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Abstrakt

Optische Bildgebung (Ol) und Magnetresonanztomographie (MRT) sind zwei
leistungsstarke molekulare Bildgebungstechniken sowohl fir die Biomedizin als auch
fur die Neurowissenschaften. Bisher wurden verschiedene molekulare Sensoren mit
Bildkontrast starken Funktion entwickelt, um die funktionelle und anatomische
Visualisierung von Korperstrukturen und Flissigkeiten zu verbessern. Zn(ll) gilt als
ein grundlegendes Element in vielen wesentlichen biologischen Prozessen. Die
nicht-invasive Bestimmung der Zn(ll)-Schwankungen von der Konzentration halt
man flir groRe Bedeutung, weil es dazu beitragt, die biologische Rolle von Zn(ll) zu
verstehen und die Fruherkennung von Krankheiten zu verbessern. Die
vorhandenen/aktuellen relevanten Veroffentlichungen haben die kombinierten
OI/MRT-Bildsensoren wenig untersucht. Die vorliegende Arbeit dokumentiert, wie es
in meiner Forschung versucht wird, mit kombinierten OI/MRT-Bildsensoren Ln(lll)-
basierten Sonden, die gegeniber Zn(ll) fir die dualmodale MRT/OI-Bildgebung
empfindlich sind, herzustellen. Die Zielsetzung dieser Forschungsprojekt ist den
aktuellen Forschungstand weiter zu bringen.

Der erste Projekt beschaftigt sich mit der nicht reagierenden optischen Sonden
EuL'2, die aus einer DO3A-basierten Berichtseinheit bestehen und die an ein von
Tyrosin abgeleitetes Chromophor gebunden ist. Weitere strukturelle Modifikationen
von EuL'2 umfassten die Einfiihrung einer Zn-sensitiven DPA-Einheit. Sie ergeben
die Zn-sensitiven Sonden EuL3-4. Im Vergleich zum untersuchten Kationen zeigten
neuen Sonden aufliergewoOhnliche starke Selektivitat fur Zn(ll), und eine 7-fachen
Lumineszenz Verstarkung. Die induzierte Lumineszenzanderung ermoglicht es,
EuL3+4 als lebensfahige Zn-Chemosensoren fiir biologische Anwendungen zu
etablieren.

Im zweitenTeil wurden die Gd(lll)-Analoga von EuL3-#, GdL34, hergestellt und sie
mittels NMR bewertet. Das Ergebnis ergab, dass beide Komplexe eine
vernachlassigbare Empfindlichkeit gegenuber Zn(ll) in der ri-Relaxivitat zeigten. Um
die Empfindlichkeit zu verbessern, wurden die GdL3* weiteren Modifikationen
unterzogen. Die eingefihrten chemischen Umwandlungen implizierten die
Umwandlung der phenolischen OH-Gruppe in Phenoxyessigsaure, um GdL%®
bereitzustellen. Diese Modifikationen fuhrten zu einer starken Verbesserung der ri-

Relaxivitat (~ 280%) bei Zugabe von Zn(ll) unter physiologisch relevanten



Bedingungen. Die Bewertung von GdL5%® mit Hilfe verschiedener NMR-Studien in
HEPES, PBS, HSA und Serum in Begleitung von MRT-Phantomen zeigte ihre
hervorragende Empfindlichkeit gegeniiber Zn(ll). Dies macht die GdL5-6-Wirkstoffe
zu kunftiger Sondenentwicklung fur biologische Anwendungen aus.

Im dritten Projekt konzentrierte ich mich auf die Entwerfen und Synthetisieren von
trimakrocyclischer Chelator L7, der von der DA18C6-Einheit (berbriickt wird. L’s
zweikerniger Eu(lll)-Komplex EuzL’ zeigte einen fiir EUDOTAM-Gly typischen CEST-
Effekt. Bei der Metallierung des verbleibenden DA18C6-Chelators mit Tb(lll)
wandelte sich der Komplex EuzL” in ein hetero-mehrkerniges Komplex EuzL’Tb um.
Dieser gemischte Lanthanoidkomplex zeigte interessante Emissionseigenschaften
bei verschiedenen Anregungswellenlangen. Insgesamt weid dieses System einen

Weg zur Entwicklung von bimodalen Bildgebungssonden anbieten.
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Abstract

Optical imaging (Ol) and magnetic resonance imaging (MRI) are powerful
molecular imaging techniques widely used in biomedicine and neuroscience. To date,
various image-contrast-enhancing molecular sensors have been developed to
improve the functional and anatomical visualization of body structures and fluids.
Zn(ll) plays a fundamental role in many essential biological processes. The non-
invasive determination of Zn(ll) concentration fluctuations is of paramount
importance for understanding its biological role and improve early-stage disease
detection. To the best of our knowledge, the OI/MRI combined imaging sensors are
much less studied. Aiming to expand research in this field, the efforts towards
preparing Ln(lll)-based probes sensitive to Zn(ll) for MRI/OIl dual-modal imaging are
described in this thesis.

The first part of this thesis begins with an introduction of non-responsive optical
probes EuL'2 consisting of a DO3A-based reporting moiety linked to a Tyr-derived
chromophore. Further structural modifications of EuL'2 include the introduction of a
Zn-sensitive DPA moiety, resulting in the Zn-sensitive probes EulL34. These novel
compounds exhibited strong selectivity to Zn(ll) over other studied cations, and
demonstrated an up to 7-fold luminescence enhancement. The induced
luminescence change enables establishing EuL®** as viable Zn-chemosensors for
biological applications.

Based on the first project on optical probes, the Gd(lll) analogues of Eul3+#,
GdL3#4, were prepared and evaluated by means of NMR. It showed that both
complexes displayed negligible sensitivity to Zn(ll) in r1 relaxivity. In order to improve
the sensitivity, GdL3-* were subjected to further modifications. Thus, the phenolic OH
group was converted into phenoxyacetic acid providing GdL56. These modifications
led to a large r1 relaxivity enhancement (~280%) upon the addition of Zn(ll) under
physiologically relevant conditions. The detailed evaluation of GdL5® properties by
means of various NMR experiments in HEPES, PBS, HSA and serum accompanied
by MRI phantoms, evidenced their outstanding sensitivity to Zn(ll). This makes GdL®
6 complexes potential agents for biological applications.

In the third part, | focused on combining two different Ol and MRI modalities into
one entity. Thus, a trimacrocyclic chelator L7 bridged by DA18C6 moiety was
designed and synthesized. Its dinuclear Eu(lll) complex EuzL’ displayed a CEST

11



effect, which is typical for EUDOTAM-GIly. Upon metalation of the remaining DA18C6
chelator with Tb(lll), the complex converted into a hetero-multinuclear EuzL’Th. This
mixed lanthanide complex showed interesting emission properties at different
excitation wavelengths. Overall, this system paves the way towards the development

of bimodal imaging probes with controlled properties.
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1. Introduction

1.1. Molecular imaging and imaging probes

Molecular imaging (MI) as an imaging technique was developed 30 years ago,
which focuses on imaging molecules of medical interest within living patients. In
stark contrast to conventional techniques such as histology, which is used to obtain
molecular information from ex vivo samples, M| allows a non-invasive visualization of
desired biomarkers in patients.! With the purpose to better understand fundamental
biochemical processes within living organisms, MI, is constantly gaining in its
popularity within the scientific community. In a broad sense, Ml enables the study of
cells in their natural microenvironment. Meanwhile, the real-time data can be
acquired from the same experiment. Specifically, this method can trace cell
movements/migration that give information on important biological processes,
provide a thorough insight into mechanistic aspects of metabolic events, allow early
diagnosis of various diseases, and monitor treatment progress. At present, Ml
techniques most used as diagnostic tools in clinics are US, Ol, MRI, PET, SPECT
and CT.23

Table 1. Some of the most commonly applied imaging modalities and their properties.?

. . . Spatial Temporal Type of
Technique Reporting unit Depth
resolution resolution molecular probe
MRI Gd*, Mn* or Fe** | 25.100 ym | nolimit | minutes to hours activatable
complexes
Fluorochromes, seconds to )
Ol 2-5mm <2cm activatable
Ln®* complexes minutes
) seconds to o )
us Microbubbles 50-500 um | 0.1-10 cm ) limited activatable
minutes
CT lodinated molecules | 50-200 ym no limit minutes maybe possible
seconds to
PET "°F, #*Cuor™C 1-2 mm No limit radiolabeled
radioisotopes minutes
%Tc or "In
SPECT L 1-2 mm No limit minutes radiolabeled
radioisotopes
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The different imaging modalities have their associated strengths and drawbacks,
including the resolution of the images, the sensitivity of the technique, its penetration
limit, scanning time and cost. None of the existing imaging modalities can provide
information on all aspects of tissue structure and function. In respect to the type of
molecular transducer, a wide variety of imaging modalities were coupled to detect
signals in response to desired biomarkers. For example, recent interest has emerged
on the development of multimodal imaging, unifying two or three different modalities
into a single instrument. Ol modality is a traditional method with advantages such as
low cost, great sensitivity at the cellular and sub-cellular levels, and rapid
multichannel readout. However, the Ol is heavily limited by the low depth of tissue
penetration. One alternative way to overcome this impairment is via the utilization of
dual-modal chemosensors. Owing to the much better depth of penetration, MRI is
considered as the second desirable imaging modality. In other words, the bimodal
imaging technique with Ol and MRI (OI-MRI) offers deep tissue penetration of MRI

and excellent sensitivity of Ol.# 5

Currently, researchers in the molecular imaging field are focused on three
branches: 1) the development of imaging methods for detecting previously
undetectable types of molecules, 2) the expansion of the number and types of
available probes, and 3) the development of functional probes that noninvasively
visualize the various activities that cells and tissues perform in both health and

disease.!

In a general sense, an imaging probe or CA is either an endogenous or
exogenous substance used to help distinguish tissues. By injecting such reporting
unit (for example, a metal ion chelate, or a fluorochrome) into live tissue, a
corresponding imaging modality (for example, MRI, or Ol) is applied to track its
movement in the body. In Ol, CAs enhance luminescence (e.g. photoluminescence
(fluorescence, phosphorescence), chemiluminescence) in a target tissue or structure.
Unlike the probes for OIl, which are directly detected, in the case of MRI, CAs
shorten the relaxation times of water protons within body tissues in order to alter the
contrast of an image. CAs are commonly used to improve the visibility of blood
vessels and the gastrointestinal tract. Several types of CA are in use in medical
imaging and they can roughly be classified based on the imaging modalities used for

their detection.
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1.2. Optical imaging probes

Photophysical processes such as absorption, scattering and emission of light
can be used for optical imaging and analyzing the interaction of light with biological
tissues, to get an insight into specific cells or tissues. Usually, the photons emitted as
a result of the excitation of fluorescent molecules, or as a consequence of a

biochemical reaction that takes place in the body, are recorded.

Organic materials or fluorophores, as conventional optical probes, were
developed to evaluate the concentration of target stimuli within a region of interest,
with strong luminescence.® However, these organic probes are often associated with
drawbacks such as short fluorescent lifetime and short Stokes shift, which limits their

applications in biochemical research.

To overcome the aforementioned drawbacks, lanthanide-based probes were
gradually developed. Compared to the typical organic fluorescence compounds, the
Ln(lll)-based complexes feature larger Stokes shifts (>200 nm) and display longer
emission lifetimes (in the range of milliseconds), which is desirable to design the
moieties for novel approaches.” The most important ions in the context of Ol are
Eu(lll) and Tb(lIl) due to their narrow emission spectra and visible luminescence with
red and green colours, respectively.” & ® Unfortunately, Ln(lll) are toxic to the human
body. To efficiently coordinate the Ln(lll) and decrease their toxicity, macrocyclic
ligands like DO3A (1,4,7,10-tetraazacyclododecane-1,4,7-trisacetic acid) are widely
used as a motif to develop the target or specific probes.'® " Given the high stability
and water solubility of DO3A-based Ln(lll) complexes, their properties such as

luminescence and magnetic behavior have been extensively studied.'>'6

However, the luminescence intensities of such LnDO3A derivatives are very
weak due to their inefficient direct excitation caused by the f-f transitions forbidden of
the lanthanide ions. The f-f transition, the transition of an electron from an f orbital
which is lower in energy to an f orbital which is higher, is a typical property of Ln(lll)
ions.8 While f-f transitions are symmetry forbidden (Laporte-forbidden), transition
metals or chromophores make use of vibronic coupling to break this rule. It has been
noted that the colours of lanthanide complexes originate mostly from charge transfer

interactions between metal and the ligand. Hence, the performance of Ln(lll)-based
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luminescent probes may often be enhanced by excitation of the Ln(lll) via a
sensitizing chromophore.!” Interestingly, aromatics and their derivatives are often
used as a chromophore motif for such probes.’ ' In this work, Tyr, as a
nonessential amino acid, was carefully considered to be a chromophore for target
probes, owing to its functional groups including phenol, carboxylic acid and amine
which can be modified further to meet the proposed requirements. In detail, the Tyr
chromophore is the excited from the ground state to excited state, followed by
energy transfer to the Ln(lll), resulting in the improved luminescent performance of

the Ln(lll)-based probes.
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Figure 1. Simplified Jablonski diagram showing the main energy paths during sensitization
of lanthanide luminescence via its antenna ligand. 7-8 7. 19 |SC = intersystem crossing

1.3. MR imaging agents

MRI is one of the most versatile and promising methods in modern diagnostic
medicine, as it acquires 3D images of tissues and organs enabling identification of
anatomic anomalies, and some assessment of physiological function. Its further
perspective is monitoring of metabolic processes at cellular and molecular levels by

using agents with high specificity and high relaxivity. Since the images acquired by
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MRI are featured with high spatiotemporal resolution and unlimited penetration depth,

this strategy is ideal for studying many diseases in vivo.> 4

The MRI images generated by taking advantage of differences in longitudinal
relaxation of diverse tissues are termed as Ti-weighed images. The Ti-weighed
images are obtained by using short repetition times, and generally provide very
bright spots of fat-based tissues due to their short relaxation times, while water-
based tissues and fluids appear as mid-grey and very dark, respectively. In addition,
differences concerning T> relaxation time are also exploited to generate contrast by
using the appropriate pulse sequences with long echo time. In T>-weighed images,
tissues with short 7> are observed as dark regions. MR imaging is based on the
relaxation mechanism of NMR. Figure 2 demonstrates a magnetic resonance

process, accompanying the recovery (T1) and decay (72) of excited magnetization.
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Figure 2. Acquisition of a magnetic resonance experiment and T4, T» relaxation processes.

The paramagnetic gadolinium(lll) ion, compared to other paramagnetic metal
ions, is the most commonly employed candidate to generate MRI CAs. Generally,
the Gd(lll) based CAs, are used as Ti-weighted agents.?® To efficiently coordinate
the Gd(lll) ion and decrease its toxicity, which means increasing the thermodynamic

and kinetic stabilities of its complexes, various linear and macrocyclic ligands are
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widely used to chelate it. Common Gd(lll) coordination number is 9. Such ligands
provide 7 or 8 donor atoms to chelate Gd(lll) while leaving 2 or 1 binding position for
water molecules, respectively. In other words, a majority of these chelators are
heptadentate or octadentate leaving enough space for the coordination of one or two
water molecule(s) in the inner sphere of Gd(lll). At a wide range of magnetic fields,
the number of bound water molecules (q) is the parameter that mostly determines
relaxivity ri, although the parameters such as the exchange rate of the coordinated
water molecule(s) with bulk water (kex), rotational correlation time of the complex (Tr),
the Gd-H effective mean distance of the coordinated water molecules (r1) and the
longitudinal and transverse electronic spin relaxation times T4 and Tz of the metal
ion are also important. Commonly, most Gd-based complexes are monohydrated.
Despite the higher g could result in less satisfactory complex stabilities and lead to a
risk of free Gd(lIl) leaking which will increase the toxicity, the reasonably designed q
= 2 Gd-based systems still show acceptable thermodynamic stabilities and exhibit
increased relaxivities. Therefore, the change of coordinated water molecule number
(q) was properly considered in many cases to design so-called smart Ti-weighted

agents, which can be turned “on” or “off” upon interaction with the target event.% 2’

Figure 3. Schematic representation of a Gd-based complex with one or two inner sphere
water molecules in exchange with bulk water and the parameters influencing the
relaxation.?
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So far, an increasing number of MRI CAs are designed to exploit the so-called
CEST effect. The CEST effect generates a decrease in bulk water magnetisation
based on proton exchange with a CEST agent. CEST agent gives certain
advantages over conventional Ti-weighted GBCAs. Namely, the CEST modality
enables an on/off response on request, accompanied by improved sensitivity.'" 23
The magnitude of the magnetization transferred to the bulk water, namely the CEST
effect, is calculated according to the following equation:?*

%CEST = (1 — Ms/Mo) x 100%, (1)

Here Ms is the intensity of the magnetic resonance signal of the bulk water upon
pre-saturation and Mo is the intensity of the reference signal.

The CEST principle is best illustrated by the two pools of protons with a general
requirement for frequency difference between the pools, Aw, must be = kex (rate of
exchange between the pools).?® To observe the CEST effect, one pool of protons in
slow-to intermediate exchange with bulk water protons must be pre-saturated by a
frequency selective pulse. The saturated protons then exchange with the water
protons, reducing the intensity of the bulk water MR signal. The illustration of the

CEST mechanism is depicted in Figure 4.

Mormal NMR Spectrum fa_ - f - ‘
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Figure 4. lllustration of the CEST mechanism. The saturated protons from pool B are
passed to pool A through the process of chemical exchange, resulting in a signal decrease
of protons in pool A.26 (Adapted with permission from RSC)

The typical CEST CAs are comprised of ligand containing a pool of

exchangeable protons, most commonly —NH (amide or amine) or —OH (alcohol or
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phenol) groups.'® 27 In addition, the CEST effect may also be produced by the water
molecule which is directly coordinated to the paramagnetic metal ion. Application of
a radiofrequency pulse at the spectral frequency of the ligated water results in the
transfer of magnetization to the bulk water, hence the intensity of the bulk water
signal is decreased (Figure 4). This CEST MRI was introduced around two decades

ago by Ward, Aletras and Balaban.?®> The enhancement produced on the image is
perceived as a negative contrast. Initially, it was used to detect different metabolites,

so-called endogenous CAs (for example amino acids, proteins and nucleotides),
present in the body that contains exchangeable protons.

Among the paramagnetic lanthanide ions, the Eu(lll), Tb(lll) and Yb(lll) are
known to considerably shift the signals of the exchangeable proton on the ligand or
the coordinated water molecule. Their complexes are used to produce a CEST effect
of the exchangeable proton or bound water molecule with bulk water and termed as

paraCEST CAs."® 28 The typical Ln(lll)-based paraCEST CAs are the EuDOTAM and
EuDOTAM-Gly complexes.??
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Figure 5. Typical lanthanide-based paraCEST CAs.

1.4. Smart probes sensitive to Zn(ll)

Much effort has been invested in designing CAs capable of changing their MR

properties upon a specific change in their microenvironment. As MRI is a particularly
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attractive imaging modality, the smart contrast agents, also referred to as responsive
or activatable CAs, were applied to monitor the changes of their MR properties upon
a specific change in their microenvironment. The SCAs undergo conformational
changes upon interaction with the target molecule, resulting in a change in their
signal properties (for example, enhancing of luminescence or shortening of T4
relaxation time) due to alteration of the parameter(s) that determine energy transfer
or relaxivity. Considering the design of a T1-weighted SCA, there must be a change
of hydration number, rotational correlation time, water exchange rate, or the electron
spin relaxation times. Given that a) the rotational correlation time is dependent on
the magnetic field; b) water exchange rate is difficult to predict; and c) the electron
spin relaxation times can only exert less influence, the predominant mechanism
responsible for changes in relaxivity for SCAs at high magnetic fields is the change
in hydration state of the complex. The observed signal change implies a change of
CAs between “off’ or “on” status that occurs only in the presence of a threshold
concentration of the specific targets. CAs with high relaxivity provide high SNR while
SCAs make high SNR difference. This makes SCAs ideal candidates for molecular

imaging because they provide the highest SNR for molecular target identification.°

According to the stimuli that activate CAs, they are classified into pH-activated,
enzyme-activated, metal ion responsive, redox CAs. For instance, a plethora of
responsive CAs were developed to probe bivalent metal ions (such as Ca(ll), Zn(ll)
or Fe(ll), etc.), as they are important modulators of various biological processes.
Besides, many diseases have been associated with altered metal ion concentration

in the body and thus in vivo determination of metal ion distribution is highly desirable.

In the human body, Zn(ll) takes part in various biochemical processes which are
of essential importance for the normal functioning of the body.° It is the second most
abundant trace metal in bodies after iron and it is the only metal which appears in
all enzyme classes. Most Zn(ll) is in the muscle, bone, liver and brain. In the brain,
Zn(ll) is stored in specific synaptic vesicles by glutamatergic neurons and can
modulate neuronal excitability. It plays a key role in synaptic plasticity and in learning.
Zn(ll) homeostasis also plays a critical role in the functional regulation of the central

nervous system.?'
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Symptoms associated with mild Zn(ll) deficiency are diverse. Clinical outcomes
include depression, impotence, delayed sexual maturation, eye and skin lesions,
altered cognition, impaired immune functions, defects in carbohydrate utilization, and
reproductive teratogenesis.?® Although Zn(ll) is an essential requirement for good
health, excess zinc can be harmful. For instance, excessive absorption of Zn(ll)
suppresses copper and iron absorption. Therefore, determination of concentration
fluctuations of Zn(ll), in a non-invasive manner, is of paramount importance to

understand its biological role and improve early-stage disease detection.32-35
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Figure 6. lllustration of responsive mechanism and examples of zinc responsive SCAs.

To evaluate the Zn(ll) concentrations in the body, DPA is the most used moiety
to build Zn-responsive probes. The DPA chelator, first reported in 1964, is known to
form stable complexes with Zn(ll1).3¢ Combining the DPA moiety with either
luminescent or MRI molecular sensors, can result in Zn(ll)-responsive probes for
optical or MR imaging, respectively. Specifically, appending the DPA moiety to a
chemosensor makes it a luminescent probe sensitive to Zn(ll), while appending the
DPA to a lanthanide motif makes the complex an MRI CA sensitive to Zn(ll). A
variety of imaging probes selective to Zn(ll) were developed including those used for
in vitro or in vivo experiments. Especially, the optical probes and MRI CAs were

abundantly developed to reach ideal probes sensitive to Zn(ll)."°

1.5. Optical/MR dual-modal imaging CAs

Ol techniques, especially fluorescence microscopy, have a high spatiotemporal
resolution but limited depth of penetration. However, MRI is benefited by unlimited

penetration depth. Thus, an exogenous dual-modal CA which can transduce
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interactions with stimuli into signals detectable by both MRI and fluorescence
imaging techniques would be a perfect imaging agent characterized by high
spatiotemporal resolution and non-limited penetration depth.5 22 3740 ‘Two is better

than one.*!

Dual-modal
Contrast Agents

Optical

Figure 7. Dual-modal contrast agents combining optical and MR imaging properties.

The first MRI-fluorescent dual-modal probes were reported by Meade and co-
workers in 1998, which contains both a Gd(lll) chelate and a fluorophore
tetramethylrhodamine.4® Interestingly, complexes incorporating two different Ln(lll)
ions can provide such dual-properties, enabling the design of dual-modal probes, for
instance, the luminescent and MRI imaging probe. The activatable dual-modal
probes are rarely reported, Aime and co-workers reported a Tm(lll)/Gd(lll)-based
lipoCEST CA, in which the CEST response is activated by quenching T4 contrast
through reductive cleavage of Gd-based moieties.*? In addition, polynuclear
complexes have also been widely studied.?? 4347 For example, in 2003, Faulkner and
co-workers synthesized a hetero-trimetallic lanthanide complex using a DTPA-like
cage to bridge two kinetically stable Tb-complexes, resulting in a probe with terbium-
sensitized ytterbium luminescence.®® Therefore, combining two or more different
types of Ln(lll) ions in one molecule can pave the way to synthesize multi-modal

probes for future imaging of the interested stimuli.
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1.6. Motivation and objectives of the thesis

Given Ol and MRI techniques are powerful diagnostic tools utilised in clinics, the
application of CAs pushed them to visualize biological processes in a dynamic
manner. Zn(ll) involves in many such essential processes and both its deficiency and
excess states can result in symptoms. Therefore visualization of Zn(ll) fluctuations
by such techniques is of paramount importance to understand its biological role and
improve early-stage disease detection. To this end, this Ph.D. thesis is focusing on
the synthesis and characterization of Ol and MRI probes sensitive to zinc ions. The
research, as an attempt to explore dual-modal imaging probes, was gradually
developed from two non-smart optical probes to two Zn-sensitive optical probes by
adding a Zn-sensitive moiety DPA. Then, the research was proceeded continuously
from two non-smart T1-weighted MRI CAs to two Zn-sensitive T1-weighted MRI CAs
by converting a phenol group to a phenoxyacetic acid group. Additionally, a hetero-
nuclear trimacrocyclic derivative appending a DA18C6 moiety was designed and
synthesized, towards a potential optical and MR dual-modal imaging probe. In other
words, getting closer to the final goal of Zn-sensitive OI/MRI dual-modal agents, the
efforts were devoted step by step from non-smart optical probes to Zn-specific
probes, from non-smart Ti-weighted MRI CAs to Zn-specific agents, and from the
non-smart but hetero-polynuclear dual-modal probe, to explore the potential way

towards the development of OI/MRI probes for zinc ions detection.
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3. Results and discussion

3.1. Zn(ll)-specific luminescent probes

Zn(ll) plays a fundamental role in many essential biological processes. Either an
excess or deficiency of Zn(ll) can induce symptoms and pathologies.®' The
luminescent probes sensitive to Zn(ll) would be significant assets to investigate the
biological role of Zn(ll) and provide early-stage disease diagnosis. To this end,
probes EuL3+* were developed to specifically recognize Zn(ll) over other metal ions.
First, Tyr was considered to build the basic ligand block and to start the gradually
developed system in this thesis thanks to its functional groups including one phenol,
one carboxylic acid and one amine unit which can be modified further to meet the
proposed requirements.'> 4° For example, the phenol unit can react with aldehyde
and amine in a Mannich reaction resulting in aminoalkylphenol derivatives at the

ortho position.%0 51

Here, to chelate lanthanide ions and decrease their toxicity, DO3A is used to
build the chelator, leaving one remaining secondary amine for further functional
modification. Upon appending the previously mentioned Tyr to the DO3A chelator,
two free ligands were synthesized, either bearing an amino acid (HsL') or an amino
acid methyl ester (HsL?) in the Tyr group.®? Their Eu(lll) complexes EuL'2 were
made and both of them behaved as typical chromophore probes. Namely, the
chromophore Tyr was excited at 320 nm and absorbed energy at the first stage.53 %
Then, Tyr transferred its energy to Eu(lll) because the LUMO of Eu(lll) is lower than
that of Tyr. In other words, the rule of f-f forbidden transition of Eu(lll) was broken,
resulting in characteristic emission peaks of Eu(lll) at 580 nm, 596 nm, 617 nm, 655
nm and 702 nm from ®Do—"F, (J = 0 to 4) transitions. The emission intensity of EuL"
2 showed no obvious changes upon addition of the studied metal ions, suggesting

they are non-sensitive probes.
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Scheme 1. Synthesis route of complex EuL1 4,

To build a zinc-responsive probe, DPA as the most-used zinc-chelator was
considered and appended to complexes EuL'2, providing smart probes EuL3-. For
the synthesis of L'2, protected Tyr reacted with protected DO3A, resulting in the
precursor 1. The precursor 1 was treated with TFA and converted to L'. L' was
further treated with LiOH and converted to L2. For the synthesis of L3+, in the first
step, DPA was coupled to the protected Tyr, providing compound DPA-Boc-Tyr-OMe
2. Then the alkylation reaction of protected DO3A with Boc-Tyr-OMe was performed
at 110 °C, which results in precursor 3. Similarly, TFA treatment of precursor 3
results in L3 while further LiOH treatment results in L% After HPLC purifications,
europium salt was introduced to the obtained final ligands respectively, giving
corresponding complexes. Most importantly, here DPA acted as an electron-rich
center/donor to achieve a “turn-on” process upon the addition of Zn(ll). Specifically,
in the absence of Zn(ll), the “interception” of the energy absorbed by Tyr has

occurred, induced by the nitrogen lone pair in DPA, namely the PIiET process,
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resulting in luminescence quenching of complexes EuL3. In other words, the DPA
moiety can intercept/capture the excited electron which is coming from the
chromophore, which will transfer to Ln(lll), giving a quenched luminescence.®® Upon
addition of Zn(ll), the nitrogen lone pair was involved in complexation with Zn(ll),
which prevented the PIiET process and made the energy transfer from Tyr to

europium ion possible, resulting in luminescence enhancement.
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Figure 9. a) Luminescence changes of EuL'™* (50 uM) upon addition of Zn(ll). All data were
recorded in HEPES buffer (50 mM, pH 7.4) with Aex=322 nm and Aem=617 nm; intensity was
estimated by the peak height at Aem=617 nm. b) Luminescence variations of EuL3 (50 uM) to
Zn(ll) in the presence of different metal ions. Blue bars indicate the luminescence intensity
of EuL3 in the presence of various metal ions (3 equiv.). Green bars indicate luminescence
intensity of EuL? after the subsequent addition of Zn(Il) (3 equiv.).

At the same conditions (50 uM complex, 50 mM HEPES buffer, pH 7.4 and 25
°C), the ion selectivity of these two complexes were tested with biologically relevant
ions such as Na(l), K(I), Mg(ll), Ca(ll), Fe(ll), Fe(lll), Cu(ll). As shown in Figure 9, the
results demonstrated the specificity of EuL3# towards Zn(Il) over other metal ions

except for Cu(ll). However, this ion can be omitted because its amount is very low in
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the body.”® The proved ion selectivity of these complexes guaranteed the
luminescence enhancement measurements upon the addition of Zn(ll). In the Zn(ll)
titration experiment, luminescence was enhanced 7-fold for EuL3 and 5-fold for EuL#
upon Zn(Il) addition, by monitoring the emission intensity at 617 nm. The Job’s plots
for both EuL3+# were measured to demonstrate the binding relationship between the
complexes and Zn(ll). The results revealed complex EuL® bound two Zn(ll), while
EuL? bound one. The only structural difference between these two complexes is the
amino acid Tyr moiety: either amino acid group was esterified or not. This difference
resulted in different luminescence enhancement. The expected reason is that the
amino acid was formed as a zwitterion while the amino acid methyl ester has
interacted with Zn(ll) at physiological pH. The additional Zn(ll) binding induced

further luminescence enhancement than complex EuL*.
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Figure 10. Luminescence emission intensity variations with pH changes of a) EuL® (open
symbols) and EuL3Zn (filled symbols), b) EuL?* (open symbols) and EuL*Zn (filled symbols)
in water (50 uM complex, 100 mM KCI as the electrolyte, Aex=322 nm; intensity was
estimated by the peak height at Aem=617 nm).
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To understand the mechanism responsible for the “turn-on” response to Zn(ll),
the pH dependences of the emission intensity of EuL34 and EuL34Zn were
investigated, respectively. The fitted equilibrium constants logK determined for the
association of EuL3-* with Zn(ll) are close to values 8.3 (Figure 10), indicating that
nearly all EuL3* were converted to EulL3#Zn at pH 7.4. For EuL3%Zn, the fitted
equilibrium constants are near to values 7.5, involving the protonation/deprotonation
of the phenol unit. To confirm the aforementioned insights, further UV-Vis studies
with the investigated complexes were performed. The results showed that both EuL3-
4 are responsive to 1 equivalent of Zn(ll), causing the decline of absorption intensity
at ~250 nm, which confirms the complexation of Zn(ll) with the DPA moiety of the
ligand. Furthermore, the absorbance variation of EuL® was studied at different pH
values. The band at 303 nm decreases by increasing pH, accompanying the
development of a new band at 335 nm. The fitting of the absorbance changes at 335
nm provides an equilibrium constant logKk = 9.4 + 0.5, which confirms the

protonation/deprotonation processes of phenol moiety.

Furthermore, DFT calculations of EuL® and EuL3Zn were carried out by Prof. Dr.
Carlos Platas-Iglesias, which rationalized the observed results. Herein, EuL? are
responsive PiET probes in which the HOMO of the lone pair of the amine nitrogen in
DPA has higher energy than the europium center in the absence of the Zn(ll). Once
the chromophore unit Tyr is excited, an electron transfers from the HOMO of the
donor to the HOMO of the DPA moiety, quenching the emission of the probes. Upon
coordination of Zn(ll) with the DPA moiety, the energy level of the HOMO of the
donor is reduced, making the energy transfer to europium ion feasible. As a result,

the overall luminescence of EuL® Zn is enhanced.

3.2. Zn(ll)-specific T1-weighted CAs

In this project, firstly, the gadolinium analogues of EuL3# GdL3# were
synthesized and their Ti-relaxivity versus Zn(ll) concentrations were measured at 25
°C, pH 7.4.%2 In detail, both complexes GdL3-* have high initial r1 values (~ 7.5 mM-'s
1), suggesting the presence of monohydrated complexes in both cases. The high r1
values for both complexes are in line with monohydrated GdDO3A-type derivatives
with similar size.5” The relaxometric titrations of GdL3** with Zn(ll) induce only a less

than 10% enhancement in relaxivity upon the addition of up to 3 equivalents of Zn(ll)
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ions. The small relaxivity changes reveal that the phenolic OH of the complexes
were bound to the gadolinium ion either with or without Zn(Il) present, corresponding

to the UV-Vis studies of EuL3 depicted in the previous project.
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Figure 11. Chemical structures of GdL3*.

Changing the bound water molecule number is the most important method to
change the relaxivity in small molecules,?® % which is the key concerning for the
project described here. Therefore, to build a zinc-responsive Ti-weighted MRI CA,
the phenolic OH of GdL3* was modified further (Figure 11). Specifically, the phenol
unit was alkylated and converted to a POA unit. The POA unit was proposed to
chelate gadolinium in the absence of zinc ions whilst converting from Gd(lIl) to Zn(ll)
coordination upon zinc ion addition. The POA group as a “flipping” arm can result in
the change of bound water molecule number g and provide the “turn-on” mechanism
of the relaxivity of the complex. Therefore, the desired ligand HsL® and its complex
GdL’ were prepared. The synthesis details of discussed complexes are depicted in
scheme 2. Starting from compound 3 established in the first project, the alkylation of
its phenol OH results in precursor 4. On the other hand, the alkylation of compound 3
with '3C-labeled compound 5 resulted in the isotopic precursor 4*. Both precursors
were treated with TFA to give ligand L% and L%. Then the corresponding lanthanide
complexes were prepared by treating the ligands with EuClz*6H2O or TbCl3*6H20 in
water while maintaining the pH at ~7. To demonstrate the aforementioned
mechanism, a series of '"H NMR proof-of-principle studies were performed to
describe the process of relaxivity changes of this complex and push the complex to

be a highly potent MRI agent specific to Zn(ll).
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Following the assumption that the POA will be pulled away from paramagnetic
ion by added Zn(Il) , 'TH NMR relaxometric titrations were firstly performed at 7 T and
25 °C in 50 mM HEPES or PBS buffer, to evaluate the relaxivity response of GdL>
towards Zn(ll). Both r1 and r. were measured after every addition of Zn(ll). The
results shown an ~400% enhancement in ri relaxivity upon saturation with 1
equivalent of Zn(ll) in HEPES (Figure 12a). Instead, when the PBS buffer was used,
the overall 1 enhancement is ~300% at 25 °C, indicating the formation of small
amounts of ternary complexes between the phosphates and Gd(lll). Surprisingly, this
performance is still outstanding. Additional Zn(ll) did not trigger either quenching or
enhancement of ry relaxivity and confirmed the strong 1:1 binding between Zn(ll) and
the POA group. Then, the selectivity of GdL® towards Zn(ll) was tested in separate
experiments with Mg(ll), Ca(ll) and Cu(ll). As showed in Figure 12c, no obvious
relaxivity response of GdL® towards Mg(ll) and Ca(ll) was observed, with the
exception of Cu(ll). However, the very low quantities of Cu(ll) in the human body is

not likely a big issue for Zn(ll) (~0.1 g and ~4 g for Cu(ll) and Zn(ll), respectively).5®:
60
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Titration with Zn®* at 25 °C in buffered media
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Figure 12. Longitudinal relaxivity r1 of GdL® at 7 T. a-b) ry in the presence of various
concentrations of ZnClz in HEPES (50 mM) or PBS (50 mM) at pH 7.4, a) 25 °C or b) 37 °C;
c) r1 in the presence of different quantities of Ca(ll), Mg(ll), Cu(ll) or Zn(Il) (50 mM HEPES,
pH 7.4 and 25 °C).

Given the inspiring results of longitudinal relaxivity studies, to shed light on the
binding pattern of GdL® with Zn(ll), its Eu(lll) analogue EuL®* was prepared with the
3C-labeled POA group. As a paramagnetic ion, Eu(lll) can strongly shift and reduce
the signals of atoms with non-zero spin nucleus such as 'H and 3C (with a spin
quantum number of 1/2), depending on the relative distance between them.
Following the previously reported procedures by Meade and coworkers,?'- 62 g series
of 3C NMR spectra of 15 mM EuL%* were recorded with adding ZnCl, (Figure 13). In
the Zn-free state, only two broad and shifted signals at 93.5 ppm and 211.7 ppm

were observed, indicating coordination of the POA group to the paramagnetic Eu(lll).
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Gradually adding Zn(ll) conducts the attenuation and disappearance of these two
broad peaks, accompanying the appearance and enhancement of two sharp
doublets at 71.7 ppm and 175.6 ppm. This specific experiment strongly suggests the
different behaviors of the POA group in the absence and presence of Zn(ll). Namely,
the addition of Zn(ll) causes the formation of a Zn(ll) complex with the DPA moiety,
triggered the POA group to “flips” away from Eu(lll) (Figure 13b). As a result, the 3C
NMR signals of the POA carbons recover to the status as free L>* ligand. Therefore,
this study illuminates the structural status changes of paramagnetic metal ion, which

were selectively triggered by Zn(ll).

Additionally, the coordination properties of this system were also assessed by
testing the luminescence lifetimes of EuL%* and TbL?® in D2O or H20 with and without
Zn(ll) at pH 7.4 and 25 °C. The hydration number q of Eu(lll) or Tb(lll) center was
calculated from luminescence lifetimes in the absence and presence of Zn(ll). In the
Zn-free state, both complexes showed a g value of 0. This non-hydrated state
matches the shifted and reduced signals of labeled carbon in *C NMR spectrum of
EuL5* and explains the very low initial r1 value of GdL®. Once the complex and Zn(ll)
interact, the calculated g values are increased to 1.4 and 1.5 for EuL®* and TbL?,
respectively. This higher hydration matches the dramatically increased r1 value of
GdL? upon Zn(Il) binding and the recovery of signals of labeled carbons observed in
13C NMR spectra of EuL%*. The hydration number investigation and '*C NMR study
confirm the assumption that the non-hydrated Gd(lll) leads to a very low relaxivity
while higher hydration of Gd(lll) caused by Zn(ll) gives rise to a dramatically high

relaxivity.
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Figure 13. a) 'C NMR spectra of EuL5* in the presence of 0-2.4 equiv. of Zn(ll) at 25 °C
and 75 MHz (note: 48.9 ppm is the reference signal of ®*CHsOH). b) Proposed interaction of
the phenoxyacetate group with the paramagnetic metal center (up) and Zn(ll) (down), which
leads to an increase in hydration number and the “turn-on” response.

In general terms, the relaxivity value is influenced by temperature. With the
increase of temperature, the relaxivity will decrease at all magnetic field ranges due
to the thermal activation of motion of water molecules surrounding the gadolinium
complex.®® Whilst the r1 of GdLS® in PBS buffer increased from 1.47 to 5.58 mM-'s™" at
the physiological temperature 37 °C, the overall relaxivity enhancement still
remained as high as ~280%, suggesting the potential of this complex to be a Zn(ll)
specific MRI CA (Figure 14b). Subsequently, the stability of GdL® was assessed in a
transmetalation reaction against Zn(ll) at 25 °C and 37 °C, respectively. The
“‘thermodynamic index” resulted in values 90%, 81% and 75% at 37 °C after 24 h, 72
h and 120 h, respectively. This experiment confirmed the investigated complex is a
highly stable SCA.

Generally, the potential of a new complex to serve as a Ti-weighted SCA is
further demonstrated 1) in HSA and serum medium in the 'H NMR relaxometric
titrations with Zn(ll), and 2) in vitro in an MRI experiment on phantoms. HSA, known
as a chelator for aromatic groups or Zn(ll), may reduce the hydration of the complex
then decrease its relaxivity. To evaluate the possibility of this investigated complex to
be a candidate for in vivo application, the relaxometry of GdL® with Zn(ll) in the
presence of either HSA or human serum were studied at 37 °C, 7 T. The experiment

results showed the HSA binding affected the relaxivity of this complex but still
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induced a ~200% relaxivity enhancement at the high magnetic field and physiological
temperature (Figure 14a, left). To the best of our knowledge, this is the highest
enhancement in the presence of HSA at the high magnetic field (> 1T) so far. On the
other hand, the relaxivity enhancement is less impressive (~50%) in human serum
(Figure 14a, right). It is proposed that bicarbonate, which is abundant in human
serum (HCOs, 20-30 mM),%* is involved in the formation of a ternary complex
between HCO3 and Gd(lll). As reported in many research, bicarbonate possesses a
relatively high affinity for these types of g = 1 or q = 2 complexes.®5 %6 ¢ To find out if
the relaxivity quenching is caused by bicarbonate, the 'H NMR relaxometric
response of GdL® towards Zn(ll) was recorded in PBS buffer containing 25 mM
HCOs at 7 T and 37 °C (Figure 14c). The ri relaxivity enhancement is ~40%, which
confirmed the bicarbonate in serum occupied the hydrated water molecules.
Although the bicarbonate is involved in complexation with GdLS3, this relaxivity

enhancement in serum is still better than published CAs so far.
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a) Titration with Zn** in presence of HSA, serum (37 °C, PBS)
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b) Titration of HSA with GdL in presence or absence of Zn** (37 °C, PBS)
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Figure 14. Relaxivities r1 and r» of GdL® in different media. a) 1.0 mM GdL® in 0.6 mM HSA
(left) or in serum (right) with various concentrations of ZnCly; b) in 0.6 mM HSA and 50mM
PBS medium with various concentrations of GdL5; ¢) 1.0 mM GdL5 in 25 mM NaHCOs and
50mM PBS with various concentrations of ZnCl> (pH 7.4 and 25 °C or 37 °C).
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Subsequently, a series of different samples of GdL® were imaged, to assess the
potential of this complex as a Ti-weighted SCA. In the MRI phantom imaging
experiment, six vials containing GdL?® alone, GdL5 with added 1 equivalent of Mg(ll),
1 equivalent of Ca(ll), 0.5 equivalent of Zn(ll), 1 equivalent of Zn(ll) and 1 equivalent
of Zn(ll) were imaged in a 7 T MRI scanner at room temperature by Dr. Tanja
Gambino. In Figure 15, comparing the control image of the tube with GdL5 alone,
tubes with GdL® and 0.5 or 1.0 equivalent of Zn(ll) show a great signal enhancement,
whereas tubes where Ca(ll) or Mg(ll) were added just display similar contrast,
confirming that a selective “turn-on” response of GdL® can be visualized in a Zn-rich

condition.

Figure 15. T1-weighted MR images of tube phantoms at 7 T of a 1 mM solution of GdL in
50 mM HEPES buffer (pH 7.4 and ~22 °C). The tubes were positioned in the following order:
a) GdL® only, b) +1.0 equiv. Mg(ll), c) +1.0 equiv. Ca(ll), d) +0.5 equiv. Zn(ll), €) +1.0 equiv.
Zn(ll), f) +2.0 equiv. Zn(ll).

The conversion of amino acid methyl ester to free amino acid in the Tyr group of
GdL5 afforded complex GdLS. At 25 °C, this new complex has a lower relaxivity
enhancement (~200) than complex GdL® in HEPES buffer but a similar
enhancement (~290%) in PBS buffer. At 37 °C, the relaxivity enhancements of GdL®
in serum or bicarbonate medium are the same as GdL5, owing to both complexes
having similar coordination environments of the metal ions in the absence and
presence of zinc ions (Figure 16). To collect more information on GdL® upon the
conversion of amino acid methyl ester to free amino acid in the Tyr group, a further

step in the investigation of the detailed effect could be necessary.
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Figure 16. a) Relaxivity r1 of 3.0 mM GdL® in HEPES and PBS buffers with various
concentrations of ZnCl» at 37 °C; b) Relaxivity rate variation of 3.0 mM GdL® in 50 mM
HEPES with Zn(ll) versus time at 25 °C; c) Relaxivities r1 and r2 of 3.0 mM GdL® in human
serum with various concentrations of ZnClz at 37 °C.

3.3. CEST/optical dual-modal probe.

Hetero-multinuclear agents make dual-/multi-modal imaging possible. By
coupling different metal ions, the new agent will possess potential dual-modal
sensing properties. For further extension of the first optical probes project and
second Ti-weighted MRI project, in the third project, given that EUDOTAM-Gly is
famous as a typical paraCEST agent,’”-%° the DOTAM-GIly block was considered to
build up a trimacrocyclic derivative L7 appending a DA18C6 moiety, intending to

explore a multi-nuclear dual-modal probe for CEST/optical imaging. First, the CEST
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effects of the dinuclear europium complex EuzL? were studied. Then, the hetero-

trinuclear complex Eu2L’Tb was prepared and its luminescence properties were

characterized.
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Figure 17. The chemical structures of EuzL? and Euz.L’Tb investigated in this project.

Details for the ligand synthesis, starting from DA18C6 and mono-Bn-protected
DO1A, are shown in Scheme 3. Two blocks for chelating Eu(ll) and Tb(lll) were
synthesized separately. Europium chelator block was started from the alkylation of
polyamine 6 with bromide 7. The afforded macrocycle 8 was hydrogenated in DMF,
providing the compound 9 with one free carboxylic acid. Terbium chelator block was
started from the alkylation of DA18C6 with Cbz-protected compound 10. The
hydrogenation of the Cbz protecting group catalyzed by Pd/C formed compound 12
with two primary amines. The combination of two blocks 9 and 12 was catalyzed by
HATU, resulting in the trimacrocyclic compound 13. After deprotection by base
hydrolysis, the free ligand L7 was purified by HPLC. The dinuclear complex Eu,L’”
was made at room temperature, adjusting pH ~7 using 0.1 M NaOH solution. Finally,
the complex EuzL” was treated with TbCls solution, providing hetero-multinuclear

complex EuzL'Th.
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Scheme 3. Synthesis route of complex EuzL’. Reagents and conditions: (i) Na2COs, DCM,
r.t. 12 h; (i) Ho/Pt, DMF, r.t., 12 h; (iii) MeCN, Cs2COs, 65 °C, 4.5 h; (iv) Ho/Pt, EtOH, r.t., 4 h;
(v) HATU, DMF, r.t., 6 h; (vi) LiOH, MeOH, r.t., 12 h; (vii) EuCls-6H2O/H20, 50 °C, 12 h

Firstly, the CEST effects of EuzsL” were studied at 25 °C. The CEST spectra of
the 5 mM complex were recorded with 10 s pre-saturation times and variable
saturation power B1 at pH 7.4, as depicted in Figure 18. Given a series of paraCEST
derivatives of EUDOTAM-Gly show a CEST signal at ~50 ppm,f° the signal of
EuzL’” similarly appeared at 51 ppm, which is attributed to the proton exchange of
Eu(lll)-bound water with the bulk water molecules. With the increase of saturation
power B1 from 2.5 uT to 30 uT, the CEST effects are strongly affected.”” The CEST
effect enhancement reaches ~40% for the increase in saturation power from 5 pT to
30 uT.
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Figure 18. The CEST spectra of the complex EuzL’ (5 mM, irradiation time 10 s, in 50 mM
HEPES with pH 7.4, 25 °C) recorded at different B.
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Figure 19. a). The CEST spectra of 5 mM Eu.L” at different temperatures. b): The
dependence of the chemical shift of the bound water protons on temperature (pH = 7.4, By =
7 T, saturation power B1= 20 uT, TS 10 s).

Then, the aforementioned CEST studies were repeated at different temperatures.
As expected, the CEST spectra registered pronounced differences both in the
chemical shift of the bound water pool and the saturation efficiency of the bulk water
(Figure 19). Along with the increase in temperature from 10 °C to 40 °C, the
chemical shift of the bound water pool shifted upfield from 57 ppm to 45 ppm. A
linear fitting was performed and the results showed that the shift of signal is linear to
temperature (Figure 19b). The calculated temperature sensitivity is 0.4 ppm/°C,

having a similar value to that of EUDOTAM-GIy.”" Additionally, the signal shape of
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both bound and bulk water were also affected by temperature (Figure 19 a). As the
higher temperature is applied, the shapes of the two water peaks broaden, owing to
more rapid exchange.

Subsequently, the Bloch—McConnell equations, modified for chemical exchange,
namely the quantitative CEST methods,”> were used to extract the water exchange
rates, kex, at different temperatures. The longitudinal and transversal relaxation times,
T+ and T2, were measured using the inversion-recovery and Carr-Purcell-Meiboom-
Gill pulse sequences respectively and used to fit these data. As depicted in Figure
20, the kex assumed from a three-pool fitting model is dependent on temperature.” 74
At 25 °C, the value is 10 kHz, comparable to the value reported for the EUDOTAM-
Gly.” All the discussed properties make EuzL” to be a good candidate for future use

as a paraCEST agent.
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Figure 20. The kex values of bound water molecule (5 mM complex EuzL’) dependent on
temperature. Each temperature experiment was recorded at pH 7.4, with an irradiation time
of 10 s and different B1 (5, 10, 15, 20, 25 and 30 uT). The corresponding kex value was
calculated using the quantitative CEST (qCEST) method.

To extend the complex Eu.L’ to be a dual-modal probe, the remaining DA18C6
moiety was used to chelate another type of Ln(lll) ion, albeit rather weakly. Namely,
the stability constant of DA18C6-based Ln-complexes is small (logKa < 3),7% 77 But
interestingly, the afforded hetero-trinuclear complex EuzL’Tb showed mixed

emission spectra including both characteristic peaks of terbium and europium ions.
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In Figure 21, the emission spectra of Eu:L’Tb were recorded at different excitation
wavelengths from 225 nm to 395 nm, displaying fluctuations of the peaks either from
Eu(lll) (°®Do — 7Fy) or from Tb(lll) (°D4 — F,). The emission excited at 225 nm
exhibited only four characteristic peaks of Tb(lll) ion, with the strongest one at 545
nm (°Ds — ’Fs). While the emission excited at 395 nm resulted in only four
characteristic peaks of Eu(lll) ion, with the strongest one at 616 nm (°Do — "F3).7® 7®
Additionally, excitations at 265 nm, 283 nm and 305 nm cause the combined peaks
from both Eu(lll) and Tb(lll) ions.8°
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Figure 21. Luminescence spectra of 0.2 mM Euz2L’Tb versus excitation wavelength values
at 25 °C, pH 7.4.

Upon the formation of EuzL’Th, the potential of this molecule for the detection of
anions was investigated. Owing to the coordinatively unsaturated nature, the effects
of small endogenous anions to EuzL’Tb are studies, which is similar to previously
investigated cyclen-based Ln(lll) chelates.'® 8! In these cases, the unsaturated Eu(lll)
or Tb(lll) ions have binding site(s) for water molecules. The bound water molecule(s)
are O-H oscillators with high energy, which can efficiently quench the
luminescence.®? 8 By contrast, displacement of a water molecule by anions can
suppress the non-radiative energy quenching, providing stronger emission. Here, the
luminescence of trimacrocyclic host Eu:L’Tb was assessed in solution with
biologically important anions. A series of Eu2L’Tb solutions with F-, Br, I, HCOs,
HPO.?, OAc- and SO4%, respectively, were excited at 285 nm and their emission

intensities were monitored in the range between 540 nm and 630 nm. As shown in
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Figure 22, only anions HCOs and OAc significantly enhanced the emission
intensities. In a single emission spectrum, HCO3™ induces stronger emission of Eu(lll),
while the OAc strengthens the emission of Tb(lll), suggesting that bicarbonates
preferentially displace bound waters in cyclen-derived chelates, whereas the
acetates dominantly replace Tb-bound water molecules. On the other hand, the
emission of Tb(lll) is definitely quenched by anions F- and HPO4%*, remaining
unaffected emission of Eu(lll).
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Figure 22. Luminescence selectivity studies of 0.2 mM Eu.L’Tb at 25 °C, pH 7.4. Excitation
= 285 nm, 2 eq. of anions, monitored range from 540-630 nm.
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4. Conclusions and outlook

Zn(ll) is a fundamentally important metal ion which appears in all enzyme classes.
Its deregulation is associated with diverse symptoms. Therefore, to understand its
biological role and improve early-stage disease detection, in a non-invasive manner
like Ol and MR, is of paramount importance. Here, this thesis describes the design,
synthesis and characterization of lanthanide-based chelates, contributing to work in
the field of MR or optical probes sensitive to zinc ions, and dual-modal probes with
MR/optical imaging modalities, which paves the way to build dual-modal agents for
zinc ion detection by means of optical/MR imaging. Towards such a final aim, many
efforts have been undertaken.

a) Two Zn-sensitive optical probes EuL3-# were developed from two non-sensitive
optical probes. These novel probes exhibited strong selectivity to Zn(ll) over other
studied cations, leading to a 5- or 7-fold enhancement in luminescence intensity. The
induced luminescence change establishes EulL3# as viable Zn-chemosensors for
biological applications.

b) Two Zn-sensitive Ti-weighted MR agents GdL>® were developed from two
non-sensitive Ti-weighted agents. Especially GdL® showed ~400% relaxivity
enhancement. Luminescence lifetime studies, ITC studies and '*C NMR spectra
measurements were conducted to explain the “turn-on” mechanism. The
transmetalation studies, selectivity tests, performance evaluation in media like HSA
or human serum and MRI phantoms, all the results evidenced the outstanding
sensitivity of this complex to Zn(ll) for potential biological applications

c) A polynuclear lanthanide complex as a dual-modal probe was developed. By
combing the MRI CEST effects and luminescence properties into one platform, this
probe paves the way to develop further potential dual-modal MRI/luminescence
probes.

To conclude, the work conducted here describes gradually developed
approaches towards the development of dual-modal agents for zinc ion detection by
means of optical/MR imaging. Looking to the future, based on the third project and
combining the aforementioned another two projects, the final aim can be achieved by
coupling the Zn-sensitive optical probe with the Zn-sensitive MRI agent, which will

result in a dual-model probe EuL'-GdL?® for zinc ions detection by OI/MRI. For further
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steps, such a dual-model probe can be modified by attaching a '°F moiety. To this
end, the multi-modal optical/'®F/Ti-weighted agent EuL'-GdL3-'"F can be

established towards monitoring of zinc ion levels in vivo.
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Europium(lll) Macrocyclic Chelates Appended with
Tyrosine-based Chromophores and Di-(2-picolyl)amine-
based Receptors: Turn-On Luminescent Chemosensors

Selective to Zinc(ll) lons

Gaoji Wang,”” Carlos Platas-Iglesias,” and Goran Angelovski*®!

Zinc ions play an important role in many biological processes in
the human body. To selectively detect Zn**, two FuDO3A-based
complexes (DO3A—1,4,7,10-tetraazacyclododecane-1,4,7-tricar-
boxylic acid) appended with tyrosine as a chromophore and di-
{2-picolyhamine (DPA) as the Zn** recognition maiety were
developed as suitable luminescent sensors. Their luminescence
intensity is affected by the photoinduced electron transfer
mechanism. Upon addition of Zn**, both prabes display an up

Introduction

Zinc ions are the second most abundant transition metal ions in
the human body. They play a fundamental role in living systems
as they are involved in many essential biclogical processes,
including enzyme activity, signaling and gene transcription.! In
vivo, Zn?* is present in the free and protein-bound form. The
abundance of Zn** is particularly important in the brain, breast,
prostate and pancreas.? While it is not redox active under
physiological conditions, Zn** deficiency is known to cause
increased oxidative stress contributing to the development of
different pathologies, such as cancer” Therefore, its concen-
tration in healthy organs is highly regulated by the cells
through transporters and metallochaperones.!™ Thus, imaging
Zn** by non-invasive techniques is of paramount importance to
understand its biological role and improve early-stage disease
detection.™
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to sevenfold enhancement in Eu®* emission. Compelition
experiments demonstrated their specificity toward Zn** over
other metal ions, while also revealing the nonspedificity of the
derivatives lacking the DPA-moiety, thus confirming the
essential role of the DPA for the recognition of Zn®*. The
induced emission changes of Eu** allow for precise quantitative
analysis of Zn’*, establishing these lanthanide-based complexes
as viable chemosensors for biological applications.

Due to low cost and high instrument sensitivity, a large
number of optical probes and related toolboxes have been
developed for the detection of Zn** in the last few decades!™4
One of the commonly used chelators for sensing of Zn?* is di-
{2-picolyamine (DPAL® which is known to form stable
complexes with Zn**, providing the molecular recognition
complexes known as Zn-DPA® Furthermore, combining the Zn-
DPA moiety with a luminescent center can result in Zn**
-responsive optical imaging probes. In 2009, the Zn®* sensor
Zinpyr-1 was synthesized and studied by Lippard and co-
workers!” Zinpyr-1, bearing the DPA moiety, can respond to
Zn** coordination through fluorescence quenching by photo-
induced electron transfer (PETY® occurring in the absence of
Zn**. The presence of Zn** results in an enhancement in the
fluorescence emission intensity. The three nitrogen atoms of
DPA strongly coordinate Zn’*, with a dissociation constant (<)
in water media of around 10 ' M, giving rise to the ‘turn-on’
fluorescence respanse aof Zinpyr-1.77 However, this probe also
presents some disadvantages such as a small Stokes shift, [ow
water solubility, short lifetime and broad spectra of the
emission, limiting its application as an organic fluorescein
compound.1

Due to larger Stokes shifts (=200 nm}, a longer emission
lifetime in the order of milliseconds and a higher water
solubility compared to the typical organic fluorescence com-
pounds, the complexes of lanthanide trivalent ions (Ln**) such
as Eu*t or Tb** have been employed as Zn’*-sdlective
sensors.®™ |n 2004, Nagano and coworkers developed a Eu**
-based chemaosensor appending a DPA arm for Zn**
recognition.™ The quinolyl moiety was applied as a chromo-
phore to achieve a longer excitation wavelength (~ 320 nmj.
Upon addition of Zn®*, the luminescence can be strongly
enhanced. To efficiently coordinate the Ln** ions, DO3A
{1.4.7,10-tetraazacyclododecane-1,4,7-triacetic  acid) is widely
and successfully used as a backbone for the development of

@ 2020 The Authors, Published by Wiley-VCH Verlag GmbH & Co. KGaA
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ligands. Given the high stability of DO3A-based Ln** com-
plexes, their properties such as luminescence and magnetic
behavior have been extensively studied."™? However, the
luminescence intensities of such LnDO3A complexes are very
weak due to their ineffident direct exditation (the £f transitions
aof the ions are Laporte-forbidden). Hence, the parformance of
Ln®**-based luminescent probes may often be enhanced by
exdtation of the Ln** via a sensitizing chromophore. This
moiety is induded in the structure of the ligand giving the so-
called chromophore-luminophore complex.'"™' By combining
Ln®** complexes and antenna moieties, the Laporte-forbidden
transitions can be droaumvented. The natural amino acid
tyrasine (Tyr), bearing a phenal group can serve as a good
antenna.’"¥ Once it is excited by UV light, radiationless energy
is transferred from tyrosine to the Ln** center, resulting in the
characteristic luminescence of this metal ion.

To build upon the previous studies and prepare a potent
n’* luminescence lanthanide-based sensor, we designed,

00C—, /—\ GO0
N N

COOF
NH
HO
-N -
pr— \
P = K,
AW
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HO HO
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Figure 1. Chernical structures of FuL'* discussed in this work,
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synthesized and investigated two Fu®* probes, Eul' and Eul?,
functionalized with Tyr as a chromophore and DPA as the Zn?*
recognition moiety (Figure 1). The Tyr unit was incorporated
into the ligand designed to serve as an antenna, transferring
energy effidently to Eu®*, and also as a molecular linker that
connects the Eu** and Zn** chelating units. These two probes
were anticipated to show an enhancement of luminescence
upon Zn?* addition with a long wavelength Eu’*-centerad
emission 617 nm). Hence the large apparent Stokes shift
between the exctation and emission wavelengths of the
antenna and the lanthanide metal ion, respectively (~ 300 nm},
combined with the high water-solubility typically expected for
such complexes, could potentially be utilized for practical
applications. Furthermore, two additional complexes Eul® and
Eul? lacking the DPA-moiety were synthesized and utilized for
comparative studies (Figure 1), expecting to highlight the effect
of the Zn**-sensitive chelatar on the final properties of the
complexes.

Results and Discussion
Design and synthesis of EuL’ *

The probes Eul' * were synthesized in a stepwise manner,
starting from the protected amine acd BocTyr-OMe
{Scheme 1). Firstly, DPA was coupled to Boc-Tyr-OMe to give 1
following a previously reported literature procedure."™ Subse-
quently, this molecule was coupled to the DO3A moiety by
reacting 1 with {BuDO3A in the presence of paraformaldehyde
at 110°C to afford macrocyde 2.4 The ligand L' was obtained
by treating 2 with TFA in {H,(,, followed by HPLC purification.
Subsequently, basic hydrolysis of the maethyl ester of L' was
achieved with LiOH giving L? (Scheme l1a). In parallel, the
ligands L** were prepared directly by combining the amino
acid BocTyr-OMe and the (BuDO3A to give the macrocycle 3

HOOC—\ ,f—\ _—COOH

)

HOOC—/\_/ NH2 L‘,R:Me v
— PN, OH — L% R=H
HO i LN
i
2
|
b) 0.0
tBUOOC—\ /\ —COOBu HOOC—, /—\ ,—COOH
NN N N
BocHN Vi
i [N j & i
tBuooCc—" \—/ NHBoc Hooc— \/ NH, L:. ReMe—
L* R=H

HO Ho

Boc-Tyr-OMe 3

Scheme 1. The synthetic routes to ligands a) L'? and b) I** Reagents and conditions: ) MeOH, di-(2-picolyljamine (CH,0),, 65°C, & h; i) DBU, (CH,O,, toluene,

110°C, & h for 2 and 65°C, 3 h for 3;iii) TFA, CHyCly, 18 by iv) LIOH, MeOH, 18 h.
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{Scheme 1b). Acid hydrolysis with TFA resulted in the ligand L3,
which was further subjected to basic hydrolysis with LiOH to
provide the ligand L*. Finally, all the complexes EulL' * were
prepared by treating the ligands with Eull,-6H,O in water,
while maintaining the pH at ~ 7.

Luminescence properties of EuL' *
Competition with biologically relevant cations

The Eul'* complexes present weak luminescence upon
excitation through the ligand bands at 322 nm (HEPES buffer,
pH 7.4). Due to such weak emission, no luminescence lifetime
values could be determined to evaluate the hydration number
{gy of each complex. Instead, estimation of the hydration state
of the studied complexes was based on the results obtained
from the relaxometric studies of the Gd** analogues (see
below).

The addition of Zn’* has quite different effects on the
luminescence emission intensity for these complexes. Specifi-
cally, both EuL' and Eul® exhibit an incease in emission
intensity upon the addition of one equivalent of Zn*, while
another equiv. of Zn** causes a further but smaller increase in
emission for EuL’ only. Meanwhile, both EuL** remain insensi-
tive to the addition of Zn**, confirming that the presence of the
DPA moiety is essential to affect the luminescence emission
(Figure 2a).

The selectivity of EuL"? was further tested by addition of
metal ions commaonly found in biclogical systems. Chloride salts
of K¥, Na*, Ga**, Mg+, Fe’* and Fe®* (3 equiv.) do not provoke
significant changes in the intensity of the Eu’* “D,—F,
transitions (/=0 to " while Cu** almost completely
quenches the Eu®*-based luminescence. Subsequent addition
of Zn** (3 equiv) results in a dramatic enhancement of the
emission intensity in the presence of K*, Na®, Ca’*, Mg®*, Fe**
and Fe’*, indicating the selective response of Eul™ to Zn** in
the presence of these competing metal ions (Figures 2b and S1
in the Supporting Information). Only Cu** was found to
compete efficiently with Zn** among the metal ions examined
in this study. This is hawever expected considering the higher
affinity of DPA for Gu** compared with Zn**," and the known
ability of Cu** to quench the emission of organic chromophares
due to its partially occupied 3d shell' However, the
luminescence quenching effect of Cu®* is not likely to be a
significant problem for practical applications because free
copper ions in living cells are present in very low quantities."d
As expected, Eul®* exhibit weak and random luminescence
changes toward all of these studied ions. The high selectivity
toward Zn’* suggested that probes Eul' * can be useful for
potential biological applications.

Titrations with Zn’*. Since EuL’ and EuL’ exhibited differ-
ent responses to the addition of Zn**, we conducted more
detailed studies with these two systems. Inareasing amounts of
Zn’* were added to an aqueous solution of Eul' (50 M) and
the steadystate emission spectra were recorded from 560 to
720 nm using the same exdtation wavelength (322 nm}. By
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Figure 2. a) Luminescence changes of EuL'™ (50 p) upon addition of Zr?+,
All data were recorded in HEPES buffer (50 mid, oH 7.4) with A, =322 nm
and da, =617 nm; intensity was estimated by the peak height at

Aem =017 nm. b Luminescence variations of Eul' (50 L to Zn**in the
presence of different metal ions. Blue bars indicate luminescence intensity of
Eul'in the presence of various metal ions (3 equiv.). Green bars indicate
luminescence intensity of Eul' after the subsequent addition of Zn**

(3 equiv.).

following the most intense °D,—F, transition, the titration
profile presents two inflection points dose to 1:1 and ~1:2
{Eu?* : Zn**) stoichiometry ratios, reaching a plateau with further
Zn'* addition of up to 4 equiv. Figure 3). The emission intensity
of Eul' increased significantly (about 7-fold at 617 nm) upon
the addition of two equiv. of Zn**, with a large apparent Stokes
shift (205 nmb. These results indicate the presence of two
different Zn** binding sites: the initial increase of luminescence
intensity should be ascribed to the complexation between DPA
and Zn**, while the second should be related to the weak
interaction between the amino acid methyl ester of tyrasine
and Zn** (Figure 3 inset). The emission spectra of Eul' were
analyzed to a model including the formation of both 1:1 and
1:2 (Fu?*:Zn**) spedies, affording assodation constants of
logi,=7.15£0.03 and logK,;=459+0.02 (Figure 52 in the
Supporting Information). Obviously, the binding of the first
equivalent of Zn** is very strong, while the second binding
process is weaker. The first assodation constant is virtually
identical to that determined for [Zn(DPA)]* at pH 7.0 (logiG, =
7.15.M

@ 2020 The Authors, Published by Wiley-WCH Verlag GmbH & Co. KGaA
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Figure 3. Luminescence emission spectral variations of EuL' (50 p,

A =322 nm, Ag, =617 nm) upon titration with Zn?* (50 mM HEPES, pH 7.4,
25°C), Inset: normalized emission intensities of Eul' as a function of Zr?*
concentration.

Further insights into the behavior of these systems were
obtained by repeating the titration experiments with Eul?
which bears a carboxylic acid on the Tyr moiety instead of a
methyl ester group as in EuL' (Figure 53 in the Supporting
Information). The luminescence changes were investigated
upon addition of Zn?* within the same concentration range (0-
4 equiv). Here, the emission intensity increases 5fold and only
up to the addition of one equiv. of Zn**. The analysis of the
data according to a 1:1 binding model resulted in an
assodation constant with a value of logk, =7.1 2 0.1, indicating
strong binding of Zn’* to the DPA-tyrosine moiety (Figure S2 in
the Supporting Information). We hypothesize that the amino
acid of EulL? exists as a zwitterion at physiological pH,®™ which
consaquently induces the observed luminescence increase with
only one equiv. of Zn*". The situation is slightly different in
EuL', where the DPA-tyrosine moiety dominates the turn-on
response of luminescence; however, the positively charged Tyr
moiety in the form of a methyl ester interacts with the second
equiv. of Zn**, thus further promoting the luminescence
emission.

Luminescence pH titrations

The pH dependence of the emission intensity of Eul' and
Eul'Zn was investigated to shed light inta the mechanism
responsible for the turn-on response to Zn* {(Figure 4). For
Eul!, in the absence of 7Zn**, the luminescence is gradually
quenched by incareasing pH. This is a result of photoinduced
electron transfer (PET) caused by the lone pair of electrons from
the DPA moiety.”" Protonation of the amine nitrogen atom of
the DPA moiety decreases the energy of the nitragen lone pair,
thus preventing the PET process. The fitting of the pH titration
profile provides a pk; of 8.3+ 01, indicating that the DPA group
is largely protonated under physiological conditions.

For EuL'Zn (EuL' with 2 equiv. Zn**), the luminescence is
gradually enhanced with increasing pH, providing a pk; of 7.6+
(.1. The relatively high equilibrium constant determined for the
assodation of EuL” with Zn?* (see above) indicates that nearly
all Zn** present in solution is already bound to the DPA moiety

ChermPlus Chem 2020, 85, BOG-314 wrawr.chempluschemoorg
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Figure 4. Luminescence emission intensity variations with pH changes of
EuL' (open symbols) and Eul'Zn {filled symbols) in water (50 phd complex,
100 mhd K2 as the electrabyte, A, =322 nm; intensity was estimated by the
peak height atd,, =617 nm). The dashed lines represent fitted values as

described in the Experimental section, while the green arrow shows the
luminescence emission change at pH 7.4.

at pH74. Subsequently, the pH dependent changes in
luminescence emission observed for EuL'Zn should be ascribed
to a protenation process that does not involve the DPA moiety,
but is likely related to the protonation/deprotonation of the
phenol unit. This pK, is considerably lower than that deter-
mined in the absence of Zn** {(pK, =944 0.5, see below), which
opens the question of whether the phenol group remains
coordinated to the lanthanide ion upon protonation. Indeed,
Sherry etal. showed that a GAdDO3A derivative containing a
methylene nitrophenol pendant arm provided a relaxivity
response to pH, as protonation of the phenol group provokes
its dissodation from the lanthanide center, resulting in an
increase of the number of coordinated water molecules.®?

Similarly to EuL', the EuL? and EuL’Zn complexes show
similar pH titration profiles (Figure 54 in the Supporting
Information). Here, the pK, values are almost identical to those
of the EuL'YEuL'Zn pair, resulting in values of 8.2+0.1 and
7.5+01 for Eul’ and Eul’Zn, respectively. This provides
additional evidence that the pK, observed for the Eul'Zn
complex can be associated to the protonation of the phendal
group from the Tyr moiety. Indeed, the similar pX, values of the
EuL'*/EuL’*Zn systems suggest that both groups experiending
protonation (amine and phenol groups of the DPA and phenol
moieties, respectively) are not affected significantly by the
different functional groups of the amino adid part of Tyr, i.e. the
ester and free acid in EuL’ and Eul’®, respectively. The carboxyl
group, heing either protected as an ester or not, is apparently
sufficiently isolated from the remaining part of the DPA-Tyr
moiety to influence the protonation processes of groups
substantially involved in the luminescence emission.

UV-Vis studies of EuL'” Further studies with the inves-
tigated complexes were performed by means of UV-Vis
spectrophotometry, in order to reveal new insights that could
not be obtained with the luminescence emission experiments.

Firstly, Uv-Vis absorption spectra of solutions of Eul'?
(50 )y at pH 7.4 were recorded in the presence of various
concentrations of Zn** (0-3 equiv). The spectra are dominated

809 @ 2020 The Authors. Published by Wiley-WCH Verlag GmbH & Co, KGaA
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by an intense absorption around 250 nm attributable to the
pyridyl units of the DPA moiety,” and a second broad band
with a maximum around 305 nm characteristic of the phenol
group.®! Addition of 1 equiv. of Zn®* causes a slight blue shift
of the band of Eul' with maximum at 305 nm to 295 nm
(Figure 5), whereas the same type of shift from 306 nm to
206 nm takes place for Eul® (Figure S5 in the Supporting
Information). Further addition of Zn** did not induce noticeable
changes. This is consistent with the previously observed
luminescence effects: binding of Zn** to the amine group of
Tyr does not affect the UV spectrum of Eul’, while EuL® already
exhibited insensitivity towards Zn** beyond 1 equiv. added (see
above). Furthermore, the band with a maximum at 250 nm and
248 nm for EuL’ and Eul’, respectively, experiences a dramatic
intensity decrease upon Zn®* addition, which confirms the
binding of the metal ion to the DPA moiety of the ligand. No
UY-Vis absorbance changes were found for Eul® or Eul*
{50 v at pH 7.4 in the presence and absence of 7n’*,

UY¥-Vis absorption of Eul' (50 wM) was also studied at
different pH values to find out whether the phenol group of
tyrosine is involved in binding to Eu’*. The absorption spectra
were recorded from pH ~ 4.0 to ~ 11.0 (Figure 6). Increasing the
pH provokes a decrease of the band at 303 nm while a new
maximum at 335 nm develops. Conversely, the band at 250 nm
remains nearly unaffected by pH. The analysis of the absorb-
ance changes at 335 nm provides a pK, =94+ 0.5, These results

0.74 — 0.0 equiv

0.1 equiv

0.6 0.3 equiv
— 0.5 equiv

g 0.5+ 0.7 equiv
@ 0.4 — 1.0 equiv
f = 1.3 equiv
E 0.3 1.5 equiv
1.7 equiv

< 0.2 2.0 equiv
2.5 equiv

0.19 3.5 equiv

0.0 : : : 4.5 equiv

240 260 280 300 320 340
Wavelength (nm)
Figure 5. UW-Vis absorption titrations of EuL' (50 L) with Zn** (50 m

HEPES buffer at pH 7.4). Inset: absorption intensity variations at 250 nm with
Zn** addition.

— pH11.26
pH 11.15
0.8+ 2 pH 10.92
0.74 250nm < — pH10.88
2 pH 10.71
g 061 2 — pH10.54
c 0,54 pH 10.34
=T

= pH 9.96
5 0.4+ 303 nm pH 9.37
8 03] -, pH 7.83
< s l T\ pH7.16
-2 pH 6.78

0.1 pH increase \ pH 6.54

pH 6.15

0.0 T T T T T T T T T pH 5.47
240 260 280 300 320 340 360 380 40 pH 4 57

Wavelength (nm)

Figure 6. Changes in the UV-Vis absorbance of Eul' (50 phdin water) upon
variations in pH. Inset: absorption intensity variations at 3235 nm with pH
changes.
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suggest that the phenal group is involved in pratonation/
deprotonation  processes, spedfically being protonated at
physiol ogical pH.

Finally, to confirm the binding relationship of Zn®* with
EulL'?, a method of continuous variation was applied on both
complexes and Job’s plots were obtained (Figure 56 in the
Supporting Information).”? The experiments were performed
with the total concentration of [Zn?*]+ [Eul™ =50 uM and
their result confirmed that Eul' possesses two Zn’*-binding
sites, as it presents a maximum dose t© X, =060.% The
same experiment performed for Eul® indicates a 1:1 ratio of
binding to Zn**, matching the obtained results from the
luminescence titration experiments (see above).

Longitudinal relaxivity of Gd*Y complexes

The coordination properties of the studied systems were also
assessed by preparing highly paramagnetic Gd** analogues of
EulL'? and testing their relaxometric response in the presence
of Zn**. The synthesis of GdL'? was performed in the same
manner as for Eul'? by chelating Gd&** in the form of the
chloride hydrate with the respective ligand L' Subsequently,
the longitudinal relaxivity, r,, was determined for both com-
plexes in the absence or presence of different concentrations of
Zn** (Figure 57 in the Supporting Information). Initial r, values
for both complexes are high (7.35 and 7.95mM 's ' for GdL'
and GdL? respectively), which suggests the presence of
monohydrated complexes in both cases. Addition of Zn'* to
GdL' causes a rather small increase in relaxivity of ~109% (r,=
821 mM 's ' upon addition of 5equiv. of Zn*%. This small
relaxivity enhancement is not compatible with a change in the
hydration number of the complex, but rather to some effect on
the rotational dynamics of the complex in the presence of two
Zn’* ions or a change in the water exchange. Additionally, the
relaxometric titrations of GdL? with Zn** resulted in negligible
relaxivity changes, with the r, value remaining in the range 7.9-
8.0mM 's ! confirming that the hydration number of the
complex remains unchanged when Zn’* is added to the
salution. Moreover, r; values for both complexes are very similar
to those recorded under identical conditions for monohydrated
GdDO3A-type derivatives with similar size!” This suggests that
the phenolate group remains coordinated to the metal ion
upon pratonation, and that the electron withdrawing effect of
the nitro substituent at position 4 of the phenol group in the
complex reported by Woods etal is responsible for its
dissociation when protonated .

DFT calculations

DFT calculations were carried out to aid the rationalization of
the observed results. The optimized structure of the Eul'
complex supports octadentate binding of the ligand to the Eu®*
ion, with average Eu—N and Eu—0p0y e distances of 2.67 and
238 A, respectively. The Eu—Openo distance of 2.5 A s
relatively long, and decreases to 2.34 A upon deprotonation.
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Calculations were also performed on the EuL'ZnCl, system, in
which two chloride anions were included to complete the
square-pyramidal coordination of Zn** observed for DPA
derivatives of this metal ion in the presence of Cl * The
experimental data were obtained using 100 miM Kl as back-
ground electrolyte, and thus Il coordination is expected.

The coordination of Zn** to the DPA moiety provokes little
changes in the Eu’* coordination enviranment {Figure 7), but
significant changes in the frontier molecular orbitals. Indeed,
the HOMO of EuL' is mainly located on the amine nitrogen
atom of the DPA moiaty, with some contribution of the lone
pairs of the pyridyl nirogen atoms. Conversely, the LUMO is
comprised of t orbitals of the pyridyl and phenaol groups. The
HOMO of the EuL'ZnCl, system is predicted to be centered on
ane of the carboxylate groups of the DO3A unit, while the main
contributions to the LUMO are provided by n orbitals of the
pyridyl groups. Both the HOMO and the LUMO are significantly
stabilized upon Zn**
in line with a PET mechanism being responsible for the turn-on

coordination (Figure 7). These results are

luminescence response of Eul' to Zn**P" PET sensors are
responsive electron donor-acceptor probes in which the HOMO
aof the donar (the lone pair of the amine N atoms in this case)
presents a higher energy than the acceptor in the absence of
the target analyte. As a result, excditation of the LUMO results in
an electron transfer from the HOMO of the donor to the HOMO
of the acceptor, quenching the emission of the probe.
Coordination of Zn** to the DPA moiety reduces the energy of
the HOMO of the donar, enhancing the overall luminescence.

Conclusion

We studied a series of EuDO3A-based complexas as potential
luminescence chemosensors for the detection of Zn®*. All
complexes were appended with tyrosine as a chromophore,
while only two that contained DPA as a recagnition moiety for
Zn'* exhibited properties suitable for the desired luminescent

Eul! HOMO, -5.96 eV

EulL'ZnCl, HOMO, -6.14 eV

Figure 7. Views of the frontier molecular orbitals of Eul' and EuL'Zndl,
cbtained with DFT calculations.

ChermPlus Chem 2020, 85, BOG-314 wrawr.chempluschemoorg

sensors. In the absence of Zn?*, only weak luminescence of
each probe was observed due to quenching of luminescence
caused by the PET mechanism involving the deprotonated
amine group of DPA. Upan the addition of Zn**, both DPA-
containing probes displayed large increases in Eu’*-centered
luminescent  emission, which reached up to sevenfold
enhancement. The ion selectivity experiments demonstrated
the spedificity of these probes toward Zn** over other bio-
logically relevant metal ions. The two complexes without a
DPA-moiety did not show any obvious luminescent
enhancement for any of the studied metal ions, emphasizing
the essential role of DPA for the recognition of Zn®*. Extensive
luminescence, UY-Vis and relaxometric studies that involved pH
and Zn’* titrations or theoretical DFT calculations revealed the
majar properties of the chemosensors in aqueous solution.
They also provided essential mechanistic insights of their
interaction with Zn** and the consequence of this interaction
on the subsequent luminescence emission. For future studies, it
would be desirable to design a complex in which both
protonation constants (of the amine of DPA and phenol on Tyr
units) are lowered, thus promoting greater change in the
luminescence intensity upon Zn®* addition by: a) achieving
greater quenching by the DPA group/free electron pair in the
absence of Zn**, and b) further enhancing the signal by
deprotonating the phenol group upon Zn** addition. Overall,
the results reported in this work allowed for precise quantitative
analysis of the interaction of Eu’® luminescent complexes
together with Zn?* as the target analyte. It also provided
important insights which can assist further in establishing Ln**
-based complexes as useful chemosensors for potential bio-
logical applications that range from the development of differ-
ent bicassays to medical optical imaging.

Experimental Section

General

The reagents were purchased from Aldrich and were used without
further purification. Compound 1 was synthesised following a
previously published procedure’™ Purification of synthesized
compounds was performed using silica gel 60 (0.03-0.2 mm) from
Carl Roth (Germany). The buffer solution (0.1 M HEPES, pH 7.4 was
prepared by dissolving solid HEPES in HPLC grade water. After the
solution became dear, aquecus NaOH (1 M) was added to adjust
the pH to the desired value. The buffer solution was used without
degassing. All UV-vis absorption and fluorescence spectra were
recorded on an Agilent Cary 60 UV-Vis Spectrophotometer and a
QuantaMaster™ 3 PH fluorescence spectrometer from Photon
Technology International, Inc. (USA), respectively. Low resolution
mass spectra were recorded on an ion trap SL 1100 system Agilent
with an electrospray icnization source. High resolution mass spectra
were recorded on a Bruker Daltonics APEX Il (FT-ICR-IA5) with an
electrospray ionization source. MALDI-TOF-MS analysis was per-
formed by The Scripps Center for Mass Spectrometry, La Jolla, CA.
'H and C MMR spectra were recorded on a Bruker Avance Il
300 MHz spectrometer at 25 °C. Processing was performed using
TopSpin 2.1 (Bruker GmbH) and ACD/SpeciManager 9.0 (Advanced
Chemistry Development, Inc.). The concentration of &d** and EUGH
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in analyzed solutions was determined using the bulk magnetic
susceptibility shift (BMS).=]

Synthetic procedures

3-[3-[(Bis-pyridin-2-ylmethyl-amino)-methyl]-4-hydroxy-5-(4,7,10-
tris-tert-butoxycarbonylmethyl-1,4,7,10tetraaza-cyclododec-1-
yimethyl)-phenyl]-2-tert-butoxycarbonylamino-propionic acid
methyl ester (2): DO3A-tBu (1.544 g, 3.00 mmoel) and paraformalde-
hyde (0.198 g, 6.6 mmel) in 10 mL toluene were stirred at 60°C until
the solution became clear. Then, compeound 1 (3.040 g, 6.00 mmol)
was added to the reaction mixture and a few drops of DBU were
added shortly afterwards, followed by stirring for 6 h at 110°C.
Upon reaction completion, the reaction mixture was evaporated
and purified by silica gel column chrematography using DCM/
MeOH (v/v, 20:1) as the eluent, affording 1.333¢g (43%) of
compound 2 as a light vellow oil. '"H NMR (CDCl, 300MHz): &
{ppm): 1.40, 142 (s, 36H, CCH.); 2.22-3.49 (br, 24H, NCH.,); 3.62 (s,
3H, OCH.); 3.81 (s, 6H, NCH,(); 4.39-4.58 (m, 1H, NHCH); 6.83-6.96
{m, 2H, phOH); 7.09-8.72 (m, 8H, pyridyl). *C NMR (CDCl,, 75MHz):
& (ppm): 27.8, 28.1 {12C, CCH,); 37.3 (1C, phCH,CH); 51.4, 516, 51.7,
51.9, 52.6, 52.7 (8C, NCH.,CH;); 535 (1C, OCHi); 55.6, 56.1 (3C
NCH,CO); 54.7 (2C, phCH,NY; 57.2 (1C, NH.CH); 60.1 (2C, pyCH.);
80.5, 82.2 (4C, CCH.); 121.7, 122.7 (4C, CCHCH, NCHCH); 123.2, 125.2
(2C, HOCCH); 128.7 (2C, CCHO); 129.9 (1C, CHCCH); 136.3 (2C
CCHCH); 148.8 (2C, NCHCH); 149.1 (1C, OHQ); 155.7 (1C, NHCCO);
160.0 (2C, NCCH); 170.8, 171.1, 172.5 (4C, CO). ESI-TOF/MS: (m/2) [M
JFH]* caled. for CosHysMNo O, s 1033.6332; found: 1033.6325.

2-Amino-3-[3-[(bis-pyridin-2-yImethyl-amino)-methyl]-4-hydroxy-
5-(4,7,10-tris-carboxymethyl-1,4,7,10tetraaza-cyclododec-1-
ylmethyl)-phenyl]-propionic acid methyl ester (L"): Compound 2
{1.023 g, 1.00 mmol) was dissolved in 5 mL TFA/DCM (v/v 50/50)
and the solution was stirred at room temperature overnight. After
purification by HPLC, pure HsL' (0.604 g, 79%) was obtained. 'H
NMR (D,0, 300MHz): § (ppm): 2.81-3.49 (br, 24H, NCH,); 3.67 (s, 8H,
NCH,AM; 3.73 (5, 3H, OCH,); 4.26-4.42 {m, 1H, NH,CH); 6.77, 7.31 (s,
2H, ph); 7.19 (d, =72 Hz, 2H, NCHCH); 7.21 (d, /=7.0Hz, 2H,
NCCHy 7.63 (t, J=7.7Hz, 2H, CHCHCH); 8.32 (d, J/=4.5Hz, 2H,
NCHCH). *C NMR (D,0, 75MHz): 6 (ppm): 34.6 (1C, phCH,CH); 48.5-
50.7 (8C, NCH,CH,); 53.4 (1C, OCH:); 53.6 (1C, NH,CH); 55.6, 56.3,
56.8 (3C, NCH,CO); 55.9 (2C, phCH;N); 59.3 (2C, pyCH;); 123.3, 123.6
(4C, CCHCH); 124.4, 1264 (2C, HOCCH); 130.8 (1C, CHCCH); 132.4
(2C, CCHG); 138.2 (2C, CCHCH); 148.2 (2C, NCCH); 154.0 (1C, OHG);
156.0 (2C, NCHCH); 170.7 (4C, CO). ESI-TOF/MS: (m/2) [M—H]™ calcd.
for C,Hs N,O,: 763.3785; found: 763.3785.

2-Amino-3-[3-[(bis-pyridin-2-ylmethyl-amino)-methyl]-4-hydroxy-
5-(4,7,10-tris-carboxymethyl-1,4,7,10tetraaza-cyclododec-1-
ylmethyl)-phenyl]-propionic acid (L): Compound L' (0.306 g,
0.40 mmol) was dissolved in 5 mL methanol and LiOH was added.
Then the mixture was stirred at room temperature overnight. After
filtering, the methanol was evaporated. The crude mixture was
dissolved in water and the pH was adjusted to 7. The mixture was
then purified by HPLC to yield 0.222 ¢ (74%) of HsL? as a light
yellow powder. "H NMIR (D,0, 300MHz): 6 (ppm): 2.61-3.49 (br, 24H,
NCH.); 3.53-3.87 (br, 8H, NCH,Ar); 3.95-4.05 (m, 1H, NH,CH); 6.83,
6.96 (s, 2H, phOH); 7.02-7.39 (m, 4H, NCHCH, NCCH); 7.64 (t, /=
7.3 Hz, 2H, CHCHCH); 8.24 (d, J=4.3 Hz, 2H, NCHCH). *C NMR (D,0,
75MH2): & (ppm): 34.8 (1C, phCH,CH); 47.7, 50.7 (8C, NCH,CH,); 52.6
{1C, NH,CH); 534, 54.5 (3C, NCH,CO); 56.7 (2C, phCH,N); 58.7 (2C,
pyCH.); 1264, 127.5 (4C, CCHCH); 127.9 (2C, HOCCH); 134.3 (2C,
CCHC); 134.8 (1C, CHCCH); 141.5 (2C, CCHCH); 146.5 (2C, NCCH);
151.9 (2C, NCHCH); 152.7 (1€, OHC); 163.0, 162.6 (2C, NCCH); 173.3
(4C, CO). ESI-TOF/MS: (m/z) IM—H] ™ calcd. for C;,H N0, 2 749.3628;
found: 749.3631.
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2-tert-Butoxycarbonylamino-3-[4-hydroxy-3-(4,7,10-tris-tert-
butoxycarbonylmethyl-1,4,7,10tetraazacyclododec-1-yImethyl)-
phenyl]-propionic acid methyl ester (3): DO3A-tBu (1.029g,
2.00 mmel) and paraformaldehyde (0.132 g, 4.40 mmol) were stirred
in & mL toluene at 45 °C until the solution became clear. Then, Boc-
Tyrosine-OMe (1.299 g, 4.40 mmol) was added to the reaction
mixture and a few drops of DBU were added shortly afterwards,
followed by stirring for 3 h at 65°C. Upon reaction completion, the
reaction mixture was evaporated and purified by silica gel column
chromatography using DCM/MeOH (v/v, 20: 1) as the eluent to yield
1.217 g (74%) of 3 as light yellow oil. 'TH NMR (CDCl,, 300MHz): &
(ppm): 1.01-1.17 (br, 36H, CCH;), 1.79-2.78 (br, 26H, NCH,), 3.35 (s,
3H, OCH.), 4.65 (m, TH, NHCH), 6.47 (d, /=79 Hz, TH, HOC=CH),
6.61 (s, TH, C=CH=C); 6.85-7.00 {m, 1H, C=CH=CH). "*C NMR (CDCl,,
75MHzZ): & (ppm): 27.8, 28.1 (12C, CH,CH,); 36.9 (1C, phCH,); 46.3
(1C, OCHy); 49.5, 49.6 (8C, NCH,CH,); 51.9 (1C, phCH,N); 53.7, 55.2,
55.8 (3C, NCH,CO); 54.6 (1C, NHCH,); 79.5, 82.0, 82.1, (4C, C(CH,),);
117.9, 123.7, 126.7, 129.3, 132.7 (5C, ph); 154.3 (1C, OHC); 154.7 (1C,
NHCO); 171.9 (3C, CH,CO); 172.4 (1C, CHCO). ESI-TOF/MS: (m/2) [M+
H]* caled. for C,,H,,N-O,,*: 822.5223, found: 822.5225.

2-Amino-3-[4-hydroxy-3-(4,7,10-tris-carboxymethyl-1,4,7,1 0 tet-
raaza-cyclododec-1-ylmethyl)-phenyl]-propionic acid methyl es-
ter (L%): Compound 3 (1.200 g, 1.46 mmol) was dissolved in & mL
TFA/DCM (v/v 50/50) and the solution was stirred at room temper-
ature overnight. Pure H;L* (0.671 g, 83 %) was obtained by HPLC. "H
NMR (D,0O, 300MHzZ): & (ppm): 2.99-3.49 (br, 24H, NCH,, phCH,CH),
3.58 (s, 3H, OCH,), 3.94 (s, 2H, phCH,N), 3.98-4.13 (m, TH, NH,CH),
6.78-6.93 (br, 1H, C=CH=CH), 7.12 (d, 1H, /=66 Hz, HOC=CH), 7.21
(s, TH, C=CH=CH). "*C NMR [D,0, 75MHz): & (ppm): 34.7 (1C, phCH,);
46.7 (1C, OCH,); 47.8 (1C, NH,CH); 51.6 {1C, phCH,N); 52.1, 53.5, 54.1,
54.5 (8C, NCH.CH;); 55.5 (3C, NCH,CO); 116.13, 126.1, 133.2, 133.5
(5C, ph); 154.7 (1C, OHCy; 169.3, 169.9 (3C, CH,CO); 173.6 (1C,
CHCO). ESITOF/MS: (m/z) [M—HI~ caled. for CuHyN.Oy mysz
552.2675; found: 552.2677.

2-Amino-3-[4-hydroxy-3-(4,7,10-tris-carboxymethyl-1,4,7, 10 tet-
raaza-cyclododec-1-ylmethyl)-phenyl]-propionic acid (L%): Com-
pound L* (0.277 g, 0.50 mmol) was dissolved in 5 mL methanol and
LiOH was added. Then the mixture was stirred at room temperature
overnight. After filtering, methanol was evaporated. The crude
mixture was dissolved in water and the pH was adjusted to 7. Then
the mixture was purified by HPLC to vield 0.129 g (719%) of HsL* as
a white powder. '"H NMR (D,0, 300MHz): & (ppm): 2.80-3.39 (br,
24H, NCH, phCH,CH), 3.72 (5, 2H, phCH,N), 4.22-442 (m, TH,
NH,CH), 6.65-6.85 (br, 2H, C=CH=CH), 6.95-7.11 {br, TH, HOC=CH),
7.13-7.30 (m, TH, C=CH=CH). "*C NMR (D,0, 75MH2): & (ppm): 34.6,
35.2, 35.7 (1C, phCH,CH); 53.5, 53.8 (1C, phCH,N); 55.0, 55.2 (8C,
NCH,;CH,); 55.5, 55.7 (3C, NCH,CO); 56.5, 56.6 (1C, NH,CH); 116.7,
126.1, 127.1, 128.1, 1315, 131.9, 133.2 (5C, ph); 153.9, 154.1 (1C,
OHC); 1704, 172.8, 173.8 (4C, CO). ESI-TOF/MS: (m/2) [M—H]™ caled.
for C,uHzN;0,7: 538.2519; found: 538.2519.

General procedure for the preparation of the Eu** and Gd**
complexes: The introduction of the europium (for L' or
gadolinium ({for L'? ions into the macrocyclic framework was
carried out at pH ~7.0 adjusted by 0.1M NaOH soclution. To a
stirred aqueous solution of ligand, a selution of EuCl;-6H,0 or
GdCl,-6H,0 was prepared in water and was added dropwise to the
ligand solution in 1:1 molar ratios. The reaction mixture was heated
to 50°C and stirred overnight. The pH of the solution was
periodically adjusted to 7.0 by addition of 0.1 M NaOH solution. The
reaction mixture was then cooled to rocm temperature. The yellow
solid compound was obtained by lyophilization. The formation of
the metal complexes EuL'™* was confirmed by mass spectrometry.

EuL': ESILRMS: (m/2) [M+H]* caled. for CuH  EUN,O,*: 915.3;
found: 915.3.

812 @ 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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GdL": ESI-LRMS: (m/2) [M—Hl~ caled. for CiHaGAN.O™: 918.3;
found: 918.3.

EuL’: ESI-LRMS: (m/z) [M—H]~ calcd. for C;;H,,EuN,O,™: 899.3; found:
899.3.

GdL%: ESI-LRMS: (m/2) [M—HI~ caled. for C,;H,.GAN,O,: 904.3;
found: 904.3.

Eul® ESI-LRMS: (m/2) [M-+HI* caled. for CuHyEUN.O.*: 704.2;
found: 704.2.

EuL®: ESI-LRMS: (m/z) [M—H]~ calcd. for C,,H,.EuN,O,™: 688.1; found:
688.1.

UV/Vis spectroscopy: UV-Vis spectra of complexes EuL'™ (50 pM)
in 50 mi HEPES buffer at pH 7.4 were obtained at 25°C on a Cary
Varian double beam spectrophotometer (Cary). The pH effect on
absorptions of EuL' (50 pM) was studied with changes of pH values
from 4.57 to 11.26. Zn**=sensitive absorptions of Eul'? were
studied with the addition of various concentrations of Zn®* (0-
3 mM).

Luminescence studies: The Zn’*-sensitive luminescence spectra of
50 pM complex in 50 mM HEPES buffer at pH 7.4 were measured at
25°C (excitation at 322 nm), with the addition of various concen-
trations of Zn** (0-4.0 equiv. of Zn**). The pH effect on
luminescence of EuL'? and EuL™*Zn was studied with changes of
pH values from 4 to 12, respectively. The pK, values were fitted by a
Boltzmann-type sigmoid.F” Association constants were determined
by analysing the emission spectra in the range 560-720 nm with
the HYPERQUAD 2008 (HypSpec) program.?"

Zn’*-binding titrations: All the Zn’*-binding titrations were
measured in 50 mM HEPES buffer at pH 7.4 at 25°C. The total molar
concentration of complex and Zn** was 50 p.

Metal ion selectivity: For metal ion selectivity experiments, stock
solutions (0.05 M) of Nadl, KCl, CaCl,, MgCl,, FeCl,, FeCl,, CuCl, and
ZnCl, were prepared. The appropriate concentrations (50 uM) of
Eu** complex were prepared by the dilution method using HPLC
grade water and HEPES buffer. All data were recorded in HEPES
buffer (50 mM, pH 7 4); excitation wavelength at 322 nm; slit widths
were 1 nm for both excitation and emission.

Relaxometric Titrations: Proton longitudinal relaxometric titrations
with Zn®* were performed at 7.0 T, 25°C, and pH 7.4 (50 mM HEPES
buffer) using inversion recovery (T;) pulse secuences. A ZnCl,
solution of known concentration was added stepwise to the GdL'~*
solution (starting concentration 3.0 mM Gd**), and measurements
of T, were performed after each addition of the analyte. The
lengitudinal relaxivities, r,, were calculated from Eq. 1 where T, is
the measured T, T,, is the diamagnetic contribution of the solvent,
and [Gd] is the actual Gd** concentration at each point of the
titration.

1/Tio6s = Tia + 1y % [Gd] m

DFT calculations: Geometry optimizations and analytical frequency
calculations of the EuL' and EuL'ZnCl, systems were carried out
using the Gaussian 09 program package.* The frequency analysis
confirmed that the optimized geometries corresponded to local
energy minima in all cases. In these calculations we used the hybrid
meta generalized gradient approximation (hybrid meta-GGA) with
the TPSSh exchange-correlation functional™ Relativistic effects
were considered using the large-core effective core potential of
Dolg et al™ for Eu, in combination with the associated (7s6p5d)/
[Ss4p3d] GTO valence basis. The 6-31G(d,p) basis set was used for
all other atoms. The TPSSh functional in combination with the
large-core approximation was found to provide good results in

ChemPiusChem 2020, 85, 806-814 www.chempluschem.org

studies focusing on the structures and energetics of lanthanide
complexes.”?! The quality of the integration grid was increased
from the default values using the integral=ultrafine keyword in
Gaussian 09.
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Figure S1. Luminescence variation of EuL? (50 uM) to Zn*" in the presence of other metal
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Figure S2. Titration profiles of EuL! and EuL? with Zn®* at 617 nm, fitted data (dashed
lines) and speciation diagrams. The total concentration of complex and Zn** was 50 pM. All
data were recorded in 50 mM HEPES buffer at pH 7.4.
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Table S1. Optimized Cartesian coordinates (A) of the [EuHLl]+ system (0 imaginary
frequencies)

Center Atomic Coordinates (Angstroms)
Nurmber Number X b4 7z

1 7 =3.0122086 0.235701 -2.40331¢6
Z S -4.238985 0.862347 -2.976049
) G -5.5269211 0.368653 -2.324219
4 7 =5,561956 0.0645810 -0.862440
5 G -6.5h87560 -0.204309 -0.191185
S S -6.109799 -1.633833 0.043799
7 7 =l 871331 =1.675152 0.864353
8 G -4.167012 -2.977041 0.697800
9 G —-3.385H327 -3.057¢59 -0.607045
10 7 =2 208 -2.073649 -0.700021
11 G -1.847855 -1.9c4641 —=2:126325
12 G -2.817833 -1.128657 -2.959401
13 G =1+&855135 1.108466 =D Fel ) Ll
14 G -1.82187¢6 2.369938 830711
1.5 8 -2.571e35 2.331459 -0.770739
16 8 =1.072225 3.296345 -2.160530
17 G -5.,881822 2.069740 —0; 593555
18 G -5.552570 2.468038 0.8hce71
19 8 -4.689787 1.699780 1.463344
20 8 -6.074135 3.479745 14331637
21 G -5.176191 -1.480784 2.30192¢6
22 G =8.9L62738 -1.1581¢67 3.122674
23 8 -2.896805 -0.723574 2.430540
24 8 —-3.952001 -1.284¢612 4.348540
25 1 -0.9290062 0.556923 =22 L3 ).
26 1 -1.847214 1.399582 —-3.774757
27 1 -5.261947 2.697673 -1.240365
28 1 -6.934055 2.293720 =0.812529
29 1 -5.840131 -0.622359 2.407107
30 1 -5.682913 -2.357211 2.727601
Zl. 63 =8 2.1lE597 0.299754 0.264120
32 G -1.140721 -2.557300 0.174316
33 1 -1.037391 -3.644820 0.058913
34 1 -1.435481 -2.352680 1.208070
25 1 —-4.145423 1.941921 =288 7233
36 1 -4,289420 0.680013 -4.,05912%
37 1 -5.632205 -0.710274 -2.463759
38 1 -=6.385H135 0.837295 -2.826500
39 1 -7.514814 -0.,22142% -0.781004
40 1 -6.824601 0.268152 0.765169
41 1 -6.914391 —-2.209447 0.5232206
42 1 -5.899938 -2.122594 -0.910840
43 1 -3.491247 -3.098c21 1.547297
44 1 -4.886924 -3.807155 0.734406
45 1 —-2.994274 -4.079067 -0.725%947
46 1 -4 .056674 -2.881117 =-1.450250
47 1 -0.855344 -1.511281 -2.150578
48 1 -1.751015 —-2.960354 -2.583333
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.B873648
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105 1 4.138474 -2.113600 1.233274
106 a8 -1.998941 1.713670 2.112365
107 L -2.1790%4 0.94976¢ P WGB3
108 1 -2.762121 2.309217 24232575
109 1 -0.429983 1.039858 0.847042
E(RTPSSh) = —-2705.3082566 Hartree
Zero-point correction = 0.904148

Thermal correcticon to Energy = 0.959267

Thermal correcticn to Enthalpy = 0.960211

Thermal correcticn to Gibbs Free Energy = 0.812387

Sum ¢f electronic and zero—point Energies = -2704.4041095
Sum cof electronic and thermal Energies = —-2704.348989

Sum ¢f electronic and thermal Enthalpies = -2704.348045
Sum ¢f electronic and thermal Free Energies = —-2704.435870

Table S2. Optimized Cartesian coordinates (A) of the [EuLl] system (0 imaginary
frequencies)

Center Atomic Coordinates (Angstroms)
Nurmber Number X b4 7z
s 7 =2 8981597 -0.821506 i G 7 G S
z G -4 .,.375066 -0.467747 -2.814855
2 G -5.393c03 -0.7390818 -1.728443
4 7 -5.099603 -0.096355 =@Jd52 5
5 G 58571103 -0.732481 0.059882
S G -5.201735 -2.0228893 1.1400206
7 7 -3.806%95¢6 -1.8044¢67 1.588397
8 S —-3.065670 -3.091158 14590995
9 G -2.607551 -3.430789 0.194104
10 7 -1.646648 —-2.527950 -0.398394
11 G —1.:529174 =-2.778592 -1.85640c1
12 S -2.740069 -2.269806 -2.636706
18 G =2 057478 -0.002897 —-3.2486472
14 G -2.073061 1.474502 -2.810541
15 g -2.608787 1.713992 -1.658551
16 8 =L D655 HE 2.312565 =B RSB
17 G —-5.477378 1.332¢616 -0.508877
18 G -4.894051 2.123590 0.678504
1.8 8 -3.908072 1.554323 1301574
20 8 =5,373282 3.236555 0.936295
21 G -3.772695 =-1.224729 2.947578
22 G -2.369600 -0.701154 3.303649
23 8 -1.589823 -0.479686 2297173
24 g -2.099938 -0.501609 4.499085
25 1 -1.037e92 -0.368094 =38 L3839
26 1 2 29 09 -0.074094 =4, 320225
27 1 -5.05484¢6 1.772255 -1.416370
28 1 -5.569192 1.463668 -0.537787
29 1 -4,4503306 -0.3606514 2.977411
30 1 —-4.105563 -1.948508 3.706024
3

(98]
s
(o)

2423028 0.042652 0.086309
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88 7 1.196623 1.837889 2.233118
39 7 5.101408 3.907681 -0.715830
90 5 4.473311 =3 LB93E1 =Llw154632
91 1 4.266269 -4.206313 -1.433793
92 1 5.155876 —2.755897 -1.904455
g8 6 5ol Ll 15 —-3.230430 0212563
94 1 4.606819 -3.768115 0.943022
95 6 6.595479 -3.853505 0.083713
96 8 FeibtlliBE -3.190074 Bl D2HED
97 8 6.514660 -5.165158 -0.099899
983 5 7.781644 -5, 850833 -0.312137
g8 1 Dl 4dB3Y —-6.894408 -0.453926
100 1 8.272655 -5.445334 ] FFL 83
101 1 8.416849 -5.722258 0.564814
102 7 5431821 ~1.835814 0.730960
103 1 04339087 =1.796437 1.753460
104 1 6.352174 -1.508045 0.400487
1:@5 1 4.682742 =1, 213882 0.387660
106 8 -1.340972 2.138134 1.085614
107 1 -0.512391 1.997162 1.624222
108 1 -2.089207 2.307012 1.68711lo
E(RTPSSh) = —-2704.8533309 Hartree
Zero-point correction = 0.891804

Thermal correcticn to Energy = 0.946450

Thermal correcticon to Enthalpy = 0.947434

Thermal correcticn to Gibbs Free Energy = 0.802132

Sum ¢f electronic and zero—point Energies = -2703.961527
Sum cof electronic and thermal Energies = -2703.9%06841

Sum of electronic and thermal Enthalpies = —-2703.905897
Sum ¢f electronic and thermal Free Energies = -2704.051199

Table $3. Optimized Cartesian coordinates (A) of the [EuHL'ZnCL]" system (0 imaginary
frequencies)

Center Atomic Coordinates (Angstroms)
Nurber Nurber b4 b4 7
1 7 2,979924 0.380508 -2.509018
2 G 4.163077 -0.272173 -3.141562
8 G 5.478639 0.060635 -2.444885¢6
4 7 5.486022 =0 . 386755 -1.015406
3] G 6.h76287 0.343138 -0.,274198
6 G 6.218181 1.780912 0.088c41
7 7 4.,984183 1.849124 0.914873
8 G 4.,379355 3.209583 0.861303
9 S 3.594942 3.449507 -0.421911
10 7 2.414083 2.548880 -0.582038
11 G 1.962998 2.607171 -2.002271
12 G 2.868B661 1.8007921 —-2.932222
13 6 e BB -0.383702 —-2.891480
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71 o -5.513501
72 1 —-5.046615
73 1 -5.3b6604
74 1 -5.830300
T8 7 -4.075430
76 1 =3 T7T1870
77 1 -5.106949
78 1 -3.678942
79 8 1.884382%
80 1 2.1044Z2¢
Bl 1 2.648365
82 30 —3ulOBE 52
83 17 —4,755647
c4 7 =2.05235b
85 7 —2.780577
86 7 —-5H.280404
a7 o -1.652034
B 6 -0.445918
89 6 0.3708%80
90 © -0.037417
o1 G —-1.256367
92 6 ~1,.. 199039
93 5 —-3.807743
94 5 -5.069306
9% G =5..982542
96 © —-7.138948
97 5 —-7.344795
98 5 —B.. 394501
99 1 —-2.340338
100 1 =0.,159888
101 1 13185327
L2 L Qo B3
103 1 -0.976609
104 1 —~2u 328527
LB L —-4.049080
106 1 —-3.464021
107 1 -5.787326
108 ai 7. 868132
LI 1 —-8.,224075
110 1 —-6.492360
111 17 —-4.745203
112 1 0.344439
E(RTPSSh) = —-5404.9645913 Hartree

Zero-point correction=

(Hartree/Particle)
Thermal correction to
Thermal correction to
Thermal correction to

Sum
Sum
Sum
Sum

af
et
of
of

electronic
electronic
electronic
electronic

and
and
and
and

Energy=

Enthalpy=

Gibbs Free Energy=
zero—point Energies=
thermal Energies=
thermal Enthalpies=
thermal Free Energies=

0.910846
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971411
AT L2300
.814513
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Table S4. Optimized Cartesian coordinates (A) of the [EuLIZnClz] system (0 imaginary
frequencies)

Center Atomic Coordinates (Angstroms)
Nurmber Number X b4 7z

1 7 —=2,283914 —-2.230c44 =2 165325
Z S —-3.645298 —-2.383024 -2.743477
) G -4.676607 -2.823834 -1.712630
4 7 —-4.790324 -1.863707 -0.590082
5 G -5.466202 —-2.505841 0.566851
S S -4.526365 —-3.396417 1.367409
7 7 B3 D 2083 -2.64695¢6 L8 TH831
8 G -2.263589 —-3.589904 2.238923
9 G -1.516849 -4.102293 1.016603
10 7 -0.815158 -3.028234 0.270114
11 G -0.452518 —-3.534724 -1.078664
12 G -1.643021 —-3.559740 -2.0304061
13 G -1.5008b6 -1.335c08 -3.044852
14 G -1.995001 0.122409 -2.947389
1.5 8 -2.738269 0.393553 -1.924328
16 8 -1.635740 0.819192 =B 2AS 7
17 G —-5.572037 -0.672911 -0.984910
18 G —-5.445828 0.455864 0.050878
19 8 —-4.442534 0.345703 0.871147
20 8 -6.261437 1.385811 0023553
21 G -3.713894 -1.853724 3.071553
22 G —-2.614877 -0.840541 3.438868
23 8 -1.789940 -0.543492 2.486245
24 8 -2.6133306 -0.364077 4 .5835606
25 1 =0 453352 -1.347845 =@ BB
26 1 —1..53433%9 -1.666897 -4.0932426
27 1 -5.169785 -0.283368 —-1.92422%
28 1 -6.633695 -0.914738 -1.140740
29 1 -4.,0615c15 -1.270684 2.847256
30 1 -3.926982 -2.500553 3.935023
Zl. 63 -2.3689061 -0, 771315 0.158430
32 G 0.406340 -2.017137 1.053409
33 1 0.875714 =3 . 516450 1.472519
34 1 0.047135 -1.994244 1.875969
25 1 —-3.934948 -1.416914 -3.161028
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Abstract: Zinc ions play an important role in numerous crucial
biological processes in the human body. The ability to image the
function of Zn®" would be a significant asset to biomedical research
for monitoring various physiopathologies dependent on its fate. To
this end, we developed a novel Gd™ chelate that can selectively
recoghize Zn®" over other abundant endogenous metal ions and
alter its paramagnetic properties. More specifically, this lanthanide
chelate displayed an extracrdinary increase in longitudinal relaxivity
(r1) of over 400% upon interaction with Zn*" at 7 T and 25 °C, which
is the greatest r; enhancement observed for any of the metal ion-
responsive Gd-based complexes at high magnetic field. A “turn-on”
mechanism responsible for these massive changes was confirmed
through NMR and luminescence lifetime studies on a "“C-labeled
Eu® analogue. This molecular platform represents a new
momentum in developing highly suitable magnetic resonance
imaging contrast agents for functional molecular imaging studies of
Zn*.

Zinc ions are found in all cells in the human body, either in free
or protein-bounded forms."! As the second most abundant
transition metal ion, Zn®* plays an important role in many
essential biological processes.” For example, it is involved in
numerous aspects of cellular metabolism such as the mediation
of enzymes activity, the conveyance of neural sighals and the
transcription of genes. Both an excess and deficiency of Zn”*
causes different symptoms and pathologies, such as hair loss,
brain or prostate cancer.” Therefore, it is essential for healthy
organs that the concentration of Zn*" is perfectly balanced by
transporters and metallochaperones.  Magnetic resonance
imaging (MRI}), a non-invasive technique with high spatial
resolution, is one of the highly suitable methods for investigating
the biological role of Zn** and providing early-stage disease
detection, particularly in combination with the use of contrast
agents (CA).™

Application of CAs in MRl guarantees higher contrast images
through the shortening of the T; (spin-lattice) and T (spin-spin)
relaxation times of the water molecule that interact with the
CAM! Complexes of gadolinium with different polydentate
chelating ligands are most frequently chosen for such
purposes,® f as they can shorten the T; and T relaxation times
of water protons by rapid exchange of inner-sphere water
molecules with the bulk solvent and thus enhance the MR image
contrast™ A wvariant of these complexes, so-called

bioresponsive or “smart” contrast agents (SCAs), are well
suitable for the visualization of numerous biological processes
through functional MRI (fMRI) studies, as they can alter their
signal upon interaction with the desired target (e.g. metal ion of
interest).*™ " To this end, development of SCAs to specifically
distinguish Zn?* over other metal ions was initiated in the
pioneering studies from Nagano and coworkers in 2001.[™
Meanwhile, many approaches and a large number of SCAs
sensitive to Zn®* have been reported, based mainly on Gd*'
complexes,”™ ¥ while the Zn-responsive probes for other
imaging modalites have also been developed.'” Recently,
significant progress in performing MRI in vivo to study the
function of Zn?* has been made by Sherry and coworkers. In
these studies, the SCAs can only be trigged by Zn*" and human
serum albumin (HSA) together, resulting in a longitudinal ry
relaxivity enhancement of ~60% at high magnetic field (9.4 T). A
greater change in r; (~270%) can only be measured at low
magnetic field (0.5 T).™ Nevertheless, the former level of
changes in ry was sufficient to perform a set of important in vivo
experiments to study the role of Zn® in B-cell function and
insulin release at high field.®* 'l
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Figure 1. Chemical structure of GdL. Asterisks show the positions labeled
with °C isotopes in the respective EuL* complex.

To push the limits of Zn®" detection at high magnetic fields with
SCAs, we approached the problem by using a structural motif
we recently discovered, which shows an excellent turn-on
luminescence emission response to Zn’".l'J The SCA molecule
we desighed was based on the di-(2-picolylyamine (DFA) as the

This article is protected by copyright. All rights reserved.
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Zn* recognition moiety, 1,4,7,10-tetraazacyclododecane-1,4,7-
tricarboxylic acid (DO3A) as chelator for Gd* and a tyrosine
(Tyr) unit as a spacer. Herein, we protected the carboxylate of
Tyr as the methyl ester, and deliberately appended an acetate
moiety on the phenolic oxygen, which can act as a bridge
between the DPA moiety and the DO3A chelator. Positioned in
such way, the phenoxyacetic acid can interact and coordinate
with either Zn** or Gd*, thus playing an important role in
potential alterations of relaxivity.

The preparation of the desired complex GdL (Figure 1) was
done in analogy to the recently reported luminescence
chemosensor!'? Additionally, phenoxyacetate was installed by
the alkylation of the phenclic -OH of 1 at room temperature to
smoothly provide 2 within 12 h (Scheme S1 in Sl). The chelator
HsL was obtained by treating 2 with TFA, followed by purification
with HPLC (synthetic procedure in SI). In parallel, we prepared
the chelator H,L* labeled with '*C isotopes on the
phenoxyacetate group. Here, we used 1,2-""C-fert-butyl
bromoacetate in the alkylation step, instead of the molecule with
normal isotope abundance. The final complexes GdL, TbL or
EuL* were prepared by treating HiL/HaL* with the respective
metal ion salt.

To evaluate the response of GdL toward Zn?* and its potential

Figure 2. Longitudinal relaxivity of GdL at 7 T. a) r, in the presence of various concentrations of ZnCh
in HEPES (50 mM) or PBS (50 mM) ([GdL] = 3 mM, pH 7.4 and 37 °C); b) n in the presence of
different quantities of Ca’, Mg®", Cu** or Zn®" ([GAL] = 3 mM, 50 mM HEPES, pH 7.4 and 25 °C). c-d)
n in the presence of various concentrations of ZnCh in c) HSA (0.6 mM) or d) human serum (both
[GdL] = 1 mM, pH 7.4 and 37 °C). Values in a), ¢) and d) represent the mean and standard deviation

from 3 independent measurements.
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as a MRI contrast agent, a series of '"H NMR relaxometric
titrations were performed at 7 T and 25 or 37 °C. Both r1 and r;
were measured after every addition of Zn?", resulting in an
unprecedented change in ry relaxivity from 2.05 to 10.30 mM™'s™
(~400 %) at 25 °C and 1.51 to 6.04 mM's™' (~300 %) at 37 °C
upen saturation with Zn”* (Figure 2a and S1a in SI). Such a
significant increase in r; upon the addition of 1 equiv. of Zn’" is,
to the best of our knowledge, the highest change reported thus
far for a metal cation-sensitive Gd-based CA operating at the
high magnetic fields. These observations seemingly indicate
substantial changes in the coordination geometry around the
Gd* center that lead o changes in the inner-sphere hydration
(vide Infra). Indeed, when the HEPES buffer was exchanged for
PBS, the overall r1 increased from 1.82 to 7.37 mM's" (~300 %)
and 1.47 to 5.58 mM's”" (~280 %) for 25 and 37 °C, respectively.
These indicated still an outstanding #; response, however slightly
affected by the formation of ternary complexes between the
phosphates and Gd’''"" The changes in r; values in both
buffered media followed similar trends (Figure 51 in SI).

The selectivity of GdL towards Zn>" was tested in separate
experiments with metal ions commonly present in biological
systems, such as Ca®", Mg* and Cu?" (Figure 2b). No obvious
response of GdL toward any other cation was observed, with the
exception of Cu”*. However, such potential
competition can be omitted because the
concentration of free Cu” in living cells is
very low.[™

Finally, the relaxometric behavior of GdL
was probed in more complex environments
at physiological pH and 37 °C. The r

enhhancement in the presence of HSA (0.6

7 mM in PBS) exceeded 200 % upon
a) b) +Ca”’ saturation with ZnCl, (Figure 2¢). The r; and
i 104 + MQQ* 2 d . 1
6+ 5 T +Cut 1y titrations of HSA with GdL or GdLZn
~ 5] 'ﬁ E —~ g =m 4zn?* complex showed that interaction of GdL /
e o e GdLZn with the protein is not pronounced
‘—E 4 » ‘-5 6 and is slightly notable only in the sub-
[ [ ] equimolar amounts; however, the
E: 3 g :.: 4 bicarbonates (25 mM) have remarkable
| influence on both 1 and r: values, as
24 "] ® HEPES il expected (Figure 81b,c in 81). Nevertheless,
o PBS 2

L] ] I the titration of GdL with ZnCl; in human
1 6 ! 1' ) é ) é 0 DT5 1'0 1'5 270 serum resulted in the increase in r of

' ' around 60 % (Figure 2d), which is the

2+ 24
[Zn*")/[GdL] [M=7]/[GdL] highest change observed so far for any of
the Zn-sensitive SCA.P

The specificity toward Zn®" and its stron

6 3.0 p y ¢

c) d) : relaxivity enhancement, suggest that GdL
could be a highly promising molecular probe

5 *} } { i 25 ] for the imaging of this biomarker. We

< - H i E therefore performed additional
2 44 E 0 | i{ characterization of the complex to assess

.04 its coordination properties and estimate i

s =20 * it dinati rti d estimate its
E 34 E E i i potential for MRI applications. The binding
i oy affinity of GdL towards Zn®* was determined
2 [] 1.54 E by means of isothermal titration calorimetry

& 1 in both HEPES and PBS (Figure S2 in SI).

1 4 : g : 10 1 : . - The obtained dissociation constant resulted

0 1 2 3 0 1 2 3 in the values Kyguzn) = 543 £ 32 and 552 +
[Zn2+]/[GdL] [Zn2+]I[GdL] 76 nM in HEPES and PBS, respectively.

This is in line with the values we obtained

2
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for the luminescence sensor with a similar structure;'? also, the

results indicate that the binding affinity is not affected by the
ternary complex formation between the phosphates and Gd**
(vide supra).

The stability of GdL was investigated in a transmetallation
experiment against Zn**, a major potential competitor for the
displacement of Gd”* I'"l For this, GdL was exposed to 2 equiv.
of Zn?" in a phosphate buffer (50 mM, pH = 7.0) at 25 and 37 °C.
The replacement of Gd®* for Zn?* was monitored by measuring
the relaxation rate of the solution over a period of 120 h (Figure
S3 in Sl). Subsequently, a “thermodynamic index” was
calculated as the ratio of the paramagnetic relaxation rate after a
given period, compared with the starting value. For GdL, this
index resulted in values 90, 81 and 75% after 24, 72 and 120 h
for the temperature 37 °C, respectively, indicating high stability
of the investigated SCA.

To confirm the binding pattern of Zn’" with GdL, an analogous
Eu’ complex EuL* was prepared with the '*C-labeled
phenoxyacetate group (vide supra). Thereafter, a series of “C
NMR spectra of 15 mM Eul* were recorded with increasing
concentrations of ZnCl: (Figure 3a and 54 in Sl), in analogy to
the experiments previously conducted by Meade and
coworkers."™ In the absence of Zn®*, the spectrum showed two
broad sighals at 93.5 ppm and 211.7 ppm. Once Zn** was
gradually added to the sample, these sighals slowly disappeared,
while two sharp doublets at 71.7 ppm and 175.6 ppm appeared,
owing to the coupling interactions with the neighboring isotopic
carbon atom. After the addition of one equiv. of Zn®, the broader
signals at 93.5 ppm and 211.7 ppm disappeared completely.
Furthermore, the doublets at 71.7 ppm and 175.6 ppm
experienced a small shift with further additions of Zn**, indicating
the formation of the second type of species in the excess of
Zn*": no further changes in '*C NMR spectra were observed
beyond the second equiv. of Zn*".
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This specific experiment provided the strongest ground for the
mechanism responsible for changes in the coordination around
the paramagnetic metal ion that are caused by Zn*". Namely,
broad and shifted signals in the Zn-free state indicated
coordination of phenoxyacetate group to the paramagnetic Eu®".
Moreover, the amplitude of the shifts (~36 and ~22 ppm for the
carboxylate and methylene group, respectively), suggests the
carboxylate being much closer to Eu®, hence the larger shift.
Upon addition of Zn**, the phenoxyacetate group flips from Eu®*
to Zn*", forming a Zn** complex with the DPA moiety (Figure 3b).
Consequently, the '*C signals of the carbons in the
phenylacetate recover in intensity, multiplicity and the usual
frequency shift in ''C NMR for the respective functional groups.
Moreover, the minor change in the shift of doublets between 1-2
equiv. of Zn°" indicates that EuL*Zn’’ stoichiometry likely
moves from 1:1 to 1:2 complex formation, which was also
cbserved in the case of the luminescent phenoxy analogue.?
However, it is obvious that, irrespective of the type of formed
species (1:1 or 1:2), already the first equiv. of Zn®" causes the
decoordination of the phenoxyacetate from the paramagnetic
metal center. We note that 'H NMR of EuL* at 25 °C displays
sharp resonances, suggesting the existence of only one of the
isomers, namely the twisted antisquare prismatic species (TSAP,
Figure 85 in 8l).

The coordination features of this system were also studied by
means of the luminescence lifetime experiments. For this
purpose, the luminescence lifetimes of EuL* and TbL in D-O or
H,O with and without Zn*" were measured at pH 7.4 and 25 °C.
Subsequently, the number of the water molecules coordinated to
the Eu™fTb™ center (g) was estimated (Table 1).

In the absence of Zn™, both EuL* or TbL are non-hydrated,
explaining the very low initial ry value of GdL (vide supra). Upon
Zn*" addition, the estimated g values are 1.4 and 1.5 for Eul*
and TbL, respectively. In parallel, the r; value of GdL upon Zn**

Figure 3. a) 3¢ NMR spectra of EUL* {15 mM) in the presence of 0-2.4 equiv. of Zn**at 25 °C and 75 MHz (note: 48.9 ppm is the referent signal ofHCHaOH). b)
Proposed interaction of the phenoxyacetate group with the paramagnetic metal center {top) and Zn?* (bottom), which leads to an increase in hydration number

and the “turn-on” response.
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binding dramatically increases, which matches this observation.
These results confirm the mechanism that assumes complete
coordination of the Gd® with DO3A and DPA units, leading to
g=0 in the absence of Zn”*. Once Zn’* is added, the whole DPA
unit including the phenoxyacetate is involved in coordination with
Zn**, giving rise to higher hydration of the paramagnetic chelate
and therefore the boost in r; (Figure 3b). Additionally, this
coordination probably causes a concurrent decrease in 1z with
an increase in the outer-sphere hydration, which contribute to
the overall r, as previously observed on structurally similar
systems that are Ca*" sensitive. These also exhibited high r
values, while being monohydrated complexes ['™

Table 1. Luminescence lifetimes of the EuL* (5 mM) and TbL (1 mM) in H>O
and D>O with and without Zn2+, and the calculated g values.

LnL only LnL + Zn* (2 equiv)
THo/ms  Topofms q THaofms Topofms q Ag
EuL’ 0.89 1.25 0.1 042 1.02 14 13
ThL 1.91 1.96 0.0 1.30 2.37 15 15

The potential of this complex to serve as a Ty-weighted SCA
was demonstrated /n vifro in an MRI experiment on tube
phantoms. Eight tubes containing GdL alone, GdL with added
Zn**, Mg®', Ca’* or a HEPES hbuffer tube as a control were
imaged in a 7 T MRI scanner. The results indicated a great
enhancement in the MR signal intensity for tubes with GdL and
0.5 or 1.0 equiv. of Zn’", whereas no ohvious difference was
observed in tubes where Ca’" or Mg®* were added (Figure 4 and
Table S1 in 8l). The collected MR data also confirmed that a
selective turn-on response of GdL can be visualized in a Zn-rich
environment.

Figure 4. Ti-weighted MR images of tube phantoms at 7 T of a 1 mM solution
of GdL in 50 mM HEPES buffer (pH 7.4 and ~22 °C). The tubes were
positioned in the following order: a) GdL only, b) +1.0 equiv. MgZ+, c) +1.0
equiv. Ca’*, d) +0.5 equiv. Zn°", ) +1.0 equiv. Zn>", f) +2.0 equiv. Zn’*.

In summary, we report a novel paramagnetic complex appended
with DPA as a Zn’* recognition moiety and phenoxyacetate as a
trigger for the “turn-on” relaxometric response. The overall ry
relaxivity enhancement reached 400% upon Zn®" addition, which
is, to the best of our knowledge, the highest ry change observed
to date for this type of ion-sensitive SCA at high magnetic fields.
The additional experiments demonstrated high binding affinity
and specificity of the complex toward Zn®" and confirmed the
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existence of the turn-on mechanism. Indeed, this system
displays the most desirable properties for a SCA, which
encompass high g modulation, followed by a massive increase
in relaxivity. These features are highly preferred for the
development of potent probes for the molecular imaging of
biomarkers. With the new paramagnetic system presented in
this work, the field of functional imaging of Zn®" is receiving an
important tool to enable substantial and faster progress.
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Materials and instrumentation

The reagents were purchased from commercial sources and were used without further
purification. Albumin from human serum and the human serum were purchased from Sigma-
Aldrich Chemie GmbH, Germany (catalogue numbers A3782 and P2918, respectively).
Compound 1 was synthesized following a previously published procedure.m Purification of
synthesized compounds was performed using silica gel 60 (0.03-0.2 mm) from Carl Roth
(Germany). The final ligand and metallated complexes were purified using preparative HPLC
on a Varian PrepStar system equipped with the UV—vis detector model 335 and a binary
pump model SD-1 manual injector, controlled by Star chromatography workstation version
6.3 software. All fluorescence spectra were recorded on a QuantaMaster™ 3 PH fluorescence
spectrometer from Photon Technology International, Inc. (USA). Low resolution mass
spectra were recorded on an ion trap SL 1100 system Agilent with an electrospray ionization
source. High resolution mass spectra were recorded on a Bruker Daltonics APEX II (FT-ICR-
MS) with an electrospray ionization source. 'H and *C NMR spectra were recorded on a
Bruker Avance 111 300 MHz spectrometer at 25 “C. Processing was performed using TopSpin
2.1 (Bruker GmbH) and ACD/SpecManager 9.0 (Advanced Chemistry Development, Inc.).
The NMR spectra were recorded using either CDCl; or DO and referenced to TMS/TSP.
The concentration of Eu’", Gd*" and Tb®" in analyzed solutions were determined using the
bulk magnetic susceptibility shift (BMS).m '"H NMR relaxometric titrations were performed
on the same instrument (Bruker Avance III 300 MHz spectrometer) at 25 or 37 °C.
Isothermal titration calorimeter (ITC) experiments were performed on the MicroCal PEAQ-
ITC (MicroCal™, Malvern Panalytical, UK). MRI experiments were performed on Bruker
BioSpec 70/30 USR magnet (software version Paravision 5.1) using Bruker volume coil (RF
RES 300 1H 075/040 QSN TR).

Synthetic procedures

BUOOC—, /—\ —CO0MBuQ , tBuOOC—, /—\ —CO0Bu O, , HOOC— ,— —COOH ©  ,
0 o N N o]
LG9 O
[N Nj NHBoe —» N N NHBo¢ —» N N NH; — LnL
BuooC—" v/ Buooc—" \/ HOOC—

BuOOG HOOC

HO \d o
N = N — N —
1 ~ — —

Scheme S1. The synthetic route for complexes GdL and ThL. Reagents and conditions: 1)
BrCH,COO1Bu, K,COs, KI, MeCN, R.T., 12 h; ii) TFA, CH,Cl,, R.T., 6h; iii) LnCl;-6H,O
(Ln = Tb*", Gd*), H,0, 12 h.



3-[3-[(bis-pyridin-2-ylmethyl-amino)-methyl]-4-ferf-butoxycarbonylmethoxy-3-(4,7,10-
tris-tert-butoxycarbonylmethyl-1.4,7,10tetraaza-cyclododec-1-ylmethyl)-phenyl]-2-tert-
butoxycarbonylamino-propionic acid methyl ester (2).

{BUOOC—, /—\ ,—COOtBu O,
N N 3

[N N] NHBoc

fBUQOC—" \_/
tBuOOC
0

N =

\_/N \_Q

Compound 1 (0.517 g, 0.50 mmol) was added to a suspension of K.CO; (0.138 g, 1.00 mmol)
and KI (0.166 g, 1.00 mmol) in MeCN (3 mL). The mixture was stirred 10 min at room
temperature. Then, teri-butyl bromoacetate (0.146 g, 0.75 mmol) was added to the reaction
mixture, followed by stirring for 12 h at room temperature. Upon reaction completion, the
reaction mixture was filtered and the filtrate was evaporated under vacuum. The crude
residue was purified by silica gel column chromatography using CH,Cly/MeOH (v/v, 20:1) as
the eluent, affording 0.465 g (81%) of compound 2 as a light yellow oil. 'H NMR (CDCl;,
300 MHz): & (ppm): 1.09-1.55 (m, 45H, CCHi3); 2.08-3.25 (br, 24H, NCI>); 3.34, 3.35, 3.36
(s, 3H, OCH3); 3.76, 3.63 (s, 8H, NCH,C); 4.29 (s, 2H, CCH,0); 4.35-4.57 (m, 1H, NHCH);
5.70-5.98, 7.21-7.35 (br, 2H, phenolic); 7.03-7.20 (br, 2H, NCHCH), 7.36-7.56 (br, 2H,
NCCH), 7.57-7.76 (br, 2H, CCHCH), 8.37-8.55 (br, 2H, NCHCH). C NMR (CDCl;,
75 MHz): 8 (ppm): 26.5-29.1 (15C, CCHj3), 37.3 (1C, phCH,CH); 48.7, 49.2, 49.5, 51.9, 52.9,
55.9, 56.0, (12C), 57.0 (1C, NIL,CI); 39.4 (2C, pyCIH»); 71.3 (1C, C=OCI»0), 79.1; 82.0,
82.3 (5C, CCH3), 121.9, 122.2, 122.6, 123.3 (4C, CCOC, NCHCH); 128.8 (C, CH,CCH);
131.2, 131.8 (2C, CCHC); 132.8 (1C, CHCCH), 136.2, 136.9 (2C, CCHCH), 148.4, 148.8
(2C, NCHCH); 151.5 (1C, CH,0OC), 155.1 (1C, NHCO); 1538.4 (2C, NCCH); 167.7 (1C,
C=0CH,0); 172.1, 172.3, 173.2 (4C, CO). ESI-TOF/MS: (m/z) [M+H]" caled. for
Ce1HosNgOyps': 1147.7013; found: 1147.7000.

2-amino-3-[3-[(bis-pyridin-2-ylmethyl-amino)-methyl]-4-carboxymethoxy-5-(4,7,1 0-tris-
carboxymethyl-1,4,7,10tetraaza-cyclododec-1-ylmethyl)-phenyl]- propionic acid methyl
ester (L).

HOOC—_ /—\ ,—COOH O
™~ N o/

N

N
Hooc—" \/
HoOC

Compound 2 (0.275 g, 0.24 mmol) was dissolved in TFA/CH>Cl, (2 mL, v/v 80/20) and the
solution was stirred for 6 hours at room temperature. The reaction mixture was evaporated to



dryness and purified by HPLC using MeCN/H,(O as the eluent, affording 0.182 g (76%) of
compound L as a light yellow oil. "TH NMR (D,0, 300 Mz): J (ppm): 2.69-3.54 (br, 2411,
CH,); 3.62-3.91 (br, 7H, CHa, CH»);, 4.08 (s, 2H, ArO-CH,), 4.29-4.46 (br, 5H, CHNH,,
CH>); 7.05-7.23, 7.34-7.58, 7.76-8.00, 8.39-8.66 (br, 10H, ArH). *C NMR (D,0, 75 MHz):
J (ppm): 32.6 (1C, ArCH,CH); 45.7, 47.3 (2C, ArCH;N); 46.2 (1C, CH,), 46.6 (1C, CHNH?),
48.2, 48.4, 49.5, 50.0, 51.6, 53.5, 533.8, 54.2, 54.4 (11C, NCH,CH,, NCH,CO); 36.0 (2C,
PyCIIN);, 71.3 (1C, ArOCIL), 124.0, 130.0, 130.5, 131.4, 132.1 (5C, Ar);, 123.2, 123.9,
138.3, 145.9, 149.1 (10C, Py); 154.1 (1C, C-OClIly), 166.8, 168.0, 168.6, 173.8, 176.4 (5C,
CO). ESI-TOF/MS: (m/z) [MJrH]+ caled. for C4oHssNgOy1 '+ 823.3985; found: 823.3973.

{BuOOC—, /—\ ,—COOIBu O, {Bu0OC—, /—\ ,—COOBu Q HOOG—, /—\ ~COOH O
N N 0 N N Q N N 0
[ j I [ ] ii [ j .
N N NHBog —— N N NHBog —— N N NH; — Eul’
BuOOC—" \/ Bu00C—" HoOC—" \/
{BuOOC" HOOC*

" o
* N

HO
N = * N = .

BrCOOH —' B COOMBU

3

Scheme S2. The synthetic route for complex Eul.®*. Reagents and conditions: i) H,SOy,
MgS8Q,, tBuOH, DCM, R.T., 15 h. ii) 3, K;CO;, KL, MeCN, R.T., 12 h; iii) TFA, CH,Cl,,
R.T., 6 h; iv) EuCl;*6H,0, H,0, 12 h.

1,2—13C—tert—Butyl bromoacetate (3)

Br/*\aOOtBu

Concentrated H»SO4 (0.19 mL) was added slowly to a vigorously stirred suspension of
MgSO, (1.300 g, 10.80 mmol) in CH,Cl; (7 mL) The mixture was stirred for 20 minutes,
after which the isotopically labeled 1,2-"*C-bromoacetic acid (0.507 g, 3.60 mmol) was
added, followed by addition of tBuOH (1.5 mL). The mixture was stirred for 15 h at room
temperature. The insoluble matter was removed by vacuum filtration. The filtrate wag
transferred to a separatory funnel and washed with water (10 mL) and saturated sodium
bicarbonate (10 ml.). The aqueous layer was extracted with CH,Cl, (3x 3 mlL). The
combined organic layers were washed with brine and dried over anhydrous MgSO,. The
solvent was evaporated under reduced pressure to afford 3 as a light-vellow liquid (0.341 g,
48%). "H NMR (CDCl;, 300 MHz): & (ppm): 1.48 (s, 9H, CCH3); 3.49, 3.50, 3.99, 4.01 (d,
J=4.5 Hz, 2H, BrCH,). *C NMR (CDCl;, 75 MHz): & (ppm): 25.6-30.2 (4C, CCHs, BrC);
82.8 (1C, CCH3); 165.8, 166.6 (1C, C=0).



B labeled 3-[3-[(Bis-pyridin-2-ylmethyl-amino)-methyl]-4-zert-
butoxycarbonylmethoxy-5-(4,7,10-tris-zert-butoxycarbonylmethyl-1,4,7.10tetraaza-
cyclododec-1-ylmethyl)-phenyl]-2-ferf-butoxycarbonylamino-propionic  acid  methyl
ester (2*).
Bu0OC— ,—\ ,—COOCIBu O, /

N N o]

[N |\|j NHBoc

BuOOC—" \/

tBuOOC*

—d
N —
Procedure was the same as for compound 2. Starting materials: compound 1 (0.238 g, 0.23
mmol), K2COs (0.064 g, 0.46 mmol), KI (0.076 g, 0.46 mmol) and compound 3 (0.054 g,
0.276 mmol). Yield: 0.185 g (70%) of compound 2* as a light yellow oil. '"H NMR (CDCl;,
300 MHz): § (ppm): 1.20-1.55 (m, 45H, CCH;); 2.22-3.33 (br, 24H, NCH;); 3.44 (s, 3H,
OCH;), 3.62-3.94 (s, 10H, NCH,(C);, 4.02-4.15, 4.39-4.54 (s, 2H, CCH,0); 4.54-4.63 (m,
1H, NHCHY, 6.92-7.31 (br, 2ZH, NCHCH; 1H, phenolic), 7.38-7.63 (br, 2H, NCCH; 1H,
phenolic), 7.64-7.82 (br, 2H, CCHCH), 8.48-8.71 (br, 2H, NCHCH). *C NMR (CDClL,,
75 MHz): & (ppm): ). 27.7, 27.8, 28.0, 28.2 (15C, CCHj); 37.6 (1C. phCH,CH); 48.9-59.5
(15C); 70.7, 71.0, 71.9, 72.1 (1C, C=0"CH,0), 79.3; 82.2, 82.5 (5C, CCH3); 122.1 (2C,
NCHCHY, 123.0 (2C, NCCH); 128.3, 128.9 (2C, CCHC); 131.1-133.2 (3C, phCCH,); 136.5
(2C, CCHCH); 148.8 (2C, NCHCH); 151.6 (1C, CH,OC), 155.0, 155.4, 155.8 (1C, NHCO);

158.6 (2C, NCCH), 167.3, 167.98, 168.2, 168.6 (1C, 13C=OCHZO); 172.4, 173.3 (4C, CO).
ESI-TOF/MS: (m/z) [M+H]+ caled. for 13C2C59H95N8013+: 1149.7080; found: 1149.7063.

BCabeled 2-amino-3-[3-[(bis-pyridin-2-ylmethyl-amino)-methyl]-4-carboxymethyloxy-
5-(4,7,10-tris-carboxymethyl-1,4,7,10tetraaza-cyclod odec-1-ylmethyl)-phenyl]-
propionic acid methyl ester (1.7).

HOOC— ,— ,—COOH O /
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HooC*
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* N _
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Procedure was the same as for compound L. The starting material compound 2* (0.185 g,
0.161 mmol) afforded 0.090 g (68%) of compound L* as a light yellow oil. '"H NMR (D0,
300 MHz): § (ppm): 2.96-3.60 (br, 24H, NCH,); 3.63 (s, 3H, OCH3), 3.85, 4.04, 4.11, 4.17,
4.22 (s, 8H, NCH,C; m, 1H, NH,CH); 7.39 (s, 2H, phenolic); 7.81-7.95 (br, 2H, NCCH);
7.96-8.10 (br, 2H, CCHCH); 8.38-8.50 (br, 2H, CCHCH); 8.59-8.70 (br, 2H, NCHCH). C
NMR (D;0, 75 MHz): d (ppm): 34.8 (1C, phCH,CH); 48.0-50.1, 52.5, 53.6, 54.9, 58.8, 59.6,



635.9 (15C); 70.6, 71.4 (1C, C=0“CH,0); 126.5, 127.1 (4C, CCOC, NCHCH); 130.1 (C,
CH,CCH), 132.5, 133.5 (2C, CCHC); 134.5 (1C, CHCCH), 141.4 (2C, CCHCH), 147.4 (2C,
NCHCH); 152.2 (1C, CH,OC); 155.8 (1C, NHCO), 169.3 (2C, NCCH) ; 170.1 (4C, CO);
171.1, 172.0 (1C, PC=0CH,0). ESI-TOF/MS: (m/z) [M+H]" caled. for *C,CagHssNgOy™
825.4052; found: 825.4054.

General procedure for the preparation of the Eu*, Gd* and Tb* complexes. The
introduction of the gadolinium, terbium (for L) or europium (for L*) ions into the
macrocyclic framework was carried out at pH ~7.0 adjusted by 0.1 M NaOH solution. To a
stirred aqueous solution of ligand, a solution of EuCl;*6H,0, GdCl;*6H,O or TbCl;*6H,O
was prepared in water and was added dropwise to the ligand solution in 1:1 molar ratios. The
pH of the solution was periodically adjusted to 7.0 by addition of 0.1 M NaOH solution. The
reaction mixture was stirred at room temperature for 12 h then purified by HPLC,
respectively. The vellow solid compound was obtained by lyophilization. The formation of
the metal complexes ThL, GdL and Eul.* were confirmed by mass spectrometry.

GdL. ESI- TOF/MS: (m/z) [M] caled. for C4oHs5oGdNgOyy: 976.2846; found: 976.2866.

Ful.*. ESI-TOF/MS: (m/z) [M+H]+ caled. for 13'C2C33H52EuN3011+: 975.3040; found:
975.3050.

TbL. ESI-LRMS: (m/z) [M] calcd. for C4oHsoTbNgOy;: 977.3; found: 977.3.

NMR measurements

Relaxometric titrations: Proton longitudinal relaxometric titrations with Zn®" were
performed at 7 T, pH 7.4 (50 mM HEPES buftfer) and 25 °C, using using inversion recovery
(71) and Car—Purcell-Meiboom-Gill (73) pulse sequences. A ZnCl, solution of known
concentration was added stepwise to the GdL solution (starting concentration 1.0 or 3.0 mM
Gd*"), and measurements of T} (i=1, 2) were performed after cach addition of the analyte. The
longitudinal and transverse relaxivities were calculated from Eq. S1 where T s is the
measured 7, 7jq4 is the diamagnetic contribution of the solvent, and [Gd] is the actual Gd**

concentration at each point of the titration.

UTips= Tia+ 7% [Gd], i=1, 2 Eq. S1



a) Titration with Zn?* at 25 °C in buffered media
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Figure S1. Longitudinal and transverse relaxivities of GdL at 7 T in the presence of various
concentrations of ZnCl, in HEPES (50 mM) or PBS (50 mM) (pH 7.4 and 25 or 37 °C).
Concentrations of GdL used: a) 3 mM, b-¢) 1 mM.



Metal ion selectivity: For metal ion selectivity experiments, stock solutions (50 mM) of
CaCl,, MgCl,, CuCly and ZnCl, were prepared. The samples of GdL (3 mM) were prepared
by the dilution method using HPLC grade water and HEPES buffer (50 mM, pH 7.4). The
longitudinal relaxivities were performed in same way as described above after addition of 0,
0.5, 1.0, 1.5 and 2.0 equiv. of the respective metal ions to the solution of GdL.

ITC experiments

The experiments were carried out by placing GdL (50 uM) in the reaction cell and ZnCl,
(300 uM) in the syringe. All data were recorded in HEPES or PBS (50 mM) at pH 7.4.
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Figure 52. The raw thermogram (top) and the binding isotherm (bottom) obtained in the ITC
experiment of GdL with Zn*" in HEPES (left) and PBS (right).



Transmetalation study

The transmetalation with Zn*" was performed in 50 mM phosphate buffer pH 7.0 at 25 °C.
Stock solutions of the GdL (27 mM), and zinc chloride (250 mM) were prepared. Exact
concentration of [Gd] was determined by BMS method. Calculated volumes were pipetted
with calibrated pipettes into small glass vials to obtain these concentrations: 50 mM PBS, 3
mM GdL, 6 mM ZnCl,. Deionized water was used to complete the volume to 350 pl.
Thereafter, the longitudinal relaxation times were measured periodically over the period of 3

days.
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Figure S3. Relaxivity rate variation of GdL (3 mM) with Zn*" versus time. All data were
recorded in 50 mM PBS buffer at pH 7.0.

"H/°C NMR spectroscopy of “C-labeled EuL*

Bc NMR spectra were measured with 15 mM EuL* in D,O with 0 to 2.4 equiv. of Zn* (30

mM HEPES buffer, pH 7.4, 25 °C). A capillary filled with BC-labeled methanol was placed
into the Eul.* solution as an external reference. All measurements were performed under the
same NMR parameters (receiver gain, number of scans). Twelwve B¢ NMR experiments were
performed by adding the following amount of n* (see Figure S4 top): 1: 0 equiv., 2: 0.2
equiv., 3: 0.4 equiv., 4 0.6 equiv., 3: 0.8 equiv., 6: 1.0 equiv., 7: 1.2 equiv., 8: 1.4 equiv., 9:
1.8 equiv., 10: 2.0 equiv., 11: 2.2 equiv., and 12: 2.4 equiv.
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Figure $4. ?C NMR spectra of EuL* (15 mM) in the presence of 0 to 2.4 equiv of Zn** (top)
and the observed changes in *C NMR shifts with the additions of Zn*" (bottom).
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Figure S5. "H NMR spectrum of EuL* in D,O at 25 °C.

Luminescence lifetime experiments

Luminescence lifetime measurements were performed with ThL (1 mM) or Eul.* (5 mM) in
D0 and H,0 with and without Zn** (2 equiv.) at 25 °C (50 mM HEPES, pH 7.4). The Ln®*
ion was directly excited (lex = 283 and 395 nm for Tb*" and Eu’", respectively) and the
emission intensity (Apax = 546 and 615 nm for Tb’" and Eu™, respectively) was recorded. The
excitation and emission slits were set at 10 nm. In total, three independent measurements
each with 15 scans were performed to obtain the data set. The obtained curves were fitted
with a first order exponential decay with an ¥ > 0.99. The resulting g value, which denotes
the hydration number of coordinated water molecules, was then calculated using the equation
Eq. 82 for EuL* and Eq. 83 for ThL."

TH,0 Tp,0

g(Eu) =12 x ( — 0.25) Eq. $2

TH,0 Tp,0

g(Th) =5 x ( - 0.06) Eq. 83

-40



MRI experiments

Tube phantoms studies: MRI phantoms were obtained using 6 x 400 ul. vials, immersed in
HEPES (30 mM, pH 7.4) solution. Apart from the first vial containing only 1 mM buffered
(50 mM HEPES, pH 7.4) solution of the GdL complex, the rest vials were treated with
MgCl, (1.0 equivalent), CaCl; (1.0 equivalent) and ZnCl, (0.5, 1.0, 2.0 equivqlents). The
following parameters were used for MRI acquisition: FOV = 2.85 x 2.85 cm, MTX = 190 x
190, spatial resolution = 150 x 150 um, slice thickness = (0.5 mm, FA = 90°, TR = 20.0 ms,
TE=235ms, TA=3m 10s.

Table S1. Obtained SNR (signal-to-noise ratio) in 7j-weighted MRI of tube phantoms of
different solutions with 1 mM of GdL (50 mM HEPES buffer, pH 7.4 and 298 K).

Sample GdL GdL + 1.0eq Mg™ | GdL + 1.0 eq Ca*

SNR 54.0 56.3 61.0

Sample GdI. +0.5eq Zn*" GdL +1.0eq Zn* Gdl +2.0eq Zn*"

SNR 92.7 124.3 132.8
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Abstract Bridged polymacmoeyelie ligands featured by stoucturadly different eages offsr the possibility
of eoord inating multipl e trivalent lanthandid 2 ions, giving riss to the sxploitation of their diffsrent
phyzieocherndeal proparties, o g, multirmodal detection for moleeular imaging purposes, Intrigued by
the omplementary propertices of optical and MIE-tassd imags eapturing modalities, we report
the syothesiz and chameterismtion of the polymetadlic LofID-based chelate comprized of two
BT Aarndd e bas.od ligands (BOTA—1 4 710 tetmazcy clhbdodeanse-1 4, 7, 10Hetmae ate acid) bridged
vial 10-diama-18emwn-6 ([DATSCE) otif, The DOTA-amnid« roodetizzs and the DATSTE werr vsed 1o
chalata tvo Eulll) ions snd one Th(IIT) ion, raspaeetivaly, racalting in 3 moultindcear haterornets e
corapley EuglTh, The birastallie cornples: without Thlll}, Bugl, displayed a stron g pammoagnetie
chernical exxchang s satumtiontmnsfer pamCEST) effect, Motably, the luminescenms spectraof B LTh
featured mmixed ernission incliuding the charmetaristic bands of Fudll) and ThII), The advantageous
features of the eorngles Bug LTh opens new possibilities for the fisture design of birnodal probes and
their potential applicability in CEST N2 and optiesd imnaging.

Feevper ords: diaem-eronwenether; hetero-moultinue lear vorngleses; lanthanide; lurninesesnes; roaenor e lis;
pAralCES T wiater exchange

1. Introdudion

In rcdern maedivines, e netic resonanes irmaging (M) is recognized as the method of choies for
non-rad iative and non-invasive imaging of soft body tissuee [1-2], Conventional IEI sploits
the magnstie poparties of water proton’s spins to gensmmte signal, However it suffars from
infrinsis insan sitivity which oftan raquires the sdminista Hon of contmest a gents (CA=), Spacifieally,
these mainly parmmaguetic Lo(II-based eom pleses imnprove specifidty of the ME] seans through
Wariois contmet- ganarating mechanizmes [2], Cne of the reeantly introduesd M smtagias is basad
o the cherniea] srehang e mtumton transfer (CEST) aftect, which possessss specitic advantages over
the conventional Th-weighted WRL Marmely, the CEST MEI enables genemtion of the signal at will
by uasingg selected mdiofrequency (FF) presmtumtion palsss, thus providing improved speedficity
in thess ME] studiee due to the abeeners of permanent background signal criginsting from the
CEST agent [45]. The prinepls of CEST deteetion iz based on the selective stumtion of the
pool of protons that are in dow to interrnediate sehangs mie on the MV titne-seals, with bualk
wiater pool, Subsequently, the chemiral sehangs of the pre-smtumted CEST poton pool with the
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water protons reduces the intensity of the MR signal at the frequency of the bulk water protons.
The general requirement for successful CEST is that the frequency difference between the two pools of
protons (Aw) is greater than the corresponding exchange rate (kex) [6]. Moreover, the paramagnetic
lanthanide(ITT) ions, such as Eu(IIT), Th(ITT) or Yh(III), are known to induce chemical shifts (and hence
Aw), which makes them perfect candidates for paramagnetic CEST (paraCEST) CAs [7-9]. As a
general rule, the CEST effect is induced either by the exchangeable proton of the ligand or by the water
molecule coordinated to Ln(IIl). Typically, Ln(IlI) complexes based on DOTAM (DOTA-tetraamide,
DOTA—1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) are characterized by an exchange rate
suitable for CEST imaging [6]. Although the thermodynamic stability of the Ln(II[)-DOTA-tetraamide
complexes is considerably lower than that of the tetracarboxylate analogues, their kinetic inertness is
extremely high, which makes them good candidates for potential in vivo applications [3,10-12].

Furthermore, Ln(Ill) ions, especially Eu(Ill) and Th{III}, have often heen employed for optical
sensing owing to their specific sharp line-like emission bands and long lifetimes, often being in the
milliseconds range [13]. These features allow implementation of the time-gated techniques to increase
the signal-to-noise ratio (SNR). Most importantly, lanthanide luminescence has large Stokes shifts
(200 nm) when compared to typical organic fluorescence compounds. Such unique photophysical
properties circumvent the autofluorescence, as well as the light scattering from backgrounds of the
biological samples, such as cell cultures or tissues [14]. Thus, besides suitable properties for optical
imaging, complexes comprised of two different Ln(Ill) ions might provide properties suitable for
dual-modal imaging, enabling the design of dual- and multi-modal probes [15-21].

In this work, we set out to investigate the possibility of developing a dual-modal agent that is
suitable for CEST MR and optical imaging (Chart 1), We designed a molecule that consisted of two
DOTAM-Cly macrocyclic moieties and a DA18C6 (DA18C6- 1,10-diaza-18-crown-6) azacrown moiety,
intended for chelation of two different paramagnetic and luminescent Ln(III) ions. The DOTAM-Gly
accommodated two Hu(Ill), giving rise to strong paraCHST signal of the generated dinuclear
complex. The interaction of Th(IIl) with the azacrown moiety resulted in the increase of the
Tb-centered luminescence emission, showing the advantageous properties of the prepared multinuclear
heterometallic complex as a potential dual-modal imaging probe.

oG, [oleleg
N HN—
;’ ~ 7 v A
D'-~-{N\ 'N‘ -0
| peeci=Tsa

Chart 1, The chemical structures of Eus L and Eu; LTb investigated in this work.
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2. Results and Discussion

2.1. Synthesis of Complexes Euyl and Eu,LTh

The desired trismacrocyclic ligand was synthesized in a stepwise manner, using glycine ethyl ester
hydrochloride, bromoacetyl bromide, 2-bromoethylamine hydrogen bromide and benzyl chloroformate
as starting compounds (Scheme 1}. In the first step, the cyclic polyamine 1 was alkylated with three
equiv. of the bromide 2 to provide the macrocycle 3. Hydrogenation of 3 catalyzed by Pd/C in DMF
afforded the acid 4 in high vield. In the second, azacrown fragment 7 was prepared in a three-step
procedure. The commercially available 2-bromoethylamine hydrogen bromide was reacted with
benzyl chloroformate to yield Chz-protected amine 5 [22]. Then, two equiv. of 5 were reacted with
1,10-iaza-18-crown-6 to acquire azacrown dicarbamate 6, which was then subjected to the catalytic
deprotection of Chz groups by hydrogenation in the presence of Pd/C in ethanol to afford the diamine

7. Coupling of two equiv. of the acid 4 with the diamine 7 resulted in the thismacrocyclic precurser 8.

Finally, the base hydrolysis of 8 was achieved with LiOH to give the final ligand HgL. The obtained
compounds were characterized by TH/A3C-NMR and mass spectrometry. The bimetallic complex EuzL.
was prepared by treating the final ligand HgL with EuCl3-6H,0 in water, while maintaining the pH at
~7. Subsequently, complex Eu, LTb was prepared by treating Euy L with one equiv. of TbCl; aqueous
solution and was characterized by LC-MS spectrometry.

H.N/—\Nx—ﬁo " ) O/>—\N/_\N/—\(O ) OhN/_\N/_(O
T 0 ey — c ) — CJ
M E FMNIG AN
/—NH Hi—, /—NH Hh—,
1 2 EGE 3 GODEL Flele s 4 GOOEt

O/_\D (_Omoj
@\/OTH\/\E, _"iii) HN_\—(N- _r\> W)"’ HZN_LN N—\_
0 Q_ _)_\_NH (_ _) N2
O\_/O O\_@ o] O

& S
= 7
Et00G, COOEt
\—np HN—
o [N/_\Nj s}
Q N N [s] —\
A o] o—>
NH Hiv
. eood Y N COOE L !
r i} (_ _)_\—NH Hy— i Heb  — By
0 ©
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A
—NH HN—,
Elood COCEL

Scheme 1. Synthesis scheme of complex EuzL.. Reagents and conditions: (i) Na,CO3, DCM, rt. 12 h;
(ii) Hy/Pt, DME r.t., 12 b; (iii) MeCN, Cs; COj3, 65 °C, 4.5 h; (iv) Hp/Pt, EtOH, r.t,, 4 h; (v) HATU, DME
rt., 6 h; (vi) LiOH, MeOH, rt., 12 h; (vii) EuCly-6H, O/H, O, 50 °C, 12 h.

2.2. CEST Effect Measurements of EuyL

Given that the EUDOTAM-Gly complex is a well-studied paraCEST agent, the CEST properties of
its structural analogue Eup L were investigated in detail and compared accordingly [23-25]. The CEST
spectra of 5 mM Euy L were recorded with 10 s irradiation time and variable saturation powers (5; = 2.5,
5,10, 15, 20, 25 and 30 uwT) at 25 °C and pH 7.4 (Figure 1). The CEST signal resonating at ~50 ppm
was observed for EuyL, corresponding to the proton exchange between Eu(Ill)-bound water and the
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bulk water molecules. The CEST effect depends on the saturation power variation [26], resulting in
a CHST effect increase from ~5% to ~60% for the increase in saturation power from 5 pT to 30 uT,

respectively (Figures 51 and S2, Supplementary Materials).

1.0 s— e — 28T
N\ -/ \ g 5uT
0.8 \¢ /i 10 uT
- \ —— 45 uT
b 0.6+ 20 4T
N
= 0.4 25T
30T
0.2
0.0

T T T T T T T T T T T
100 80 60 40 20 0 -20 -40 -60 -80 -100
Offset frequency (ppm)

Figure 1. The CEST spectra of the complex EuzL (5 mM, irradiation time 10 s, in 50 mM HEPES with
pH 7.4, 25 °C) recorded at different By.

Both the chemical shift of the inner-sphere bound water and the saturation efficiency of the bulk
water were affected by temperature (Figure 2a). The chemical shift of the bound water pool shifted
upfield with an increase in temperature (chemical shift from 57 ppm at 10 °C to 45 ppm at 40 °C).
The fitting results suggested a linear-dependence between the chemical shift of the bound-water
protons with temperature (Figure 2b). The observed sensitivity of the chemical shift to temperature is
0.4 ppm/°C, which is similar to that of EuDOTAM-Gly [27]. This suggested that Eup L could be used to
measure temperature distribution in a living subject. The peak width of both bulk and bound water
also increased with temperature (Figure 2a), owing to more rapid exchange.

a) b)
1.0
554 *-
0.84 e
— -‘.“
30 0.6 g_ Twe
5, £ 50 T
S 044 £ e,
F= e
%)
0.2
] 45
0.0
L ) T T T T T T T T T T T T T T T T T
100 80 60 40 20 0 -20 -40 -60 -80-100 10 15 20 25 30 35 40

Offset frequency (ppm)

Temperature (°C)

Figure 2. (a) The CEST spectra of 5 mM EusL at different temperatures. (b) Dependence of the chemical
shift of the bound water protons on temperature (pH = 7.4, By = 7 T, saturation power By;= 20 uT,
irradiation time 10 s).

The water exchange rates, ke, at different temperatures, were extracted using the quantitative
CEST (qCEST) method [28]. In short, the Bloch-McConnell (BM) equations were used for fitting the
experimental data, assuming a three-pool fitting model (bulk water, amide protons and the paraCEST
pool). The kex values are progressively increasing as the temperature gets higher (Table 1). At 25 °C,
the BM fitting three-pool model revealed the exchange rate of around 10 kHz, which corresponds to the
bound-water lifetime () of around 100 ps; this value is comparable to Ty reported for EUDOTAM-Gly
at same temperature [29]. With such properties displayed, the bismacrocyclic Euz L shows very good
perspectives for future use as the paraCEST agent. Namely, owing to its bimetallic nature, EuzL can
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produce the CEST signal almost twice stronger than EuDOTAM-Gly, for the same amount of the probe,
while potentially having even longer retention time in tissue due to its larger size.

Table 1. The k. values of bound water molecule (6 mM complex Euz L) using the quantitative CEST
(gCEST) method at different temperatures. Each temperature experiment was recorded at pH 7.4,
with irradiation time of 10 s and different B¢ (2.5, 5, 10, 15, 20, 25 and 30 uT).

Temp./°C 10 15 20 25 30 35 37 40
kex/kHz 38 +:04 47103 63 +03 89+£03 129+04 186x05 21505 26706

2.3. Photophysical Characterization of Euy LT

The DAI8C6 moiety in complex EuzL is also a chelator, albeit capable of binding another type of
Ln(IIT) ion weakly [30,31]. To this end, we investigated the interaction of the EuyL with Th(IIIl) and
the photophysical properties of the resulting hetero-trinuclear lanthanide complex Euy LTb (Figure 53,
Supplementary Materials). This complex displayed mixed emission spectra in solution, which included
characteristic peaks of both terbium (°*Dy — 7F]) and europium (°Dy — 7F]) ions [32]. Specifically,
the emission spectra of EuaLTb were recorded using excitation wavelengths ranging from 225 nm to
395 nm (Figure 3). The emission excited at 225 nm exhibited the spectrum with four characteristic
signals in the visible region at 494 nm (°Dy — 7F), 545 nm (°Dy — “Fz), 588 nm (°Dy — ' Fy), and 625 nm
(®1Dy — "F3), originating from the Th(ITT) ion [33,34]. Concurrently, the emission excited at 395 nm
resulted in the spectrum having four characteristic peaks in the visible region at 598 nm, 616 nm,
656 nm, and 702 nm, arising from the 5Dy — 7F] (I =1,2,3, 4) transitions of the Eu(IlI) ion, respectively.
Additionally, the spectra excited at 265 nm, 283 nm and 305 nm showed the combined emission peaks
from both Eu(Ill) *Dg — “Fj) and Th(IIl) (*D,4 — “F;) transitions.

—~ 1.5%105+ hox =225 Nnm
3 hox = 265 NM
el hox =283 nm
':-"'n‘ 1x106- — }.ox=305nm
E, — Aox=318nm
= — dox =395 Nm
e

L 5x105-

7]

0

E -

(41

500 550 600 650 700
Wavelength (nm)

Figure 3. Luminescence spectra of 0.2 mM complex EwaLTb at 25 °C, pH 7.4 upon varying the
excitation wavelength.

With the formation of EuaLTb, we sought to investigate the potential of this molecule for detection
of anions. Namely, the responsiveness of coordinatively unsaturated cyclen-based Ln(III) chelates
to small endogenous anions has previously been addressed by many researchers [35,36]. It is well
known that the water molecules directly bound to the Eu(Ill) or Tb(Ill) ions quench luminescence
efficiently due to the high energy of the O-H vibrations [37,38]. On the other hand, anions can
occupy the apical position by displacing the water molecule and can circumvent the non-radiative
energy quenching, giving rise to an increase in the luminescence intensity. We therefore tested
whether the trismacrocyclic host EupLTb can interact with selected biologically important anions.
Thus, the interactions between EupLTb and anions including F~, Br—, [, HCO;57, HPO42’, QOAc and
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S042~ were assessed, respectively (Figure 4). The solutions were excited at 285 nm in order to cover
excitation of both Eu(Ill) and Th(Ill), while the emission intensities were monitored in the range
between 540 nm and 630 nm. The results showed no significant change in the emission intensities,
except for HCO;™ and OQAc™ (Figure 4). Interestingly, HCO; ™ led to emission enhancement of Eu(TII),
while the OAc™ enhanced the luminescence of Th(III), suggesting that bicarbonates preferentially bind
to cyclen-derived chelates, whereas the Th-18C6 cage dominantly interacts with acetates. Furthermore,
anions F~ and HPO,Z~ slightly quenched the emission of Th(III) ion only. It cannot be excluded that
the latter is result of the Tbh(Il)-phosphate formation and precipitation of this salt, which ultimately
reduces the Tb(III) centered emission intensity due to elimination of this metal ion from the solution.

o
o
—

1.5%x108 4x107
— A — Eu,LTb + HCO;’ i
= | - = 2- 3
© +F + HPO; = ;
= [ — +Br +50, T 3x107
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: ) i R S :
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Figure 4. Luminescence selectivity studies of 0.2 mM complex Eu;LTb at 25 °C, pH 7.4 with various
anions (2.0 equiv.), Aex = 305 nm. (a) Emission spectra of Eua LTb alone and after addition of F~, Br—, T,
HCO;~, HPO4?™, SO4°~ and QAC. (b) Comparison of the recorded luminescence emission intensities
monitered in the range between 540 nm and 630 nm.

3. Experimental Section

3.1. Materials

Compounds 2 and 5 were synthesized following previously reported procedures [22,24].
All other reagents and solvents were purchased from commercial sources and were used without
further purification.

3.2. General Methods

Purification of synthesized compounds was performed using silica gel 60 (0.03-0.2 mm) from Carl
Roth {Germany). The final ligand and metallated complexes were purified using preparative HPLC on
a Varian PrepStar system equipped with the UV—vis detector model 335 and a binary pump model SD-1
manual injector, controlled by Star chromatography workstation version 6.3 software. Low resolution
mass spectra were recorded on an ion trap SL 1100 system Agilent with an electrospray ionization
source. High resolution mass spectra were recorded on a Bruker Daltonics APEX IT (FT-ICR-MS) with
an electrospray ionization source.

3.3. Synthesis

(2-Bromo-acetylamino)-acetic acid ethyl ester {2). A solution of 2-bromoacetyl bromide {174 g,
86.0 mmeol) in CH>Clp (20 mL) was added dropwise to a stirred cooled solution (0 °C) of the glycine
ethyl ester hydrochloride (10.1 g, 72.0 mmol) and KxCO5 (29.9 g, 216.0 mmeol) in a mixture of CHClp
(100 mL) and water (50 mL). The resulting solution was warmed to room temperature and stirred for
16 h, after which the organic layer was washed with water (2 < 60 mL) and brine (1 < 60 mL), dried over
anhydrous Nap5Oy, and concentrated in vacuo. The crude product was recrystallized from EtOAc to
afford 2 (12.9 g, 80%) as white crystals [24]. TH-NMR (CDCls, 300 MHz): 6 {(ppm) 1.16-1.47 (m, 3H,
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CHs);3.93 (s, 2H, BrCHa); 4.06, 4.07 (d, ] = 5.20 Hz, 2H, NHCH,); 4.20, 4.23,4.25, 428 (q, ] = 7.18 Hz, 2H,
OCH,). *C-NMR (CDCly, 75 MHz): 6 (ppm) 13.9 (CHg); 32.0 (BrCH,); 42.0 (NHCH,); 61.7 (OCH,CHg);
168.7 (CONH); 170.4 (COO).

{4,7,10-Tris-[(ethoxycarbonylmethyl-carbamoyl)-methyl]-1,4,7,10tetraaza-cyclododec-1-yl}-acetic
acid benzyl ester (3). The mixture of cyclen-monoacetate benzyl ester 1 (3.2 g, 10.0 mmol) and NaxCO3
(4.2 g, 40.0 mmol) were stirred in CH;Clp (35 mL) at room temperature for 10 min, then compound 2 in
CHy(Clp (9.0 g, 40.0 mmol in 15 mL) was added dropwise. The reaction mixture was stirred at room
temperature for 12 h. Upon reaction completion, the reaction mixture was filtered off, the filtrate was
evaporated, and the solid residue was purified by silica column chromatography using CH»Cly/MeOH
(20, 20:1) as the eluent to yield 2 (3.8 g, 50%) as a yellow oil. IH-NMR (CDCls, 300 MHz): 6 (ppmy):
1.14-1.31 {m, 9H, CHj); 2.16-2.90 (br, 16H, NCH,CH,); 3.05-3.54 (br, 8H, NCH,CQ); 3.87-4.26 (br, 12H,
NHCH,C, OCH,CHaz); 5.14 (s, 2H, ArCH»0O); 7.28-7.46 (m, 5H, ArH). I3*C-NMR (CDCls, 75 MHz):
o (ppm): 14.3 (CH3); 41.0,41.1, 41.3 (NHCH,); 50.6, 55.6, 57.2, 57.5, 58.3 (NCHy); 61.4 (OCH,CHs);
67.0 (ArCH,); 128.5, 128.8 (ArCH); 1355 (ArCCH,); 170.0, 170.2 (CONH); 172.5, 172.8 {COO);
ESI-HRMS: (m/z) (M + H]* caled for C3sHggIN7Oy 1+, 7504032; found: 750.4031.

{4,7,10-Tris-[(ethoxycarbonylmethyl-carbamoyl)-methyl]-1,4,7,10tetraaza-cyclododec-1-yl}-acetic
acid (4). The compound 3 (2.0 g, 2.7 mmol) was dissolved in DMF (25 mL). The catalyst Pd/C (10%,
w/w, 0.2 equiv) and 10 uL of ammonia in MeOH (7 M) were added. The mixture solution was shaken
in Parr apparatus in the atmosphere of Hy (3.2 bar) for 12 h at room temperature. The resulting
solution was filtered off and concentrated in vacuo to afford 4 (1.6 g, 90%) as a brown oil. IH-NMR
(CDCly, 300 MHz): 6 (ppm): 1.14-1.36 (br, 9H, CHgy); 2.14-3.78 (br, 24T, NCH»); 3.79-4.26 (br, 12H,
NHCH,, OCHy). ¥C-NMR (CDCls, 75 MHz): & (ppm): 14.1 (CHa); 41.2 (NHCHo); 49.9, 50.5, 57.6,
57.7(NCHy); 61.4 (OCH,CH3); 170.0, 170.1 (CONH); 172.1 (COQ); ESI-HRMS: (m/z) [M. + H]™ caled for
C23H50N7011 +, 660.3563,‘ found: 660.3559.

(2-Bromo-ethyl)-carbamic acid benzyl ester (5). To a mixture of 2-bromoethylamine hydrogen
bromide (20 g, 10.0 mmol) and triethylamine Et;N (3.0 g, 30.0 mmol) in CH;Cly, (40 mlL),
benzyl chloroformate (2.7 g, 16.0 mmol) was added in a portion-wise manner at 0 °C. The resulting
mixture was stirred at 0 °C for 6 h. The mixture was then washed with aqueous NaHCO3 (10%,
3 > 10 mL) and citric acid (10%, 3 x 10 mL) and dried over anhydrous Nay;SOy. The solvent was
then evaporated to obtain crude residue, which was purified by column chromatography (silica gel,
hexane/EtOAc, 7:1) to afford 5 (2.3 g, 90 % yield) as a white crystal solid [22]. TH-NMR (CDCl,
300 MHz): & (ppm): 3.01-3.56 (m, 4H, BrCH,, CH;NH); 5.04 (s, 2H, ArCHp); 7.21-7.36 (br, 5H,
ArH). 13C-NMR (CDCls, 75 MHz): & (ppm): 31.8 (BrCHy); 42.4 (CH,NH); 66.5 (ArCHy); 126.6, 127.7,
128.2 (ArCH); 136.0 (ArCCHo>); 155.3 (CONH).

{2-[16-(2-Benzyloxycarbonylamino-ethyl)-1,4,10,13-tetraoxa-7,16-diaza-cyclooctadec-7-ylJ-ethyl}-
carbamic acid benzyl ester (6). CspCO; (39 g, 12.0 mmol) was added to a solution of
1,10-diaza-18-crown-6 (0.8 g, 3.0 mmol) in dry MeCN (15 mL). The obtained suspension was
stirred for 10 min at room temperature and then 5 (1.7 g, 6.6 mmol) was added to it. The mixture
was heated to 65 °C and stirred for 1.5 h after which additional amount of 5 (0.8 g, 3.1 mmol) was
added and the reaction mixture was stirred for 3 h. Afterwards, the solvent was evaporated under the
reduced pressure and the crude was purified by column chromatography (silica gel, CH»Cly/MeOH,
100:7) to give 6 (1.6 g, 58%) as a brown oil. ITH-NMR (CDCls, 300 MHz): & (ppm): 2.43-2.98 (br, 12H,
NCH,CH;); 3.17-3.39 (br, 4H, CHCH,NH); 3.47-3.64 (br, 16H, CH>,OCH>); 5.08 (s, 2H, ArCH,);
7.21-7.45 (br, 10H, ArH). 3C-NMR (CDCls, 75 MHz): & (ppm): 38.9 (CHaNH); 53.5 (NCH2CHa);
66.3 (ArCHy); 67.6, 68.7 (CH,OCH,); 127.8, 128.2, 128.5 (ArCH); 136.6 (ArCCH>); 156.9 (CONH).
ESI-HRMS: (m/z) M + Nal* caled for C3pHagNyNaQg*, 639.3364; found: 639.3376.

2-[16-(2-Amino-ethyl)-1,4,10,13-tetraoxa-7,16-diaza-cyclooctadec-7-y1]-ethylamine (7). The compound
6 (1.2 g, 1.9 mmol) was dissolved in EtOH (25 mL). The catalyst Pd/C (10% w/w, 0.2 equiv.) and 10 uL of
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ammonia in MeQH (7 M) were added. The solution was shaken in Parr apparatus in the atmosphere of
H; (3.2 bar) for 4 h at room temperature. Removal of the catalyst by filtration and evaporation of EtOH
vielded the diamine 7 (0.6 g, 88%). ITH-NMR (D,0, 300 MHz): 6 (ppm): 2.68-2.94 (br, 12H, NCH,CHy);
3.28-3.33 (br, 411, CH,CH,NH,); 3.48-3.81 (br, 161, CH,OCH,). *C-NMR (1,0, 75 MHz): 6 {(ppmy:
36.9 (CHaNHj3); 51.8, 53.9 (NCH,CHo); 68.2, 69.7 (CH>OCH>). ESI-HRMS: (m/z) [M + H]* caled for
C16H37N4O4+, 349.2809; found: 349.2816.

Compound 8. Theacid 4 (1.1 g, 1.7 mmol) and HATU (1-[Bis(dimethylamino)methylene]-1H-1,2,3-
triazolo[4,5-b]pyridinium 3-oxide hexafluorophosphate, Hexafluorophosphate Azabenzotriazole
Tetramethyl Uronium, 0.7 g, 1.9 minol) were subsequently added to a stirred solution of diamine
7 (0.2 g 0.6 mmol) in dry DMF (10 mL), after which the reaction mixture was stirred for 6 h at
room temperature. The solvent was removed under the reduced pressure and the residue was
washed with EtO (3 x 10 mL), CH>Cls (3 x 10 mL) and MeOH (2 x 10 mL). The collected filtrate
was concentrated in vacuo to give a yellowish oil (0.4 g, 48%). IH-NMR (CD;0OD, 300 MHz):
& (ppm): 1.23, 1.25, 1.28 (t, ] = 7.50 Hz, 18H, CH;); 3.39-3.83 (br, 641, CH;); 3.94-4.05 (br, 16H, OCH,);
4.05-4.12 (br, 121, NHCH, C); 4.14-4.26 (m, 12I, NHCH,CO). BC-NMR (CD;0D, 75 MHz): & (ppm):
14.5 (CHg); 42.2 (NHCH>); 55.2, 56.3, 62.0, 64.7, 65.3, 70.9 (NCH>); 170.3, (CONH, COQ). ESI-HRMS:
(rm1/z) M + 3HP caled for CraHyaaN g Oo4%, 544.6575; found: 544.6575.

Compound HgL. Compound 8 (300 mg, 0.2 mmol) was dissolved in MeOH (5 mL) and treated
with LiOH (130 mg, 5.5 mmol) at room temperature for 12 h. After removal of LiIOH by filtration,
MeOH was evaporated. The crude mixture was dissolved in water and the pH was adjusted to 7 and
purified by preparative HFLC. The white powder HgL (120 mg, 45%) was obtained by lyophilization.
TH-NMR (D,Q, 300 MHz): 6 (ppm): 3.04-3.31 (br, 30H, cyclen NCHy), 3.33-3.52 (br, 18H, cyclen NCHy),
3.53-3.62 (br, 12H, crown ether NCHby), 3.63-3.79 (br, 16H, crown ether OCH3), 3.80-3.96 (br, 16H,
CONHCH,). *C-NMR (10, 75 MHz): § (ppm): 41.1 (NHCH,); 53.2, 54.8, 55.1, 63.6 (NCHa);
69.7 (OCH)); 162.8, 172.8, (CONH, COOH). ESI-HRMS: (m/z) [M — H]™ caled for CegHynsN18Ooy7,
1461.7555; found: 1461.7548.

Complex EuzL. The ligand HgL (100 mg, 0.07 mmol) was dissclved in MilliQ water and the pH
value was set to 7. The aqueous solution of HuCl3-6H>O (55 mg, 0.15 mmol) was added dropwise
to the ligand solution. The mixture was heated at 50 °C for 12 h and the pH of the solution was
periodically adjusted to 7.0 by addition of 0.1 M NaOH solution. Then, the reaction mixture was cooled
to room temperature and purified by HPLC. The yellow solid compound (84 mg, 70%) was obtained by
lyophilization. ESEFHRMS: (m/z) [M + 3H]"* caled for CeoHyoaBusN1gOp4”t, 588.5267; found: 588.5279.

Complex EupLTb. To a stirred solution of EuzL (40 mg, 0.02 mmeol) in MilliQ water (pH~7),
the aqueous solution of TbCls-6H>O (10 mg, 0.03 mmol) was added dropwise while maintaining
pH with 0.1 M NaQH (aq). The reaction mixture was stirred at 50 °C for 6 h. Then the solvent was
reduced under the vacuum and the gray solid powder was obtained upon lyophilization. LC-MS:
(mf) M + H?* caled for CgnHogBusN g0y Th?*, 959.3; found: 959.3.

3.4. NMR Spectroscopy

TH, 13C-NMR and CEST experiments were recorded on a Bruker Avance III 300 MHz spectrometer.
'H and '®C-NMR spectra were recorded at 25 °C, using either CDCl3 or DyO and referenced to
TMS/TSP. Processing was performed using TopSpin 2.1 (Bruker GmbH) and ACD/SpecManager 9.0
(Advanced Chemistry Development, Inc., Toronto, Canada). The concentrations of Eup L and TbhCly
were determined using the bulk magnetic susceptibility shift (BMS) method [39]. CEST spectra were
obtained in 10% Dy O and 90% H,O solutions of the paramagnetic complex, using a saturation time
of 10 s at 7 T and different temperatures (10, 15, 20, 25, 30, 35, 37 and 40 “C) and a frequency-offset
range of = 100 ppm with 1 ppm resolution. The longitudinal and transverse relaxation times, T1 and
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T>, were measured using the inversion-recovery and Carr-FPurcell-Meiboom—Gill pulse sequences,
respectively [4041].

3.5. Optical Spectroscopy

All fluorescence spectra were recorded on a QuantaMaster™ 3 PH fluorescence spectrometer from
Photon Technology International, Inc. (USA) at 25 °C and pH 7.4. Titration experiments with Th(lll)
were performed by following the emission intensity at 545 nm. For the anion selectivity experiments,
appropriate concentration (0.2 mM) of F~, Br=, I”, HCO;™, 80,42, OAc™ and HPO42~ were prepared
by dilution method using HPLC grade water. All data were recorded in HEPES buffer (50 mM, pH 7.4),
using the excitation wavelength at 305 nm and the slit widths of 5 nm and 1 nm for excitation and
emission, respectively.

4, Conclusions

A trismacrocyclic DOTA-amide DA18Cé-based ligand framework was prepared and characterized.
The novel dinuclear Buy L contrast agent showed the paraCEST properties typical to that of well-known
EuDOTAM-Gly probe, albeit with greater potential for stronger CEST effect due to its bismacrocyclic
and dinuclear nature. Upon introduction of Tb(III) ions, the resulting trinuclear Euy LTb complex
exhibited mixed luminescence emission. Moreover, the binding studies with various anions revealed
specificity to HCO3™ and OAc™ over other biologically relevant anions. The typical paraCEST signal
and combined luminescence emission properties pave the way for this class of mixed macrocyclic
ligands to develop further as potential dual-modal MRI/luminescence probes.

Supplementary Materials: The supplementary materials are available online. Figure S1: Change in T1 and T2
relaxation times for 5 mM Eu,L with temperature at 300 MHz (50 mM HEPES, pH 7.4), Figure 52: The CEST
spectra of 5 mM Eu;L at different temperatures and saturation power Bl, Figure 53: Emission intensity monitored

at 545 nm of 0.2 mM EuzL upon titration with Th* at 25 °C (50 mM HEPES, pH 7.4).
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Compound 8
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Compound HgL
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