hours. The reaction mixture was then extracted with
NaHCO; (45 mL) and DCM (2 x 30 mL). The combined organic extracts were dried over Na;SOg4
and concentrated. The resulting residue was purified by FCC on 40 g of silica using DMC/hexane
75:25 as the eluent. Evaporation of the collected fractions provided the 3’-bromo-A®-
tetrahydrocannabinol 41, as a yellow oil, 82.8 mg, 49% [isoform mixture]. 'H NMR (600 MHz,
CDCI3) 6 6.28 (d, J = 2.7 Hz, 1H), 6.15 (q, J = 2.2 Hz, 1H), 5.48 — 5.34 (m, 2H), 5.29 (s, 1H),
3.40 (td, J= 6.8, 2.3 Hz, 3H), 2.66 (ddd, J = 10.8, 8.8, 4.5 Hz, 1H), 2.58 (q, /= 7.4 Hz, 3H), 2.15
(ddt, J=13.3,7.2,3.1 Hz, 1H), 1.92 — 1.77 (m, 8H), 1.69 (s, 4H), 1.67 — 1.58 (m, 4H), 1.50 (tt, J
= 14.2, 3.4 Hz, 5H), 1.36 (s, 3H), 1.05 (s, 3H). *C NMR (100 MHz, CDCI3) § 154.74, 140.06,

119.38, 109.15, 106.80, 76.29, 45.78, 38.90, 33.95, 32.77, 30.49, 27.59, 23.66, 18.66.

Preparation of 3’-bromo-A°-tetrahydrocannabinol (42)

(+)-p-mentha-2,8-dien-1-ol (158 mg, 1 mmol) was initially dissolved in DCM (12.35 mL) and then
transferred to a flask containing 1-(3,5-dihydroxyphenyl)-5-bromopentane 39 (245.5 mg, 0.95
mmol). Magnesium sulfate (712.5 mg) was added, and the flask was cooled down to -3°C before
dropwise addition of BF3/Et20 (56 pL, 0.123 mmol). The reaction was stirred for 2.5 hours at 0°C
under argon, followed by the addition of anhydrous NaHCO3 (308 mg). The mixture was warmed

to room temperature and stirred for another 30 minutes, before being filtrate through Florisil. The
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filtrate was concentrated under reduced pressure, and the residue was purified by FCC on 40 g of
silica with hexane/ether 10:1 as the eluent. Evaporation of the collected fractions afforded the 3’-
bromo-A°’-tetrahydrocannabinol 42, as a light-yellow oil, 213.9 mg, 57% [isoform mixture]. 'H
NMR (400 MHz, CDCI3) 6 6.28 (dq, J = 10.0, 2.0 Hz, 4H), 6.15 — 6.08 (m, 3H), 5.43 (d,J=5.1
Hz, 1H), 4.74 (s, 1H), 3.39 (ddt, ] = 6.9, 4.4, 2.2 Hz, SH), 3.24 — 3.14 (m, 2H), 2.52 — 2.41 (m,
6H), 2.14 (d, J = 14.6 Hz, 3H), 1.96 — 1.76 (m, 16H), 1.76 — 1.66 (m, 12H), 1.59 (d, ] = 4.4 Hz,
8H), 1.52 - 1.40 (m, 10H), 1.10 (d, ] = 5.4 Hz, 6H). *C NMR (100 MHz, CDCl3) § 155.02, 154.94,
142.08, 134.83, 123.80, 119.42, 110.07, 108.10, 107.68, 45.88, 37.12, 35.58, 35.55, 33.94, 33.68,

32.80,31.67, 30.05, 27.65, 25.11, 23.62, 19.37.

Preparation of 3’-tosyloxy-A’-tetrahydrocannabinol (43)

To a flame-dried flask, 3’-bromo-A°’-tetrahydrocannabinol 42 (118.9 mg, 0.3 mmol) was dissolved
with acetonitrile (3 mL) before addition of silver tosylate (363 mg, 1.3 mmol). The whole mixture
was heated to reflux for 24 hours under nitrogen. The flask was completely evaporated before
purifying it through an automated flash chromatography system Biotage. After validation of the
fractions by LC-MS, evaporation of the collected fractions afforded 3’-tosyloxy-A’-
tetrahydrocannabinol 43, a light yellow oil, 26.2 mg, 18 % [isoform mixture]. '"H NMR (600 MHz,
CDCl3) 6 7.78 (dd, J = 8.3, 1.8 Hz, 2H), 7.34 (d, J = 8.0 Hz, 2H), 6.21 (dd, J=3.9, 1.5 Hz, 1H),
6.11 —6.08 (m, 1H), 4.92 (d, J=5.0 Hz, 1H), 4.01 (td, /= 6.4, 1.5 Hz, 3H), 3.23 —3.17 (m, 1H),
2.44 —2.37 (m, 3H), 1.89 — 1.77 (m, 5H), 1.69 — 1.62 (m, 5H), 1.58 (s, 3H), 1.55 — 1.48 (m, 4H),

1.37 (s, 2H), 1.10 (s, 2H).
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Preparation of 3’-fluoro-A°-tetrahydrocannabinol (44)

To a flame-dried flask, 3’-tosyloxy-A’-tetrahydrocannabinol 43 (28.8 mg, 0.06 mmol) was
dissolved with acetonitrile (1.2 mL) before addition of TBAF (22 mg, 0.08 mmol). The whole
mixture was heated at 80 °C for 2 hours under nitrogen. The flask was completely evaporated

before attempted purification through a preparative HPLC.

Preparation of 3’-tosyloxy-A3-tetrahydrocannabinol (45)

To a flame-dried flask, 3’-bromo-A3-tetrahydrocannabinol 41 (116 mg, 0.3 mmol) was dissolved
with acetonitrile (3 mL) before addition of silver tosylate (360 mg, 1.29 mmol). The whole mixture
was heated to reflux for 24 hours under nitrogen. The flask was completely evaporated before
purifying it through an automated flash chromatography system Biotage. After validation of the
fractions by LC-MS, evaporation of the collected fractions afforded 3’-tosyloxy-A®-
tetrahydrocannabinol 45, a light yellow oil, 25.4 mg, 17 % [isoform mixture]. '"H NMR (600 MHz,
CDCl3) 6 7.79 (d, J= 8.2 Hz, 2H), 7.34 (d, J = 8.0 Hz, 2H), 6.24 (d, /=2.7 Hz, 1H), 6.15 (d, J =
2.7 Hz, 1H), 5.48 — 5.43 (m, 1H), 4.03 (t, /= 6.4 Hz, 3H), 2.67 — 2.58 (m, 4H), 2.45 (s, 4H), 2.19
—2.11 (m, 1H), 1.87 — 1.77 (m, 3H), 1.37 (d, J = 8.2 Hz, 7H), 1.04 (d, J = 5.5 Hz, 4H). >*C NMR
(151 MHz, CDCI3) & 155.12, 154.65, 143.09, 143.02, 134.47, 129.99, 128.03, 120.27, 108.97,

106.71, 76.28, 70.57, 44.74, 35.87, 35.34, 33.45, 33.10, 30.41, 27.60, 23.48, 21.79, 18.66.
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Preparation of 3’-fluoro-A8-tetrahydrocannabinol (46)

To a flame-dried flask, 3’-tosyloxy-AS-tetrahydrocannabinol 45 (25.4 mg, 0.05 mmol) was
dissolved with acetonitrile (1 mL) before addition of TBAF (19.4 mg, 0.073 mmol). The whole
mixture was heated at 80 °C for 2 hours under nitrogen. The flask was completely evaporated

before attempted purification through a preparative HPLC.

HPLC Analysis

A° THC standard, including brominated 42 and fluorinated A’ THC 44 were analyzed through
HLPC system (Shimadzu Prominence-I LC 2030C Plus) by preparing a 1 mg/mL solution in water.
The analysis was realized on a polar C18 Scout Kinetex column (100 x 2.1 mm, particle size 2.6
um, pore size 100 A). The mobile phase is composed of water + 0.1 % TFA (mobile phase A) and
acetonitrile + 0.1 % TFA (mobile phase B). Products are analyzed according to a gradient from
0.0 to 9.50 min 65 % B, 9.51 to 9.60 min 100 % B, 9.61 to 12.00 min 100-65 % B, followed by a
3 minute column equilibration after each run. Chromatograms were detected at 225 nm and a flow

rate of 0.4 mL/min was set up with a 30 °C temperature.

Fluorinated A® 46 and A’ THC 44 were analyzed through HPLC system (Shimadzu) by preparing
a 1 mg/mL solution in water + 5 % acetonitrile. The analysis was realized on a polar C18
Phenomenex Luna column (250 x 4.6 mm, particle size 5 um, pore size A). The mobile phase is
composed of water + 0.1 % TFA (mobile phase A) and acetonitrile + 0.1 % TFA (mobile phase
B). Products are analyzed according to multiple solvent gradients presented in Table 5.2 and Table
5.3 depending on the sample. Chromatograms were detected at 220 nm with a flow rate of 1.5

mL/min and 25 °C temperature.
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Brominated A% 41 and A’ THC 42 were analyzed through HPLC system (Agilent) by preparing a
1 mg/mL solution in methanol. The analysis was realized on the same column conditions as the
fluorinated samples. The mobile phase is composed of water + 0.1 % TFA (mobile phase A) and
methanol + 0.1 % TFA (mobile phase B). Products are analyzed according to an isocratic gradient
from 0.0 to 20.0 min 72 % B. Chromatograms were detected at 220 nm with a flow rate of 2

mL/min and a 40 ° C temperature.

Automated flash chromatography system

Tosylated A®45 and A’ THC 43 were purified through an automates flash chromatography system
(Biotage) by preparing a 5 mg/mL solution in methanol. The purification was realized on a polar
20 g C4 ~ 8 CannFlash SW-5CAN-012-SP column (particle size 20 — 45 pm, pore size 100 A).
The mobile phase is composed of water + 0.1 % TFA (mobile phase A) and methanol + 0.1 %
TFA (mobile phase B) Products are analyzed according to solvents gradients expressed in column
volume (CV): a plateau of 2 CV 30 % B followed by 3 CV 30-50 % B, plateau of 1 CV 50 % B
followed by 3 CV 50-70 % B, plateau of 2 CV 70 % B followed by 2.5 CV 70-90 % B, plateau of
2CV 90 % B followed by 1.5 CV 90-95 % B, plateau of 1 CV 95 % B followed by 2 CV 95-100
% B, plateau of 3 CV 100 % B followed by 1 CV 100-50 % B and 1 CV column equilibration at
50 % B. Chromatograms are detected at any wavelength between 200 and 400 nm with a flow rate

of 13 mL/min at room temperature.
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5.8.3. Supplementary Data
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S93. Chromatograms obtained from the purification of (A) tosylated A3 THC 45 and (B) tosylated
A° THC 43 using an automated Biotage system. The chromatograms illustrate the separation of
the reaction mixture into several fractions, each collected over time as the mobile phase, a

methanol/water mixture, elutes through the CannFlash, a specialized cannabinoid column.
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5.8.4. NMR Spectral Characterization
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S94. '"H NMR spectrum of compound 37 in CDCls. Signals at § 1.26 ppm, 2.05 ppm and 4.12
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ppm are due to the presence of ethyl acetate in the sample.
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S97. 3C NMR spectrum of compound 38 in CDCls.
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ppm are due to the presence of ethyl acetate in the sample.
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S99. 13C NMR spectrum of compound 39 in CDCls. Signals at & 14.19 ppm, 21.04 ppm and

60.49 ppm are due to the presence of ethyl acetate in the sample.
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S102. 'H NMR spectrum of compound 41 in CDCl; obtained after the first purification step
using a chromatographic column, as per the published procedure '*. This spectrum was recorded
before HPLC purification. The extra peaks, which are not integrated, correspond to the isoform of

the molecule, A’ THC-Br 42.
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S103. 3C NMR spectrum of compound 41 in CDCl; obtained after the first purification step
using a chromatographic column, as per the published procedure '*. This spectrum was recorded
before HPLC purification. The extra peaks, which are not selected, correspond to the isoform of

the molecule, A° THC-Br 42.
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S104. '"H NMR spectrum of compound 42 in CDCl; obtained after the first purification step
using a chromatographic column, as per the published procedure '*. This spectrum was recorded

before HPLC purification. The extra peaks, which are not integrated, correspond to the isoform of

the molecule, A®* THC-Br 41.

308



155.02
154.94
142 .08
13483

—123.80

—19.42

11007

~108.10

<107 68

—45.88

RRRARRAERRRERSE

<

T T T T T T T T T
180 170 160 150 140 130 120 110 100 20 80 70 60 50 40 30 20 10 0
f1 (oom)

S105. 13C NMR spectrum of compound 42 in CDCl; obtained after the first purification step
using a chromatographic column, as per the published procedure '*. This spectrum was recorded
before HPLC purification. The extra peaks, which are not selected, correspond to the isoform of

the molecule, A* THC-Br 41.
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S106. "TH NMR spectrum of compound 43 in CDCls. The extra peaks, which are not integrated,

correspond to the isoform of the molecule, A* THC-OTs 45.
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Chapter 6: Conclusions and Future Directions

6.1. Chapter 2: Mapping Vitamin Bs Metabolism by HydrazoCEST Magnetic Resonance

Imaging

6.1.1. Conclusions to Chapter 2

In this chapter, we detailed the development and evaluation of a novel contrast agent for
chemical exchange saturation transfer magnetic resonance imaging (CEST-MRI). Initially, our
laboratory synthesized the first generation contrast agent, N-amino anthranilic acid (NA®), which
demonstrated the capability to form hydrazones under physiological conditions and exhibited a
high affinity for detecting aldehydes through CEST-MRI, thereby defined as hydrazoCEST agent.
Building upon the properties of NA®, we made structural modifications to develop a second-
generation probe, 2-hydrazinonicotinic acid (2-HYNIC). This new probe was tested for its
selectivity for aromatic aldehydes using CEST-MRI. The results demonstrated that 2-HYNIC
effectively produced a CEST signal from hydrazones derived from aromatic aldehydes. This
property was evaluated at various concentrations and across a pH from 6.0 to 12.0, revealing a
significant differentiation in the CEST signal between pyridoxal-derived hydrazone (5% at 20
mM) and pyridoxal phosphate-derived hydrazones (28% at 20 mM). In vivo testing was conducted
using A549 and H460, two human non-small cell lung cancer cell lines. The results showed a
higher signal in H460 cells, which was attributed to the higher intracellular PLP levels in H460
cells compared to A459 cells. The formation of hydrazones was confirmed by mass spectrometry

and further validated through in vivo MRI of heterotopic A459 and H460 tumor xenografts. These
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findings highlighted the potential of 2-HYNIC as a selective and effective contrast agent for
detecting aromatic aldehydes in biological systems and especially mapping the metabolism of
pyridoxal 5’-phosphate, paving the way for further applications in medical imaging and

diagnostics.

6.1.2. Future Directions to Chapter 2

Currently, the majority of techniques used for diagnosing and detecting lung cancers are based
on fluorodeoxyglucose (FDG) radiotracers. However, the discoveries made with the contrast agent
2-HYNIC, particularly its ability to map the metabolism of vitamin Bs, enable the development of
more specific and selective diagnostic tools. The potential of 2-HYNIC to be adapted into a
radiotracer for PET-CT imaging could significantly enhance the specificity and selectivity for non-
small lung cancer compared to traditional FDG tracers, which may lack specificity. Our laboratory
has already taken steps in this direction by developing a 2-HYNIC based ['!C] radiotracer designed
for PET-CT imaging applications. This innovative radiotracer aims to measure changes in the
expression levels of pyridoxal kinase, which can be monitored through PET-CT imaging. This
approach allows for the assessment of cisplatin sensitivity during chemotherapy, providing
valuables insights into treatment efficacy and resistance mechanisms. The development process
involves the synthesis of -11-carbon-based radiotracers analogs of pyridoxine. These analogs are
used to evaluate the biochemical and metabolic alterations of the cold standard derivatives through
in vitro metabolomic analysis, leading to the understanding of the metabolic pathways and

interactions within the cancer cells.
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The next phase of the project involves transitioning to radiotracer standards, which will enable
the testing of vitamin Bg retention in tumor tissues. This step is essential for determining the
association between vitamin Bg retention and lung cancer resistance to cisplatin, a common
chemotherapy drug. By understanding this relationship, we can gain insights into the mechanisms
of drug resistance and identify potential targets for overcoming resistance. Once the hot standards
is successfully developed, PET-CT imaging will be conducted on mouse models to evaluate the
cancer resistance phenotype before and during cisplatin-based chemotherapy. This in vivo imaging

will provide a comprehensive understanding of its potential for clinical applications.

The ultimate goal of this project is to utilize PET-CT imaging and advanced radiotracer
development to quantify and imaging cisplatin-sensitive and resistant lung cancer. By achieving
this, we aim to improve patient treatment outcomes by providing more accurate and personalized
diagnostic and therapeutic strategies. This approach has the potential to significantly improve the

way lung cancer is diagnosed and treated, leading to better patient prognosis and quality of life.
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6.2. Chapter 3: Aqueous Click Chemistry for Controlled Synthesis of Homo- and Hetero-

Bislanthanide Complexes: Magnetic and Optical Characterization

6.2.1. Conclusions to Chapter 3

In this chapter, the primary aim was to develop a novel methodology for combining two
lanthanides, achieving a process that is both faster and simpler than those previously reported in
the literature. While existing methods for combining two or more lanthanides employ diverse
strategies, our approach is distinct as it is conducted in an aqueous environment through an
uncatalyzed reaction that completes in under one hour. The individual synthons were synthesized
separately before being subjected to the uncatalyzed click reaction. To validate our synthetic
methodology for combining lanthanides in a 1:1 ratio, we successfully synthesized 17 hetero- and

homo-bislanthanide complexes, utilizing lanthanides ranging from europium(III) to lutetium(III).

With these complexes in hand, we proceeded to investigate their MRI properties using an in
vitro phantom, evaluating their T and T2 weighted images on a 3T MRI instrument, with a focus
on gadolinium(III) chelated complexes, including the individual components. Our finding revealed
no significant differences between the individual synthons and complexes, as they all demonstrated
similar Ti-weighted contrast enhancement with limited T>-weighted effects. To further explore
their properties in a concentration-independent manner, we employed MRF. The results indicated
that only Gd(II)-DOTA-CHQ-cysteine-DOTA-GA(III) complex exhibited relaxivity data
significantly different from the other bislanthanide complexes, with values of rj = 15.4 mMs’!

and =222 mM's!,
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Additionally, we examined the optical properties of our complexes, given that their formation
is based on the creation of 4,5-dihydrothiazole ring, which can act as a chromophore and
potentially enhance lanthanide-based photoluminescence. Europium(Ill)-based complexes were
synthesized due to europium(IIl)’s emissive properties and the chromophore’s ability to promote

fluorescence, depending on the molecular asymmetry of the bislanthanide complex.

6.2.2. Future Directions to Chapter 3

The advancement made in this project provide a foundation for several potential research
directions. One possibility involves modifying the type of metal link on the complex to incorporate
various metals, such as alkaline earth metals (e.g. calcium, magnesium) or transition metals (e.g.
ion, copper, zinc). These metals play significant roles in physiological and biochemical processes,
offering potential for developing drug delivery complexes that target specific sites in the body or
modulate metal levels. For instance, calcium’s role in regulating cellular process could be utilized
to provide therapeutic benefits for conditions such as cancer, cardiovascular diseases, and
neurological disorders. Another potential direction is the incorporation of actinides, particularly
those with alpha-emitting isotopes like actintum-225 and thorium-227. These isotopes could be
conjugated to target specific cancer cells, offering a targeted approach for precision oncology. The
complexes developed in this project, once paired with the appropriate metal, have potential
applications in targeted drug delivery, diagnostic imaging, and therapeutic interventions enhancing

treatment efficacy and specificity.
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The next phase of this project will focus on adding an extra amino acid to the complex, which
could serve as a linker to connect the complex with various biomolecules such as peptides,
proteins, antibodies or small molecules. This adaptation will further expand the biological
applications of these complexes. The chemistry developed in Chapter 4, involving the generation
of a homo-lutetium(III)-based complex and utilizing the properties of the lutetium-177 isotope for

targeted glioblastoma therapy, demonstrates the potential of this approach.

6.3. Chapter 4: Second Generation Probe of Homo-Bislanthanide complexes — Potential

Application for Glioblastoma Treatment

6.3.1. Conclusions to Chapter 4

In the continuation of the homo-/hetero-bislanthanide chemistry explored in chapter 3, we
adapted the synthesis protocols for individual synthons to incorporate an additional amino acid,
specifically an azide-modified lysine. This particular amino acid was chosen for its long side chain,
which provides a functional group capable of linking to potential biomolecular targets, thereby

enhancing the versatility and applicability of the synthesized complexes.

Consistent with the methodologies applied to the previous complexes, these newly developed
lutetium(I1I)-based complexes are designed to leverage the unique properties lutetium(III), and
specifically the isotope 177, as a theranostic agent. The synthesis of these complexes relies on the
preparation of two distinct synthons: a cyanohydroxyquinoline (CHQ)-DOTA and a lysyl-DOTA
moieties. As developed in chapter 3, the complexation process involves the formation of a 4,5-

dihydrothiazole ring, which is crucial for the structural integrity and functionality of the final
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complex. Initially, a synthesis scheme for the lysyl-DOTA moiety was developed. However,
repeated unsuccessful attempts at Fmoc deprotection necessitated a comprehensive redesign of the
synthesis pathway. This iterative process was essential to overcome the challenges encountered
and to ultimately achieve the desired compound with the requisite purity and yield. With both
synthons successfully synthesized, we proceeded to assemble the Lu(IIl) DOTA-quinoline-lysine-
DOTA-Lu(Ill) complex. This complex shows significant promises for future applications in the
therapy of glioblastoma, a particularly aggressive form of brain cancer. The successful synthesis
and characterization of this complex mark a substantial advancements in our research, paving the

way for potential therapeutic innovations.

6.3.2. Future Directions to Chapter 4

The next phase of this project will focus on functionalizing our Lu(Ill) DOTA-quinoline-
lysine-DOTA-Lu(Ill) complex with DBCO-maleimide D-VAP and RI-VAP conjugates for
targeted glioblastoma therapy. Initially, the synthesis of the homo-bislanthanide complex was
completed to evaluate whether an azide-modified lysine interferes with the uncatalyzed click
reaction necessary for forming the 4,5-dihydrothiazoline ring. Concurrently, the synthesis and
purification of peptides that specifically bind to GRP78, a biomarker for glioblastoma, will be
undertaken. Following this, the next step will involve combining the homo-bislanthanide complex
with DBCO-maleimide peptide conjugates trough strain-promoted azide-alkyne cycloaddition
(SPAAC) chemistry. With the new complex prepared and functionalized, we plan to test its

efficacy in U§7MG glioblastoma cell lines. The primary objective moving forward is to evaluate
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the specificity and selectivity of !”’Lu as a theranostic agent for glioblastoma. Upon validation
with the cold standard, we will transition to hot chemistry to produce our '"’Lu complex with
testing in cell lines and potentially in mouse models with tumor xenografts, to assess in vivo

efficacy and safety of our theranostic agent.

Given the potential of our complex to target glioblastoma cell lines and the therapeutic
capabilities of '7"Lu as targeted radionuclide therapy agent, there is a promising opportunity to
combine this approach with actinium-225. ***Ac, a radioactive isotope used in nuclear medicine
for targeted alpha therapy, could deliver highly localized radiation doses directly to tumors. To
leverage the properties of 2**Ac, we plan to create complexes with a macropa-isothiocyanate
chelator, facilitating the chelation of 22 Ac and enabling the generation of radiotracers for potential
application in US7MG glioblastoma cell lines. Different complexes will be generated with 2°Ac
on both side of the complex or even a combination of the two radionuclides in the same complex
to see if there will be an impact on glioblastoma therapy by comparing the efficacy of an alpha

and beta emitters between probes and on the same probe.

An alternative approach within this project involves incorporating gadolinium(IIl) on the
lysyl-DOTA side and switching the lanthanides on the CHQ moiety of the complex. By utilizing
the side chain of the lysyl-DOTA component, different particles sizes will be added to the complex,
including a variant without any particles, through the complexation of amino polystyrene particles
with DBCO acid and SPAAC chemistry. This approach aims to determine if MRF imaging can be
used to distinguish the same contrast agent binding to different-sized targets. Additionally, we seek
to investigate whether the use of MRF and varying of particle sizes affects the tumbling rate of the
complexes, as a slower tumbling rate enhances relaxivity values, and thereby improving image

contrast.
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These strategic steps outline the future directions for advancing our targeted therapy for
glioblastoma, setting the stage for subsequent experimental validations and potential therapeutic
applications. By systematically addressing each of these steps, we aim to develop a highly effective

and specific theranostic agent for glioblastoma, ultimately improving patient outcomes.

6.4. Chapter 5: Synthesis of a Novel Cannabinoid Radiotracer with an Application across PET-

CT Imaging

6.4.1. Conclusions to Chapter 5

In this chapter, the primary objective of this project was to develop radiofluorinated THC-
based probes for both A% and A’ isomers. This involved the strategic addition of a proton
bioisostere, a radioactive fluorine, at the terminus of the cannabinoid aliphatic chain. The main
aim was to enable application in PET-CT imaging, leading to the visualization of the
biodistribution of CB; and CB: receptors. Additionally, we attempted to investigate whether
receptor engagement is influenced by physiological factors such as age, sex and body mass index.
In the synthesis of our radiotracers, the first challenge was the separation of the brominated form
from the fluorinated one. To address this, we incorporated an additional synthetic step, informed
by the HPLC traces obtained and the close retention times between the two halogens. This step
involved the formation of tosylated intermediates from the brominated precursors before

generating the final fluorinated product for both A® and A® isomers.

During the purification process through HPLC and analysis of their characterized NMR

spectra, we faced the presence of multiple signals that led us to realize the presence of a disordered
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aliphatic region in both A® and A’ fluorinated THC isomers. Initially, we believed we had
successfully produced the final fluorinated THC-based probes, but additional analysis showed that
was not the case. Ono of the precursor synthesis, the brominated THC, was based on a publish
procedure (J. Med. Chem. 2005, 48:7389-7399). A closer examination of the NMR spectra
revealed a mixture of the two isomers in both A* and A° THC-Br isomers precursors due to the
presence of multiple peaks in the aliphatic area. To overcome these challenges, we implemented
multiple purification steps, with HPLC and automated flash column chromatography system, in
the synthesis process. These steps were designed to separate the two isomers from each other and
include the optimization of HPLC methods using various gradient systems and different solvent
mixtures. This meticulous approach was essential to ensure the purity and efficacy of the final

product.

6.4.2. Future Directions to Chapter 5

Despite adapting a published procedure to obtain the desired final product, a fluorinated THC-
based probe for both A® and A’ isomers, significant challenges were encountered during the
purification process to separate the two isomers from each other. To overcome these difficulties
and still achieve the project’s objective of testing receptor engagement and the biodistribution of
endocannabinoid receptors, it was decided to redesign the synthesis scheme. To avoid the
isomerization problem between A® and A°>-THC, the two compounds will be synthesized separately
through two distinct synthesis pathways. The synthesis of A’>~THC will begin with a Friedel-Crafts

reaction between the chiral terpenoid p-Mentha-2,8-dien-1-0l and phloroglucinol. The hydroxy

328



group at the para position will need to be protected to facilitate the later addition of the aliphatic
chain of THC. Consequently, the next step of the synthesis will involve a reaction with a
regioselective triflate before the addition of the aliphatic chain through a Negishi coupling reaction
with 5-bromopenta-1-ol, leading to the tosylated form of A>-THC before any further fluorination

reaction.

This new synthesis scheme for cold standards will be rigorously tested and optimized to obtain
the best yield and fully characterized before being used in mouse models. The biodistribution of
these probes will then be tracked using PET-CT imaging, providing valuable insights into the
receptor engagement and biodistribution of endocannabinoid receptors. This approach aims to

contribute to enhance our understanding of endocannabinoid receptors dynamics.
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6.5. Overall Conclusion

In conclusion, the advancements in imaging modalities, driven by the design of multiple
probes, show great potential for the future of medical imaging. This thesis illustrates the design
and synthesis of multiple imaging probes with current or potentials applications in the
multidisciplinary imaging field. While some of these probes have been successfully applied in
disease models, others still require further development to be effectively utilized in biological
models. Design and optimization of probes tailored for specific imaging modalities have opened
new avenues for enhancing the sensitivity, specificity and resolution of imaging techniques. The
synthesis and characterization of probes, coupled with their application in biological systems for
some of them, demonstrate the translational potential of these imaging modalities. Whether
through the use of fluorinated probes for PET-CT imaging, contrast agent for MRI or CEST-MRI,
or targeted probes for optical imaging, each modality could offer unique insights into the structural
and functional aspects of biological systems. The integration of these probes into imaging
protocols has the potential to advance our understanding of disease mechanisms, facilitate early

detection, and guide targeted interventions.
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