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Structure and Objectives of Thesis

Recently pioneered responsive MRI CAs, comprised of a paramagnetic Gd**
incorporated within a bismacrocyclic cyclen-18C6 ligand framework, were designed
to reversibly convert between on/off states in response to AAs. However, their
performance is limited by insufficient host sensitivity to detect biologically relevant
AA neurotransmitter concentrations and lack of selectivity over the major
competitive metabolite, the bicarbonate. Hence, this thesis describes efforts to
address these issues with the overall aim of producing synthetic receptor for the
main excitatory and inhibitory NTs, Glu and GABA, respectively.

Chapter 1 introduces the scientific topics of relevance for understanding the
physics of MR, the functioning and diversity of non-specific and stimuli-responsive
MRI CAs, including small-molecule and nanosized dendrimeric constructs. It also
provides a brief insight into chemical neurotransmission and a short discussion on
the demands for designing MRI CAs responsive to zwitterionic amino acid
transmitters. In addition, current achievements on imaging Glu and GABA by means
of MR-based techniques are overviewed.

The examined bismacrocyclic CAs ligate amino acids via predominant Gd-
Ocarboxylate interaction and multiple H-bonds between ammonium cation and the 18C6
moiety. Thus, the focus of Chapter 2 is on chemical modification of binding sites with
emphasis on the 18C6 fragment to selectively improve the affinity towards
zwitterionic NTs. This approach implied the synthesis of a family of Gd-complexes
with varying natures of both binding sites and revealing structure-activity
relationships using various analytical techniques, including relaxometric profiling
and DFT calculations.

In Chapter 2 it is revealed that recognition of AA transmitters by cyclen-18C6
chemosensors is governed by the nature of the pending arm on the 18C6 motif.
Based on these findings, Chapter 3 reports a novel design of a ditopic molecular host
with improved affinity to Glu and GABA transmitters suitable for T>/T:w ratiometric
MRI imaging. The application of a bSSFP pulse sequence on phantoms demonstrated
signal enhancement for cooperatively bound Glu and GABA over hydrogen
carbonate, wherein an MR signal of hydrogen carbonate remained unchanged.

After successful preparation of a synthetic host with higher selectivity for
AAs over hydrogen carbonate, the focus has turned on biocompatibility
improvements. Thus, Chapter 4 describes a synthetic approach for the preparation
of the first dendrimer-GBCA conjugate responsive to AAs. The previously
characterized small-molecule Gd-chelate in Chapter 2 was grafted onto the end
amines of the G4 PAMAM dendrimer in order to assess the impact of conjugation on
binding AAs. To tune solubility at physiological pH, the conjugate was PEGylated with
hydrophilic polyethylene glycol. Efficacy of the probe was evaluated in relaxometric
titration with AAs and competitive metabolites, and the potential for ratiometric
T»/T.w imaging was estimated.



Chapter 5 describes the development of a novel approach intended for 3C
CSI of Glu induced by the lanthanide chelate. To test the effects of lanthanide ions,
a single bismacrocyclic chelator with the highest affinity to Glu and GABA (Chapter
2) was metalated with various Ln3 ions, other than Gd*, to produce a series of
ditopic paramagnetic receptors. The **C NMR titration of Ln-chelates performed with
Gly-13C, showed a stronger impact than that observed for Glu-13Cs. The resonances
of carboxylic carbons of ternary host-guest adducts exhibited the greatest signal
change, presumably due to the shortest Ln-"*Ceamoxyiic distance.
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Chapter 1

Introduction: Molecular Sensors for Magnetic
Resonance Imaging

Non-invasive monitoring of chemical neurotransmission is of vital importance in
medical diagnostics, as the impairment in functioning of neurotransmitters is
associated with a large number of neural disorders. In order to gain information at
the molecular level, various imaging techniques are coupled with responsive
molecular sensors to target desired neurotransmitters. These molecules transduce
interactions with endogenous stimuli into a measurable signal. Among others,
molecular MRI, which uses radio frequency to exploit paramagnetism of spin-active
nuclei to generate a signal, is imposed as a modality of choice due to advantageous
features of MRI. However, designing selective chemosensors is challenged by a
plethora of competitive metabolites and unpredictability of physicochemical
parameters that govern signal transduction. Therefore, development of a molecular
device able to selectively recognize and report spatiotemporal patterns of desired
neurotransmitter dynamics will benefit diagnosis of cerebral pathologies as well as
our understanding of brain functioning.
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1.1 mMRI: Concept and Perspectives

Depending on the physical phenomenon, which molecular sensors exploit to
produce a signal, they are classified into optical, acoustic, electrochemical, and
magnetic. Owing to advantageous features of the MRI technique, magnetic probes
become irreplaceable tools in modern diagnostic medicine. MRI is a non-invasive
bioimaging modality grounded on NMR phenomena that uses spin paramagnetism
to depict topological and physiological information of the body."* The conventional
MRI scan generates an image contrast by measuring T; and T relaxation times of
protons across tissues, coming from water, fats, carbohydrates, proteins, and other
small-molecule metabolites. Unlike the radiodiagnostic imaging modalities such as
PET and SPECT, MRI excludes damaging radiation, which makes it safe for the
patient. In contrast to optical and photoacoustic techniques, MRI is featured with
unlimited penetration depth with extraordinarily high soft-tissue contrast. However,
it suffers from low sensitivity. These limitations were addressed by administration of
exogenous substances, which catalyze relaxation time of water protons. Current
clinical CE MRI is non-specific, whereas CAs level up sensitivity and improve tissue
specificity mainly through passive targeting.” Yet, alongside current applications, a
further potential of mMRI is to visualize and quantify ongoing metabolic processes
before the anatomical features of diseases become noticeable. To date, the
application of mMRI is limited in biomedical research to facilitate investigation on
e.g., gene expression®, apoptosis®, cell migration’, detection of intracellular Ca*
signaling® etc.

1.1.1 Principles of NMR Physics

The NMR phenomenon was discovered in 1946 independently by Bloch and Purcell®
% represents a complex interplay between spin-active nuclei, RF radiation, and an
external homogeneous magnetic field (By). The molecules are in constant motion,
and in thermal equilibrium they display an averaged energy and no net
magnetization. When immersed in the magnetic field Bo, they redistribute in
energetically distinct levels, the so-called Zeeman effect (Fig. 1.1a), and precess
along the z-axis, either aligned with or opposite to the B, vector, with the angular
precession frequency (wo) proportional to the strength of the magnetic field [Eq.
1.1];

Wy =Y¥By [1.1]

where constant y denotes the gyromagnetic ratio. The y-value varies by atomic
species, causing each type of nucleus to resonate at a specific frequency (Larmor
frequency). For instance, at Bo = 1T, the H nuclei (vy = 2.675x108 rads- T-1) resonate
at 42.6 MHz.
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Figure 1.1. Generation of NMR signal in proton spin system. (a) H polarization in the magnetic field By.
The spin quantum number (I) of a proton is 1/2, and its magnetic quantum number has two distinct
values, 1/2 and -1/2. In the absence of By motion, spins are random colliding with each other having
the same average energy. Upon exposure to By, spins absorb the energy and split into two different
energy states. The a or up-spin population is aligned with the By vector and lower in energy, and the B
or down-spins are oriented opposite of By and higher in energy. (b) The excess of a spins generates net
magnetization (Mo). With respect to the external magnetic field, the M vector is split up in a longitudinal
(M) and transverse (Myy) component.

The ratio of spin populations can be predicted by Boltzmann’s distribution,
given for the H nuclei in thermal equilibrium by Eq. 1.2, where N, and N; are low-
and high-energy spin populations, respectively, AE is the difference between spin
states, T is temperature, and k is Boltzmann’s constant. The AE is directly
proportional to the strength of the applied magnetic field, given by Eq. 1.3, where h
is the Planck’s constant.

Ng A
—& — gAE/KT
Ny e 1.2)
B a _h
AE = EF —E = -—YB, (1.3)

If the *H spin system is exposed to a magnetic field of 2.35 T, according to
Eq. 1.1, the N, /Ng ratio corresponds to 1 000 017. The net magnetization (Mo) of
magnetic moments of excess spins (Ns) is what generates a signal [Eq. 1.4]. A
consequence of only a small fraction of the protons makes the NMR technique
relatively low sensitivity. Magnetization is proportional to density of spins and
strength of the magnetic field and inversely proportional to temperature.
Furthermore, the energetic difference between spin populations given by [Eq. 1.3]
falls in the range of a few pcal/mol, which is negligible compared to the thermal
energy of molecules at room temperature (~600 cal/mol), owing to which MRl is a
non-destructive methodology.

M,y ~ y2h2N,B,/4kT 1.4)

If the same spin system is irradiated by the transverse oscillating field (B1)
with the frequency equal to the precession frequency [Eq. 1.5], they will absorb the
energy tipping the My into the transverse plane. This process is the resonance
component in the NMR. The role of the oscillating nature of B is to synchronize spins
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to precess together, and the sum of their vectors is transverse magnetization (M,y).
Since the precession frequencies of spin-active nuclei fall within the range of radio
waves (3 kHz to 300 GHz), the B: used to perturb bulk magnetization is also termed
the RF pulse.

v=-—B, 1.5)

Interaction of bulk magnetization with RF pulses in the static magnetic field
By and its time decay constants are described by the Bloch equation, summarized by
Eg. 1.6, where T; and T, represent longitudinal and transverse time constants,
respectively. When the RF pulse is removed, the spins interact with the environment,
giving away their energy until the net magnetization establishes its equilibrium
magnitude My. This process is termed "relaxation" and is characterized by two
relaxation time constants.

dM My—M, My

—=M-yBy + ———+—=> 1.6
dt YBo + T +T2 (1.6)

The longitudinal or spin-lattice relaxation accounts for the exponential
regrowth of Mo with By with the time constant Ty, [Eq. 1.7]. It occurs when the up-
spins release energy to the environment, which could be a different kind of spin-
active nucleus, electron, or crystal lattice. On the other hand, the transversal
component My, undergoes exponential decay with the time constant T, given by Eq.
1.8, implying decoherence between two spins of the same kind owing to variations
in their precession frequency. Both relaxation processes are often expressed via
relaxation rates (Ri), whereas R=1/T,.

My(t) = My — [1— e™t/™] (17)
My, = My e/ (1.8)

Due to Boinhomogeneity contribution to decoherence, in real systems the
apparent transverse relaxation time (T;) is always shorter than T,. The relationship
between them is displayed by Eqg. 1.9, where the term Tinhom is a deviation from the
ideal transverse relaxation, ABo represents the magnetic field inhomogeneity, and y
is the gyromagnetic ratio.

1 1 1

1
—=—0+-——=—+yAB (1.9)
T, " To Tinom. T2 0

The magnitude of the M vector (uT) is negligible compared to the strength
of common clinical Bo (> 1.5T) and is therefore measured in the transversal plane.
Application of either m/2 (90°) or m (180°) RF pulse angles (8), flips Mo into the
transversal plane, and the length of the pulse (t,) is calculated according to Eq. 1.10;
where w; is the frequency of the RF pulse.

0 = wt, (1.10)
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The M,y precesses in the transversal plane, creating a small but measurable
voltage on detection coils. Due to transverse relaxation, induced currents decay, also
known as Free Induction Decay (FID), and are initially recorded as a function of time
(t).1 In the final NMR spectra, the time domain is translated by Fourier transform
into the frequency domain (v).

1.2 Exogenous Paramagnetic Contrast Agents

When traditional MRI does not provide sufficient image clarity due to weak
polarization of proton nuclei, its performances are improved by administration of
exogenous CAs, which enhance contrast of an image by exploiting the differences in
uptake between healthy and diseased tissues. Unlike radio diagnostic and optical
imaging modalities, where the administered probes are visualized directly, in CE MRI,
the effect of CAs on the signal of surrounding water protons is detected.”
Specifically, CAs alter signals by affecting the magnetization of bulk water protons
either by shortening relaxation times or by saturation transfer through chemical
exchange.” * In the broadest sense, MRI CAs may be categorized according to
contrast-generating mechanism into T, (positive) and T, (negative) CAs*, and there
is an additional relatively new group, which operates on the CEST principle, the so-
called paraCEST agents.*®

1.2.1 Ti-weighted CAs

Paramagnetic solutes reduce both longitudinal and transverse relaxation times,
whereas the typical T: CAs have the ry/r; ratios close to 1.” The T; CAs accelerate
recovery of the M,, where the stronger signal causes brightening on the T;w image.
Current clinical T; agents are mainly small-molecule chelates with MW < 1000 Da,
consisting of a paramagnetic ion in-cage by a multidentate polyaminocarboxylate
with relaxivity values (3-7 T) falling in the range 3-5 mM™ 5. Predominantly clinical
T1 CAs incorporate the paramagnetic Gd** ion, and the less common are the Mn?*-
based complexes.

Gd* is a trivalent lanthanide ion with 7 unpaired electrons, a large magnetic
moment (7.9 uB), and a long electronic relaxation time (9° s), which makes it an
effective catalyst for relaxing water protons.”* *° The property of GBC of vital
importance for clinical application is their in vivo stability, which is estimated based
on their kinetic and thermodynamic properties.”” ** The kinetic inertness presents
the rates of chelation/dechelation between the ligand and the metal ion. On the
other hand, thermodynamic stability refers to equilibrium concentrations of a
complex on one side and a free metal ion and ligand on the other. Stability in vivo is
important, as the free Gd** can mimic the role of Ca% in the signaling pathways due
to a similar ionic radius, causing serious damage.’” Furthermore, the median lethal
dose (LDso) of free Gd** observed in mice is 0.2 mmol/kg.”* The stability of GBCAs is
associated with the type of chelator, and according to their chemical structures, they
are classified into linear and macrocyclic. The macrocyclic derivatives are more
stable, while linear chelates are more prone to transmetallation with endogenous
ions (Mn%, Cu?*, Ca¥, Fe?* and Zn?*).* In general, stability of clinically approved
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GBCAs, by EMA and FDA, with -log Ky of 17 - 25 renders their biological inertness.”
%5 These GBCAs are mainly derived from macrocyclic Hsdota-derived chelator in
which the ligand occupies eight out of nine coordination sites on the Gd** ion, leaving
a single vacant space for the coordination of water (Fig. 1.2). On the other hand, the
linear analogues are based on Hsdtpa derivatives.”’

o]
o 2w
ND\N «n
O0-Gd- 1.
‘\N; N P
;&;J
o (¢]
[Gd(H,0)(dota)] " [Gd(H,0)(do3a-butrol)] [Gd(H,0)(hp-do3a)]
Dotarem® (Guerbet S.A.) Gadovist® (Bayer Schering Pharma, ProHance® (Bracco)

Bayer Healthcare Pharmaceuticals)

[Gd(H,0)(bopta)]?- [Gd(H,0)(dtpa-eob)]>
MultiHance® (Bracco) Eovist® (Bayer Schering Pharma,
Bayer Healthcare Pharmaceuticals)

Figure 1.2. Clinically approved GBCAs by the EMA.

The paramagnetic Mn?* has five unpaired electrons and is less efficient in
relaxing water protons compared to Gd*. However, it has a low r»/r; ratio, which
makes it a less toxic alternative to Gd** ion.?® In biological systems Mn?* mimics the
role of Ca%, entering neurons through the voltage-gated ion channels and moving
along the axons. Owing to this property, it was previously administered as the MnCl,
solution to study functional connectivity patterns via the so-called manganese-
enhanced MRI (MEMRI).?*** However, these investigations are abandoned, as it was
found that it accumulates in the striatum, causing death of neuronal tissue.*> ** The
manganese-based CAs could be classified into small molecule CAs and nano-sized
particles.** Although it is a biogenic element, a serious disadvantage of Mn?" is a lack
of ligands, which could yield complexes with sufficient kinetic inertness and
thermodynamic stability and at the same time provide free coordinating place(s) for
water molecules. While the gastrointestinal CAs MnCl, (LumenHanace®) used for oral
administration is still in clinical use, the liver-specific Mn(dpdp) (Teslascan®), shown
in Fig. 1.3, was withdrawn from the market as it was found that it mimics the activity
of the enzyme manganese superoxide dismutase (MnSOD), which regulates ROS and
RNS levels.®® For the Mn?, that would be at best a six-dentate ligand, which is,
however, prone to transmetallation with competitive ions e.g. Zn?*.*° A promising
ligand that displayed a fine balance between coordination chemistry requirements
and stability properties has been reported by Gale et al., who designed a rigidified
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PyC3A ligand from N-picolyl-trans-1,2-diaminocycloheane backbone.*” The resulting
Mn-PyC3A exhibited relaxivity properties similar to that of Gd(dtpa) and an
elimination half-life time of 40.1 + 3.1 min, which is comparable with that of clinical
GBCAs.

The clearance half-time of low-molecular-weight GBCAs from the body
occurs via the renal system and is an average of about 80 min.*® These chelates are
considered to be the first-generation CAs.”’ In order to prolong their retention time,
the second-generation CAs (also known as the BPAs) were developed, which are
designed to bind plasma proteins.>’ One representative example is the MS-325,
which binds HSA through non-covalent interactions and is used for the diagnosis of
aortoiliac occlusive disease (Fig 1.3).* The extended retention time makes them
useful for MR angiography.

MS-325 [Mn(dpdp)]+
ABLAVAR® (Lantheus Medical Teslascan® (GE Healthcare AS)
Imaging, Inc.)

Figure 1.3. Chemical structures of MS-325 and [Mn(dpdp)]*-.

All the clinical GBCAs are extracellular agents; they do not cross intact
biological barriers or cell membranes and are relatively safe for application as they
are rapidly excreted via the urinary tract. The recommended dosages by EMA are
the lowest amounts necessary to provide sufficient image enhancement, which is
usually around 0.6 mM for GBCAs. However, the application is restricted to the
patients with healthy kidney function, as it is found that patients suffering from
heavy renal insufficiency develop a rarely occurring pathological state known as
nephrogenic systemic fibrosis (NFS), which could be lethal.**** Moreover, it was
recently discovered that repetitive administration of GBCAs, in patients with healthy
renal function, leads to Gd deposition in the brain.* The Gd distribution occurs either
through a disrupted BBB or blood-CSF barrier and is correlated with chelate
stability.”“* However, there is no clear evidence that confirms that the accumulation
of gadolinium damages brain functionality.* To prevent the potential risk associated
with Gd accumulation, in 2017 the EMA, banned most of the linear GBCAs and
restricted the usage of certain macrocycles.

1.2.2 Tz-weighted CAs

T, or susceptibility CAs induce field inhomogeneities, reducing water proton signal
intensity, which appears as darkening in T,w and Tz*w images.”® The typical ry/r1
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ratio of these CAs is > 20, and with its increase, the contrast efficacy is better.’! In
terms of chemical structure, they are manly superparamagnetic nanocomposites
made of an iron oxide core, magnetite (Fes04) or its more stable form maghemite (y-
Fe,0s), and coated with stabilizing materials, such as PEG, silicates, PVC, starch,
liposomes, dextran, or other polymers, in order to improve their biocompatibility
and allow further functionalization.””>> According to the size of particles, they are
categorized into superparamagnetic iron oxide (SPION) with diameters > 50 nm and
ultra-small superparamagnetic iron oxide nanoparticles (USPIONs) with diameters <
50 nm, including their subclasses, the cross-linked (CLIO) 3 - 5 nm and
monocrystalline (MION) 10 - 30 nm. The typical relaxivity of T, agents exhibits more
than 100 mM* s and is directly correlated with the size of particles and thickness of
the coating layer. Unlike the T; Cas, whose detections require metal concentrations
> 10 UM, the T, CAs allow detection at < 10 nM concentrations of nanoparticles.

The advantageous features of these particles are very high T, (T;) relaxivity
and non-toxicity for in vivo application since they can be degraded, whereas iron can
be used by the body. However, a long-term deposition, over several months,*® in
certain organs such as the spleen and liver can cause fibrosis and inflammation.
Biodistribution of IONPs is governed by their size and surface charge.”’ This is
exemplified by SPIONs greater than 200 nm, which predominantly concentrate in the
liver and spleen,”® whereas USPIOs mainly invade lymph nodes.’® °° SPIONs are
suitable for imaging cancerogenic cells and solid tumors as they accumulate through
the enhanced permeation and retention effect.®” ® Their further functionalization
towards improved sensitivity may be achieved through the introduction of a
targeting ligand. This strategy is exemplified by Sun and co-workers,*> who coupled
USPIO to cyclic-Arg-Gly-Asp-D-Tyr-Lys peptide (cRGDyK) via 4-methylcatechol (4-MC)
to obtain BPA with an overall diameter of ~ 8.4 nm (Fig. 1.4). The resulting c((RGDyK)-
MC-Fes;0, displayed improved affinity to transmembrane receptor, a,Bs-integrin,
which is overexpressed in tumour cells, providing a decrease of tumor MRI signal for
40%.

Figure 1.4. Chemical structure of the ¢(RGDyK)-MC-Fe30,.

1.3 Paramagnetic Relaxation Enhancement

The paramagnetic solutes in aqueous solution undergo molecular motions that
induce fluctuations of a local magnetic field with frequency and amplitude suitable
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for water proton T and T; relaxation to their magnetic equilibrium state. The overall
relaxation rate enhancement (1/Ti)obs that bulk water protons experience is
contributed by paramagnetic (1/Ti), and diamagnetic (1/T;)4 terms [Eq. 1.11].

(1/T)obs = (A/T)a + A/TD)p; i=1,2 111

The diamagnetic term is an intrinsic property of media/tissues, reflecting the
nature of protons. For instance, water relaxation time in the body is very long;
however, due to interactions with endogenous paramagnetic small molecules such
as ferritin® or macromolecules such as lipids and proteins®, not all the water
protons display the same relaxation values.® This feature of body water is
responsible for the endogenous contrast. On the other hand, PRE is the result of
interactions between unpaired electrons of the paramagnetic center and the nuclear
dipole of water protons. The efficacy of GBCAs to catalyze relaxation rates of bulk
water protons normalized to the concentration of Gd* is relaxivity (r;, mM™s™),
expressed by Eq. 1.12.

Tip = ([IG/d%)]”; i=1,2 (1.12)

In a general sense, the T; relaxation time of body water is 5 to 20 times
longer compared to T,, resulting in a much more pronounced effect of CAs on Ti. A
suitable example is the impact of 1 mM Gd(dota) on cortical gray matter, which
increases the endogenous values for T; and T, by 3.6 s* and 4.3 s%, corresponding to
rate enhancements of 428 and 42%, respectively.®® The proximate water molecules,
which effectively exchange energy with CAs and contribute to relaxivity, as depicted
in Fig. 1.5, originate from the following: (1) inner sphere (IS), (2) second sphere (SS),
and (3) outer hydration sphere (0S).?’

inner

sphere
H
H-O g
“H Hg ke H
0
outer N | NCo --O-H H” il
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P NJ oH water
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H\?
H “o-H second

q 4 sphere

Figure 1.5. Schematic presentation of interactions between Gd(do3a-butrol) and water molecules. In
the inner sphere, water molecules are directly coordinated to paramagnetic Gd3*. The outer sphere is
represented by the non-bound water molecules, which diffuse in the vicinity of the paramagnetic
chelate. In the intermediate, the second hydration shell, water molecules are loosely bound to charged
groups on the ligand via hydrogen bonds. In each hydration sphere, relaxation occurs through different
mechanisms that are governed by various physicochemical parameters involving (1) the number of
water molecules in IS and SS, g and g2, respectively; (2) different electronic relaxation rates; (3) time-
correlation functions that describe dynamics of CAs—OH, interactions, a so-called residence lifetime of
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bound water molecules (ty), (often expressed as the water exchange rate, ke,=1/7y); and (4)
rotational diffusion of CAs (tg).

Their contributions to relaxation rates and the corresponding relaxivities are
summarized in Eqns. 1.13 and 1.14, respectively.

/T, = (/TS + (/T + (1/T)%; i = 1,2 (113)
= ri’S + riSS + rios; i=1,2 (1.14)

The inner-sphere contribution to the overall ri relaxivity of the clinically
approved GBCAs is approximately 60%, whereas the rest comes from the second and
outer hydration spheres.®®

1.3.1 Inner-Sphere Mechanism

The inner-sphere relaxivity (r°) originates from coordinated water molecules, which
undergo chemical exchange with the bulk solvent, transmitting the relaxation
effect.®” ° The two-pool exchange is given by equations 1.15 and 1.16, where P, is
the mole fraction of water coordinated directly to paramagnetic ion (=[Gd>*]/[H.0],
concentration of water is 55.5 mM), Ty, and T,,,, are the T; and T, and subscript
“m” refers to the shift or relaxation rate of solvent molecule, g is the number of
inner-sphere waters, 1y, is the residence lifetime of bound water molecules in the
innersphere, and Aw is the paramagnetic shift difference between the diamagnetic
reference and the paramagnetic complex.

Pnq
s = 1% (1.15)
! Tlm —m
Is 1 (Tri(rit + T5h) + Aw?
% =hnq— AT 1 dad (1.16)
M\ (T + Tom)? + Aw},

The overall inner-sphere relaxivity is, according to the Solomon-
Bloembergen-Morgan (SBM) theory’" 72, split into contributions originating from
dipolar or through-space (dd), scalar or contact (sc), and Curie-spin (cs) interactions,
as summarized by Eq. 1.17.

1 1 1 1

— = 1.17
Tim Tidd + Tisc + Tics ( )

As illustrated by Eq. 1.15, when 1y < Ty, the r¥ is directly proportional to
the number of coordinated water molecules. At the clinically relevant fields (> 1.5T),
the longitudinal relaxation enhancement (1/T;,,) of GBCAs is contributed by only
dipolar interactions as illustrated by SBM Eq. 1.18, whereas the scalar term is
neglected due to long Gd—Huater distance.”” ’* Here, ug is the Bohr magneton, g is the
electron g tensor (for Gd*, g = 2), y, is the permittivity of vacuum, rgqy is the
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effective distance between the gadolinium electron spin and the water proton
nucleus, S is the electron spin quantum number (for Gd*, S = 7/2), wy, (rad/s) is the
proton resonance frequency, ws (ws = 685wy ) is the Larmor frequency of the
gadolinium electron spin, t.; and 1, are the overall correlation times of dipolar
proton spin-electron couplings, and is the hyperfine Gd—Huwater coupling constant.

1 1 2 2udyig?S(S+1 7 3
- (%OT) uaYig*S( ) Tc2 Te1 (1.18)

Tym T34 15 Téam 1+wity 1+ wits

The dependence of previously mentioned physicochemical parameters on
each of the relaxation mechanisms is expressed through time-dependent correlation
functions. Accordingly, the dipolar mechanism is modulated by the reorientation of
Gd—Huwater vector, expressed by the reorientational correlation time, water exchange
rate (1/ty ), longitudinal and transverse electron spin relaxation time, expressed by
Eqg. 1.19. In addition, to achieve the maximal relaxivities as predicted by the SBM
theory (>100 mM™ s?) the inverse of the overall correlation time term has to match
the proton Larmor frequency (1/1. = wp).”*

1 1

1
— —t—;i=12 (1.19)
T TR Tie ™

The transverse relaxation enhancement term (1/T,,,), is contributed by all
three mechanisms, as given by Eq. 1.20.

1 i(ﬂ_o)z HRYEIPSS + D[ 3t
Tom 15\4m e 1+ with

DA

+ 41:51] + 3 7

i(ﬂ)zi‘”ﬁ”gyﬁgmf D (1.20)
15 \4m (3kpT)?1&an

The scalar term depends only on water residence time 1y and electron
relaxation rates. Owing to the relatively weak bond and consequently long Gd—Hwater
distance, the resulting effect is small. On the contrary, the scalar term provides a
more significant contribution in the case of Fe3* and Mn?* CAs.

1_1+1 i=12 1.21
Tsc_Tr' TM’L_' (.21

According to Gueron, the Curie-spin relaxation is the result of dipolar
interaction between a large static magnetic moment (at > 7T, due to strong
magnetization of CAs) coming from CAs (Ln* # Gd*) electrons and the dipole of
water protons. The CAs with diameters larger than 3 nm are negligible compared to
dipolar and scalar contributions. On the contrary, for the CAs smaller than 3 nm,
Curie-spin relaxation is the dominant mechanism. It is a function of Ty, and g but
independent of electronic relaxation rates.
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1,2 (1.22)
Tes TR ™M ’

The electron spin relaxation rates depend on macroscopic parameters such
as temperature and magnetic field.”” The relation for the field dependence is
described by the modified Solomon-Bloembergen-Morgan theory, which interprets
spin relaxation rates (1/7;.)? in terms of a zero-field-splitting (ZFS) interaction’" ¢,
given by Eqns. 1.23 and 1.24:

( ! )ZFS = 2442 LU 4ty 1.23
The - 1+ wit? 1+ 4wit? .23
( ! )ZFS = 1242 S’ + 2Ty +3 1.24
Tye - 1+ wit? 1+ 4wit? (1:24)

where A? is the mean-squared ZFS energy, and t, is the correlation time for the
modulation of ZFS interactions. The given equations are derived for GBCAs (5=7/2).

1.3.2 Outer-Sphere Contribution

The SBM theory cannot interpret interactions between paramagnetic nuclei and
water molecules from the outer hydration shell. Instead, this contribution is
described by the diffusion-controlled model established by Hwang and Freed’” 7
according to which the outer-sphere contribution (r$°) comes from closely diffusing
water molecules’ [Eqns. 1.25 and 1.26];

32 2yBy2h?Na[CA
o5 = 320 Moy T IO R BAICA) g 1) 3/ s) + Tas ()] (1.25)

T = 205 \47) ~ 1000aD

0s 32 (ﬂo)z yPY2h?N,[CA]

2" = 205 \4n) ~ 1000aD

™ S(S+ D[2 + 1.5/ps(ws) + 6.5]ps(wy)]  (1.26)

where Jos is the spectral density function that describes electronic-relaxation
dependence [Eq. 1.27]; where Re stands for the “real part of”.

1+ %(ier + %)1/2

Jos(ws) = Re ;i=12 (1.27)

1+ (ier + ,;—[:)1/2 + % (inD + ,;—‘De) + %(iwrn + ;_2)3/2

This approach omits the ligand-bound waters (second sphere) and is
correlated by the relative translational diffusion time tz, which depends on diffusion
coefficients of CA and water molecules D and the distance of their closest approach
a, as shown by Eq. 1.27.7*
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aZ
=7 (1.28)

The OS contribution makes a significant impact on non-hydrated or weakly
hydrated small-molecule CAs. Peters and co-workers investigated the OS
contribution on a series of Ln(lll) complexes with g = 0.”° The relaxivity contributions
coming from different hydration spheres were measured for Ln3* chelates of Hsdotp
derivatives with the following pending arms: phosphinic (Hidotp"),
hydroxymethylphosphinic (Hsdotp"™™), ethylphosphinic (Hsdotp®), phosphonate
ethyl monoester (Hidotp®), and butyl monoester (Hidotp®®). The 1/T: NMRD
profiles evidenced the OS contribution in greater than 60%.

1.3.3 Second Sphere Contribution

The strong paramagnetism of the Gd** affects water molecules beyond the inner
sphere. When the Gd—Hyater distance is between 3 and 5 A, these waters are assigned
to the second hydration shell.?° The second-sphere contribution originates from the
water molecules transiently bound to the ligand through hydrogen bonds and
exchangeable protons on ligand sites. Their residence time is 20 - 30 ps, and as they
tumble together, they are exposed to the influence of a fluctuating magnetic field,
resulting in dipolar electron-spin relaxation. The physicochemical parameters that
govern relaxation enhancement may be well described by the SBM theory,
summarized by Eq. 1.28; where q}ss is the number of water molecules, Tg-s are the
electronic longitudinal and transverse relaxation times, and T,s,f]- is the residence
lifetime of coordinated water molecules.

107 ¢S

R 1.28
U TS AT 29

In small-molecule CAs, the rlss contribution is usually small, owing to long
distances between paramagnetic ions and water molecules and short water
lifetimes. Increasing the quantity and residence time of waters through binding with
hydrogen-bond acceptors installed in the vicinity of the paramagnetic center, the SS
contribution may be significantly increased.®* Caravan and co-workers carried out a
study on the Gd(dota) bis-amide CA model where they replaced amide methyl
substituents for hydrogen bond acceptors, finding out that carboxylate,
phosphonate, and phosphonate esters notably prolonged the residence time of
waters in the SS.*” Substitution of acetates in Gd(dota) with phosphonates gave
[Gd(dotp)]*, the so-called outer-sphere complex, where binding of water directly to
the Gd** ion is prevented due to stereo-electronic obstacles.” This system exhibited
an r; of 3.5 mM* s with a contribution from SS of 40%. A similar observation was
noticed in Gd-complexes derived from pyclen Haspcp2a and Hep-dtpa ligands.®*
Functionalization of [Gd(dotp)]> with fatty acid chains and further conjugation to
HSA led to a more pronounced SS relaxivity.*> A different approach to improve
relaxivity via SS was illustrated by Botta et al., who used a Gd(dota-mono-amide)
complex where the carbonyl of the propyl amide pendant established a 5-ring
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chelate with a Gd* ion.*® The high steric demands left the inner sphere non-
hydrated; however, it exhibited relatively high relaxivity, arising from the rapid
exchange of waters bound to the NH group of the amide.

1.3.4 Hydration number

As previously mentioned, hydration number is the number of water molecule(s)
coordinated to the paramagnetic ion. It is a physicochemical property of a complex
independent of magnetic field strength. All current clinically approved CAs are
monohydrated, displaying low relaxivities (4-5 mM? s?) compared to values
predicted by the SBM theory. The inner-sphere relaxivity is directly proportional to
g, and therefore, relaxivity enhancement could be achieved by increasing the
number of bound waters. However, this requires reduction of ligand denticity, which
comes at the expense of thermodynamic stability and kinetic inertness. This
dependence is illustrated by comparing Gd-complexes derived from Hadota ligand
with its hexa- and heptadentate analogues. The eight-coordinated Gd** ion in
[Gd(H.0)(dota)]- accommodates a single water molecule in the apical position,
providing r; of 4.3 mM™ s and the highest thermodynamic stability of all clinically
approved GBCAs with log K of 25 (20 MHz, 25°C).*”*° An analogous chelate with one
acetate arm less is [Gd(H.0).(do3a)] which displayed increased relaxivity of 6.2 mM"
1 s and relatively high stability of 18.7; however, it undergoes interactions with
endogenous anions.’® The observed relaxivity enhancement originates from the
second and outer sphere (50%). Further comparison with [Gd(H20)s(do2a)]*, with
three waters in the inner sphere, r; of 6.5 mM™ s and very low stability, reveals the
limiting impact of factors other than g-value.

Another issue associated with g > 2 complexes is the quenching effect,
implying water displacement by endogenous anions (hydrogencarbonate,
phosphate, etc.) or negatively charged side arms of amino acids in proteins. This
issue has been addressed by the development of a few new classes of heptadentate
ligands, which provided bis-hydrated complexes and yet preserved thermodynamic
stability comparable to that of Gd(dota) (Fig. 1.6). Interestingly, their Gd-chelates do
not form ternary adducts with anionic metabolites.”* Among them are those derived
from the pyridine-containing triaza macrocycle triacetate (Hspcta) ligand, whose Gd-
complex displayed a r; of 6.9 mM™ s and log K equal of 20.1.% Its high relaxivity is
assigned to two coordinated waters, and high thermodynamic stability is the result
of ligand rigidification due to the pyridine moiety. Substitution of acetate in the trans
position to the pyridine moiety with the methylenephosphonate arm leads to the
Hapcp2a ligand, which the Gd complex shows improved ry (8.3 mM™? s?) and log K
(23.4).% The relaxivity boost is assigned to the improved fast water exchange rate
and larger second hydration sphere. The Aime group introduced the heptadentate
6-amino-6-methyperhydro-1,4-diazepinetetraacetic acid (Hsaazta) ligand, which Gd-
chelate reaches the r; value of 7.1 mM™* s with logk of 20.2.>* Although the
[Gd(H.0):(aazta)]” does not undergo transmetallation with ten-fold concentrations
of Zn?*, Ca?*, and Mn?, it is kinetically more labile than GBCAs, due to which it is not
viable for clinical application. Another promising design is tris-hydroxylpiridinone
(Hstren-Me-2,3-hopo), developed by Raymond and co-workers.”® Unlike the
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previous ligands, here the coordinating groups are oxygens, which Gd complexes
exhibited remarkably high r; (10.5 mM™ s?), owing to longer electronic relaxation
times and more optimal inner-sphere water exchange rates. On the other hand, its
high conditional stability pGd of 20.3 is explained in terms of Gd** ion oxophilicity,
which forms very strong Gd—Ojigana bonds.” The major drawback of [Gd(H.0).(tren-
3,2-hopo)], besides its insufficient kinetic inertness, is a low solubility in biologically
relevant conditions. Replacement of the ligand cap, tris(2-aminoethyl)amine (tren),
with 1,4,7-triazacyclononane (tacn), resulted in highly soluble tris-hydrated
[Gd(H.0)s(tacn-3,2-hopo)]~ with even higher r; (13.1 mM*s?).%°

\
Hjtren-3,2-hopo H,tacn-3,2-hopo

Figure 1.6. Illustration of heptadentate ligands, which provide bis- and tris-hydrated complexes.

Hydration number can be determined from the difference of luminescence
lifetime decays of Eu®* or Tb* analogues in H,0 and D,0O. The quenching is more
effective for coordinated H,O as the O-H oscillators absorb energy more
effectively.”” ° This technique allows determination in the uM (indirect excitation,
via antenna) to low mM (by direct excitation) concentration range of Ln(lll)-chelates.
Other less common techniques used to determine g value are Ln(lll)-induced "0
shifts measurments,” *H, and Y70 ENDOR spectroscopy.'®” '°* The hydration number
can also be estimated by X-ray crystallography; however, the obtained values are not
accurate for hydration in solution.

1.3.5 Water Exchange Rate (k)

The water exchange rate k., between the inner hydration layer and the bulk is the
inverse of the coordinated water residence lifetime (ty,). The ke, limits of relaxivity
are as follows: if r; < 1 ns, the bound water molecule cannot achieve full relaxation
before it detaches from Gd*, and if 7y, > 1 us, the Gd** is occupied with a relaxed
water molecule for too long, preventing other water molecules from getting relaxed.
For the hypothetical monohydrated CA with optimal tumbling, the SBM theory
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predicts maximal values for r; at common clinical imaging fields (= 1.5 T) only if the
Ty is in the optimal range of 5 — 25 ns.*

The exchange rate primarily depends on the nature of the paramagnetic ion.
Along the series of Ln3 ions framed within the Hsdtpa-bma ligand, the Ln-chelates
displayed from Nd* to Gd** an almost constant exchange rate, characterized by an
interchange associative mechanism, and 10-fold increase to Ho* owing to a change
into dissociative activation.’®® The opposite trend was observed in the case of bis-
hydrated Ln(pdta) chelates, where, going on from associatively activated Gd**-
chelate to dissociatively activated Yb3*-chelate, the exchange rate decreased by 2
orders of magnitude, clearly suggesting dependence of metal ion size and ligand
type.'” Since that 1y, reflects the strength of Ln—Ouwater bond, in the case of eight-
coordinated Ln3*-complexes, the water molecule dissociation can be accelerated by
destabilizing this interaction. One way to achieve this is by increasing steric
hindrances on the ligand. For instance, the 12-membered Gd(dota) displays 1y, of
122 ns, whereas replacing one acetate for a sterically more requiring propionate
pending arm caused a reduction 1y, at 16.2 ns.'% Even greater steric compression
around water binding sites is observed in 13-membered Gd(trita) with ty, of 3.7 ns.
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Figure 1.7. Impact of various structural features of CAs on exchange rate of inner-sphere water with
the bulk.

The Gd-chelates of Hadota-derived ligands exist in the water solution in
dynamic equilibrium of two major coordination isomers, TSAP and SAP.'%> 1% |n
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Gd(dota), the dominant isomer is SAP (83%), in which the sterically less crowded
Gd* center is more exposed for water coordination, exhibiting a slower exchange
rate (360 ns) by a factor of 50 than that in TSAP, as shown by Woods and
coworkers.’ Introduction of a methyl group in the a-position of acetates gives
Gd(dotma) favoring the TSAP isomer (81%), which is sterically more compressed,
resulting in a longer Gd—Owater bond and consequently a more optimal 7y, of 85 ns.
These strategies are useful for designing T:w CAs since the majority of small molecule
GBCAs, including the clinically approved ones, display ty, in the 120-200 ns range,
except for Omniscan (~ 1 uM).

In stark contrast to Tiw CAs, the paraCEST imaging modality requires
intermediate exchange rates on the NMR time scale.'® A straightforward way to
slow exchange rates is by reducing the electron donor ability of coordinating groups,
e.g., conversion of negative acetates into noncharged amides. For instance, the
conversion of two negatively charged acetates in Gd(dota) into charge-neutral
amides produces Gd(dota-2dma) with a lifetime of of 822 ns, whereas substitution
of all four acetates results in Gd(dotam), which displayed a drastically longer
value(19 ps).’* *1° This is rationalized by the lesser basicity of amide oxygen that
coordinatively saturates the Ln3 ion to a lesser extent, which then establishes a
stronger Ln — Owater bond, resulting in slower exchange kinetics. In addition, the
exchange rates can be fine-tuned by installing electron-withdrawing groups onto
amide pendants—for instance, -CN or F~, which additionally decelerate water
exchange by 324 and 148 ps, through mesomeric and inductive effects,
respectively.'*! Conversely, the electron-donating groups are weakening metal-
water interaction, providing faster water exchange.'*°

The water exchange kinetics are usually estimated by measuring transverse
relaxation rates of water by variable-temperature O NMR spectroscopy in the
presence and absence of GBCA."> ™3 In this experiment the transverse relaxation
rates of ¥’Ouater are measured over a series of temperatures where the obtained 1/T,
values are proportional to the linewidth of the 70 peak, which fitting derives 1.

1.3.6 Rotational Correlation Time (tg)

Reorientational correlation time is the correlation function for the Gd—Ouwater vector
induced by rotational diffusion of Gd-chelate. Since it depends on magnetic fields,
the optimal values predicted by the SBM theory vary with magnetic fields. In general,
the ideal 1y is equal to 1/wy and at clinically relevant fields (> 1.5 T), the optimal
value falls in the range 0.5-4 ns.” However, commercial GBCAs are fast tumbling
(~100 ps), meaning that high-relaxivity CAs require longer tz.”* The grounds for
optimizing rotational dynamics can be rationalized by the Debye-Stokes relation,
according to which the rotational diffusion coefficient (tp) for spherical solutes scales
with molecular radius (a), which is linearly correlated to MW.'** Accordingly, the
common strategies to slow down molecular tumbling imply either conjugating a
small paramagnetic CA to a macromolecule or increasing the size of a CA.* ® To date,
a wide array of CAs have been attached to various organic or inorganic scaffolds such
as dendrimer’®, proteins, or nanoparticles''® '/, assembled into supramolecular
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polymetallic coordinative adducts''®, appended or encapsulated into micelles or

liposomes®® 1%°, set as a barycenter or multiple chelates attached to an organic
barycenter?' 122,

Although the attachment of small-molecule CAs to a macromolecule
increases relaxivity by prolonging isotropic rotational correlation time, in very large
molecules, the anisotropic motions significantly limit relaxivity.’”* The influence of
molecular motions on relaxivity has been addressed by Caravan et al., whose study
included two Gd(dtpa)-based tetramers having either one or both ends capped with
a targeting vector.'” In free forms, both probes displayed r; about 10 mM™* s,
which, upon binding to albumin, displayed r;, for mono- and ditopically bound
tetramers, 30.7 and 41.3 mM* s, respectively. The larger gain reflects more
restricted internal motions due to ditopical binding. More recently, the same
research group examined relaxivity dependence on internal rotation of the aqua
ligand around Gd-Ouater.'?® The intramolecular H-bond between the coordinated
water proton and H-bond acceptors in the vicinity slows water rotation, resulting in
increased relaxivity.

The first demonstration of RIME utilized MS-325 to establish hydrophobic
interactions via a lipophilic biphenycyclohexyl moiety to four different binding
pockets in HSA with the highest K4 of 85 uM.*® The MS-325 conjugate displayed a
nearly 100-fold increase in Ty, from 115 ps to 10.1 ns, leading to r; enhancement
from 5.5 to 25 mM™ s, Relaxometric properties of structurally similar MP-226 were
compared to MS-325, where the HSA-bound form displayed reduced gain in ry (17
mM? s?) which is assigned to significant internal motions.”’ This is reflective of a
lesser number of stabilizing interactions, as indicated by weaker Kq (110 uM). When
compared to non-covalent interactions, the covalent macromolecule-CA binding
provides stronger rigidification of chelates and consequently a larger boost in
relaxivity. The magnitude of relaxivity change is illustrated by Wang et al,*** who
synthesized and characterized a series of Gd(do3a)-derivatives conjugated to the
chlorine-terminated haloalkane moiety of varying lengths (n-CHTGds) for covalent
binding to HaloTag protein. The one with optimal chain length (2-CHTGd) underwent
an rychange from 3.8 mM?s?to 22.0 mM s, indicating strong rigidification of
the protein-anchored probe. Although more efficient, the covalent attachment is
less desirable, as it may lead to more pronounced toxicity due to the high chance of
gadolinium ion dissociation.

1.4 Responsive CAs for mMRI

Responsive CAs alter MRI signal intensity upon interaction with specific biomarkers
from their microenvironment, underscoring biological processes at the molecular
level.’ %1 |n a mechanistic sense, the receptor interactions with stimuli induce
structural changes on the receptor, which changes parameters that determine
relaxivity. Strategies for activating CAs in response to stimuli are mainly grounded on
variations of rotational correlation time, hydration number, and water exchange
rate. These molecular sensors are in literature frequently referred to as activable or
smart CAs (SCAs)."** This chapter highlights notable strategies reported so far to
activate response mechanisms of CAs.
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14.1 7g-modulation

The CAs activated by tumbling rate imply a change in rotational dynamics of CAs in
response to stimuli with respect to diffusion of a solvent.*® 1331 |n this regard, the
most common strategy of small-molecule CAs is through assembly into a larger
supramolecular adduct. An elegant activation approach of this type has been put
forward by Parac-Vogt and coworkers.**° They designed a probe containing Gd(dtpa)
and a phenanthroline chelator, which self-assemble in the presence of Fe?* into a
tetranuclear heterometallic self-assembled metallostar compound where the Gd-
chelate tumbles with a tumbling rate of aggregate, producing an r; increase from 3.9
to 9.5 mMs? per gadolinium (Fig. 1.8a). A different type of assembly-triggered
activation involving adducts with poor water solubility was reported by Ye et al.**’
They anchored two Gd(do3a-am) chelates onto an acyclic construct with an
incorporated 2-cyano-6-hydroxyquinoline moiety and sensitive biothiol (Fig. 1.8b).
Exposure to reductive media cleaves disulfide bonds, which promotes intramolecular
macrocyclization of the acyclic precursor followed by self-aggregation of
hydrophobic cyclo-adducts into Gd-NPs, resulting in amplified r; by 60%.
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Figure 1.8. Activable CAs modulated by tumbling rates. (a) Change in tumbling is induced by
coordination-driven self-assembly of three [Gd(dtpa-phen)]- units around Fe?* ion into tetrametallic
[Gd(dtpa-phen)sFe]. (b) Redox-triggered change in rotational dynamics exploiting argentation of poorly
soluble macrocyclic adducts.

The Lepage group designed a proteinase-modulated contrast agent (PCA-2-
switch), aiming at visualization of in vivo activity of the cancer marker, the matrix
metalloproteinase-2 (MMP-2) enzyme (Fig. 1.9a)."*® The PCA-2 switch consisted of
Gd-DOTAam conjugated via a hydrophobic C-12 alkyl chain to the N-terminus of the
cleavable peptide substrate and a hydrophilic PEGg chain attached to the opposite

29



C-terminus. Upon cleavage of the peptide by MMP-2, detachment of PEG fragments
caused accumulation of PCA-2 due to decreased water solubility. This is followed by
a change in ry from 2.06 (+ 0.04) mMs for the PCA-2 switch to 2.18 (+ 0.03) mM-
st for the PCA-2. The observed increase is the result of longer 7z, which occurred
due to agglomeration. The opposite strategy, with respect to change in tumbling
rate, was implemented by Catanzaro et al.**® Here, the MMP-2 cleaves the hanging
part of the Gd-chelate, which is partly embedded into the liposome membrane,
leading to greater mobility of the released Gd-cage (Fig. 1.9b). The increase in
rotational mobility of the cleaved part is analyzed by means of the Ry,/Ryp strategy,
whose response is independent of the concentration of contrast agent.**

MMP-2
cleavage site
Hydrophobic C14
alkyl chain

HN
o ) o v Y H

Bound to N AN NOH
liposome S O ¢

MMP-2
cleavage site

Figure 1.9. Enzyme-activated solubility-switchable CAs. In gray color are depicted the cleavable
peptides, where ““|”” marks the cleavage site. MMP-2-cleavable Gd-probes are activated by cleavage of
(a) SGESPAY | YTA and (b) NIPVS|LYA peptide sequences.

Another way to reduce molecular tumbling is by changing the conformation
of large molecules. A notable design was reported by Aime and co-workers, who
utilized a ratiometric r1/r. MRI strategy to exploit pH-dependent rotational dynamics
of macromolecular probe [(Gd(dota-am)s; — Ornyes].'** The probe is based on poly-
L-ornithine, having 33 out of 205 terminal amines conjugated via a squarate moiety
to a Gd(dota-am)-based MR reporting unit (Fig. 1.10). At pH < 9, the non-conjugated
terminal amines are positively charged, giving rise to the random coil conformation,
while higher pH promotes the a-helical structure.’** At pH values of 7, 10, and 12,
these two conformations exhibited global rotational correlational times of 1.0, 1.7,
and 3.6 ns and local reorientational times of the chelate 0.23, 0.27, and 0.52 ns,
respectively. These differences in rotational dynamics of conformers lead to a boost
in the Ra/Rs ratio over the pH range from 7 to 12.
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Figure 1.10. The chemical structure of [(Gd(dota-am)ss — Ornyos].

1.4.2 g-modulation

g-activation implies modulation of water access to chelated paramagnetic ions,
triggered by stimuli, between the “on” state, which produces a strong MRI signal,
and the “off” state, characterized by a low signal.’* In this respect, the design of
responsive probes requires changes in the coordination sphere, resulting in either
displacement or coordination of water molecule(s). The first responsive CA designed
to assess enzymatic activity was reported in 1997 by Meade et al.*** The probe
consisted of a Gd(do3a)-derived transducer where the access of water to the
paramagnetic Gd** is restricted by a covalently bound galactopyranose ring via a
cleavable linkage to the remaining pending arm. Exposure to the B-galactosidase
cleaved the galactopyranose moiety irreversibly, producing a monohydrated cage
with r; elevated by 20%. Opposite to the activation by irreversible changes is
activation induced by reversible changes, involving dynamic systems. In the study
carried out by Tircsé et al.*** the Mn(ll)-probe derived from the Hs(pc2a) ligand
having an ethylamine arm sensitive to pH was used. The pH-dependent coordination
of the ethylamine arm enabled a turn-on response at physiological pH (K, " = 6.88).
The reduction of ligand denticity promoted coordination of the water ligand, the so-
called turn-on mechanism, resulting in higher inner-sphere relaxivity.

Traditional design of RCAs for sensing metal ions M™ includes the presence
of a second chelator, which selectively binds a target cation and induces flipping of
a shared pendant, which can exchange between Ln3 and M™ coordination spheres.
In the presence of M™, the shared pendant arm flips from the MR reporter cage onto
the M™ chelate, increasing IS hydration, which leads to an off/on response. The very
first calcium-sensitive MRI sensor for the functional imaging of the CNS was
pioneered by Meade et al. (Fig. 1.11a)."*® This MR reporter consisted of two
Gd(do3a)-derived chelates bridged by a modified BAPTA chelator with improved
selectivity to Ca?* over Mg?* and affinity in the low uM range, coined for intracellular
sensing of Ca?* transients.'*® The Ca?* sensor is ‘smuggled’ into the cell as an ester
and activated by ester hydrolysis.*” A similar example involving an Mn?*"-based MRI
transducer and BAPTA as a Ca-responsive moiety was published by the Jasanoff lab.?
Throughout the years an amazingly large number of low-affinity variations,
employing EDTA, EGTA, and DTPA as Ca-switches, were proposed for sensing
extracellular Ca?* (0.1 to 2 mM).**® *° The same logic was used by Chang et al. to
produce a series of GBCAs sensitive to Cu* ions in the presence of Na*, K*, Ca®", Mg?,
Fe?*, Fe®*, Cu®, and even ten-fold concentrations of competitive Zn?* ion.”*° The
opposite sensing strategy has been explored on a Gd-DTPA-derivative, in which two
carboxylates were functionalized with Zn?*-chelating units (Fig. 1.11b).”" In the
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absence of the Zn?* ion, the aminocarboxylates assist the binding of Gd**, whereas
in the presence of Zn?*, they rearrange by forming the Zn-chelate, which blocks
access of water molecules to Gd**.
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Figure 1.11. g-modulated activation of responsive CAs induced by M2+ ions. (a) The turn-on mechanism
is featured by a reduction in ligand denticity. The Ca-free form is off-state, where the water
coordination is impaired due to steric hindrances coming from Gd-bapta interactions, resulting in a
weak MRI signal. Binding of calcium disturbs Gd-acetate(bapta) interactions, promoting inner-sphere
hydration and thus a stronger signal. (b) The turn-off mechanism is triggered by coordination of Zn2*,
inducing steric hindrances that block water from binding Gd3*.

Unlike previous turn-on designs triggered by Ca?* ions and enzymatic
cleavage, where selectivity is defined by the BAPTA affinity to calcium and enzyme
specificity, respectively, the main contributing interactions in the turn-off
mechanism, in the case of polycharged guests, are Gd-analyte bonds, whereas the
selectivity between different guests is governed by additional stabilizing
interactions.’ > On account of this goes a notable example of intermolecular
ligation demonstrated by Lee et al.***, who developed genetically engineered
metalloprotein sensor BM3h-9D7 from the paramagnetic heme protein of bacterial
cytochrome mutant P450-BM3'°°, sensitive to dopamine with a Kg of 1.3 uM. In the
DA-free state, the BM3h-9D7 exhibited a r; of 0.83 mM™s?, whereas in the presence
of DA, it decreased to 0.10 mM™ s’X. Measured optical spectra of protein revealed
that dopamine binds in the BM3h binding pocket as an axial ligand by directly
coordinating the heme Fe® cofactor, reducing the g-value from 1 to 0. Selectivity
over structurally similar guests is achieved due to greater complementarity of the
binding pocket for binding DA.**® Very recently, Clark and co-workers reported that
the ACh-responsive nanosensor ACh-MRNS consisted of a nanoparticle composed of
a polyvinyl chloride core coated by amphiphilic DSP-PEG-lipid, onto whose surface
were co-immobilized a pH-responsive Gd-based MR transducer and the enzyme
butyrylcholinesterase (BuChE) (Fig. 1.12)."*” The enzymatic cleavage of ACh into
choline (Chol) and acetic acid, whereas the pH drop in the microenvironment of the
Gd(do2a)-based reporter protonates the coordinated phenoxide, causing its further
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detachment and consequent increase of 1/T, relaxation rate by 20% due to higher
inner-sphere hydration.

? Chol + ?
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Figure 1.12. Chemical structure and mechanism of an Ach-responsive nanosensor. (a) activation
mechanism of the ACh-MRNS and (b) g-modulated response mechanism of covalently attached pH-
sensitive Gd(do2a)-based chelate. The role of the nanoplatform is to keep the two components, BuChE
and the MRI transducer, in close proximity.

1.4.3 Miscellaneous Activation Mechanisms

In this section are discussed responsive CAs, which could not be classified in either
of the previously described groups, including fluorinated, paraCEST, and
hyperpolarizable CAs.

High interest in the development of *F MRI probes is due to the lack of
background signal in humans and the high sensitivity of '°F nuclei, comparable to
that of protons (y(*H)/y(**F) ~ 1.06)."* Most of the current examples can be
summarized into two categories, which make use of conceptually different effects.**®
The first strategy implies modulation of fluorine signal sensitivity via PRE, which is
practically achieved by alternating the distance between the paramagnetic metal ion
and °F. Yu et al.'*° exploited the paramagnetism of Fe3* to develop a non-magnetic
9F-based probe responsive to B-galactosidase. Enzymatic cleavage of the sugar
moiety unmasks the chelator, which, in the presence of Fe*, assembles into a
dimeric chelate, shortening the T value of the nearby '°F label. Another notable
design was demonstrated by Sakamoto’s group,’® who used a Gd(do3a)-chelate
functionalized with '°F end-labeled oligodeoxyribonucleotide (ODN) motif to
visualize in vivo gene expression (Fig. 1.13). The second strategy is grounded on °F
LIS, which exploits a large spectral range of °F.'°> Parker and co-workers
implemented *°F LIS to develop a pH-responsive Ho(do3a) derivative featured by a
fluorinated ethylamine sulphonamide pending arm.’®® At pH < 5, the coordinated
sulfonamide group detaches due to protonation, causing *°F LIS by 40 ppm. The same
group reported numerous Ln(lll)-based responsive probes incorporating Ca®*,
citrate, and esterase switches.'®* Further variation of the *°F LIS effect is reported by
Blackburn et al., who demonstrated °F CEST of free fluoride ions using a strongly
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paramagnetic Yb(dotma) platform, which induced A8 between free and bound F of
736 ppm.'®®
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Figure 1.13. PRE activation of fluorinated probe. The fluorinated self-immolative ODN motif is folded,
placing 1°F in the vicinity of Gd3*, which has a much more pronounced effect on T, shortening over Ty.
The resulting low T,/T; ratio leads to a broadening and disappearance of the 1°F signal in both MRI and
MRS. The addition of a probe with complementary ODN increased the Gd—19F distance, resulting in a
greater T,/T; ratio and, consequently, a more intense '°F signal (turn-on mechanism).

To date, numerous responsive paraCEST probes have been developed where
the CEST is modulated by the oxidation state of the paramagnetic center. Morrow et
al. introduced the CoCEST-responsive probe, which switches between the CEST-
active paramagnetic Co?* and silent Co® forms.'®® The complex is made of a TPT
ligand, whose paramagnetic form is characterized by the appearance of 'H signals at
140 ppm coming from exchangeable amine groups on pyrazole pending arms.
Exposure to O, conditions converts Co?" into diamagnetic form, leading to loss of
proton resonances. Another type of redox-activatable paraCEST CA has been
reported by Sherry and co-workers, who constructed a Eu** complex derived from
the Hi(dota)(gly)s framework in which two pendants were functionalized with N-
methylquinolinium moieties that mimic the oxido/reductive role of the redox couple
[NADH]/[NAD*]."*” Reduction of the quinolinium moiety by B-NADH into
dihydroquinoline induced changes in the coordination environment of Eu®, resulting
in a CEST increase from 2 to 15% for the metal-bound water molecule and a signal
shift change from 43 to 50 ppm. Traditional lipoCEST agents display two water
resonances, corresponding to intra- and extra-liposomal bulk water, where the
selective saturation of intraliposomal water and exchange through the liposomal
bilayer transfers saturation into the extra-liposomal compartment.’®® A clever
strategy to exploit the CEST effect combined with Gd-doped liposomes into a dual *H
T1-CEST agent was introduced by Terreno et al.'®® The dual probe consists of an
encapsulated paramagnetic CEST agent, Tm(dotma), and a Gd(do3a) chelate
immobilized on the surface through a cleavable disulfide linkage (Fig. 1.14). When
the Gd-probe is attached at the surface, it relaxes the bulk water protons, which
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impairs the CEST effect. In the presence of a reductive stimulus, a Gd(do3a)-derived
chelate is detached as the SS bond gets cleaved, which activates lipoCEST.

reductive
environment
_—

HSJJJJJJJ;

T, active T, silent
CEST silent CEST active

Figure 1.14. Dual-modal LipoCEST contrast agent. The activation mechanism is triggered by cleavage of
the disulfide bond. Chemical structures of: (i) Tm(dotma) is the 'H CEST active component; (ii) the
reactive C18-PDP moiety was used to bridge the liposome, via aliphatic alkyl chains, with Gd-chelate,
through disulfide linkage; (iii) the T1-active component is the Gd(do3a)-derived chelate.

The spin hyperpolarization technique is readily combined with molecular
sensors to enhance the sensitivity of conventional MRI by several orders of
magnitude. In 2006, Pines and co-workers pioneered the concept of HyperCEST,
intended for gas-phase NMR-based imaging.'’° This approach combines different
types of xenon sensors with affinity tag'’*’° and the hyperpolarizable ?°Xe isotope
with CEST imaging,'’® allowing detection in the nM concentration range’”” and short
acquisition times. The inner cavity of encapsulating hosts is crafted to accommodate
129X e, providing exchange rates with media suitable for CEST."’® An additional benefit
of °Xe is that it produces very high SNR since it is not a biogenic element. Further
advances in terms of targeted imaging have been put forward by Francis et al.”° who
developed a CB6 rotaxane host for 2°Xe hyperCEST responsive to MMP-2. The
different approach involving hyperpolarization of *3C nuclei by the DNP technique
was recently reported by Westmeyer and co-workers.'*° They demonstrated usage
of 3C-EGTA and 3C-EDTA as hyperpolarizable MRI probes responsive to divalent
metals M?; biologically important (Ca?", Zn?*, Mg?*) and the common toxic ions (Cd?",
As?*, Pb?). In response to complexation with M?%, the hyperpolarized chelators
undergo conformational changes displaying carboxylic **C resonances specific for
each M?- bound adduct (Fig. 1.15a)."®! These probes allowed faster detection in the
UM range after dynamic nuclear polarization. The drawback of hyperpolarization is
primarily limited by the rapid T: magnetization decay. This issue has been addressed
by the Nonaka lab.'®? aiming at detection of Ca?* by >N hyperpolarized CAs, with
extended time over several tens of minutes, due to long **N T; of 815 s at 1.51 T (Fig.
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1.15b). A different approach relying on the application of complex compounds has
been reported by Kovaés et al.,***> who used ®Y(lll) nuclei as an alternative with long
T1 relaxation to develop an #Y(do3a-NTs) pH-responsive hyperpolarizable CA (Fig.
1.15¢).
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Figure 1.15. Responsive hyperpolarizable sensors for NMR-based detection. Interaction with stimuli
induces conformational changes that modify chemical and magnetic properties of hyperpolarizable
labels, resulting in shift changes. (a) In the case of Ca?*, the binding to 13C-EGTA induced a AS of 13C
carbonyls for 5 ppm. (b) Binding of Ca2* evokes deshielding of hyperpolarized 1>N-label, causing A5 of
1.5 ppm. (c) Response of 8Y-based sensor to pH.183 At pH 4 the coordinated sulfonamide is shielding
the hyperpolarized 8°Y-label; upon change of pH to 9, nitrogen detaches due to protonation, resulting
in an 8Y A§ of 25 ppm downfield.

1.5 Dendrimeric scaffolds in mMRI

Dendrimers are well-defined, multivalent, radially layered polymers with tunable
physicochemical properties, which makes them suitable for biomedical
applications.'® The name "dendrimer" was introduced by Tomalia et al.*®, tailored
from the Greek words "dendro" and "meros," giving prominence to the branched-
like shape of molecules. Although less frequently, in the literature can be found other
terms referring to dendrimers, such as "cascade polymer" and "arborols." In the
following subchapter, dendrimeric structural features of importance for drug
delivery and their impact on properties of conjugated small-molecule responsive
MRI contrast agents are discussed.

1.5.1 Pharmacokinetic properties of dendrimers

Regarding the molecular design, dendrimers consist of the following components:
(1) a central core, which could be a small functional molecule**® **’, metal-based*®,
polymer'®® or a nanoparticle’®; (2) repeating building blocks covalently attached in
a cascade pattern from the core towards the exterior; and (3) end-groups, which are
of vital importance for pharmacokinetic properties.’”* The example of dendrimeric
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architecture is illustrated in Fig. 1.16, for the case of the poly(propylene imine) (PPI)
dendrimer, Am-DAB-32.
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Figure 1.16. Structural properties of dendrimers illustrated by Am-DAB-32. The PPI dendrimer consists
of the following structural fragments: (1) DAB core, abbreviated from diaminobutane; (2) propylene
imine branching units, radially spreading from the core towards the surface; and (3) amine terminal or
end groups (Am), in this case corresponding to 32, which is equivalent to the fourth generation (G4) of
interior layers. Dendrimers are also featured with internal cavities of different dimensions, which could
accommodate various small guest molecules.

Properties such as polydispersity, a large number of surface groups and ease
of their functionalization, a polycharged interior, and tunable toxicity give rise to a
practical application of dendrimers as versatile molecular scaffolds for insoluble
pharmaceutical agents. The importance of surface morphology and hydrodynamic
radii are decisive factors for biodistribution and blood circulation. In general, particle
sizes of hydrodynamic radii less than 4 nm are rapidly filtered off by kidneys.'*”> The
amine-terminated G4 PAMAM dendrimers with positively charged surfaces establish
electrostatic interactions with anionic proteoglycans, leading to a rapid
accumulation in the liver, spleen, and lungs, which makes them more toxic.** To
increase biocompatibility, the surface charge is usually being neutralized by coating
with peptides, polysaccharides, or PEGylation.” In addition, PEGylation prolongs
circulation time, leading to less accumulation in the liver and kidneys and elevated
preferences towards tissues with leaky vasculature, such as inflamed'® or
cancerogenic tissues'®®, through so-called passive targeting. Moreover, active
targeting of a specific tissue can be achieved via additional functionalization with a
targeting moiety.*’

1.5.2 Dendrimers as Nano-Carriers Dendrimers as Nano-Carriers

In recent years, dendrimers have attracted a lot of attention as versatile nanocarriers
for poorly soluble and toxic therapeutics that are prone to hydrolysis under
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physiological conditions.’”® Dendrimer-drug conjugation provides enhanced
solubility, improved stability, and therapeutic effects. The active pharmaceutical
compounds can be loaded into dendrimers by inclusion, physical adsorption, or
covalent attachment (Fig. 1.17)."°>?°* The internal voids bind small guests by
establishing hydrophobic interactions’”, hydrogen bonds’” or electrostatic
interactions with the charged interior.?%> ?°* In addition, dendrimers can function as
unimolecular micelles®”, where the polar surface provides good solubility in
hydrophilic media while the hydrophobic interior entraps and solubilizes nonpolar
guests.’®. Depending on the type of dendrimer, dendrimer-drug complexation
through electrostatic interactions can take place with a charged surface as well.”*’
Covalent conjugation implies attachment of target molecules onto the surface.”*
These dendrimer-drug conjugates could be designed to release tail groups in
response to stimuli. For instance, Zhu et al. demonstrated acid-triggered release of
the anti-cancer drug doxorubicin, previously functionalized to PEGylated PAMAM
dendrimeric end groups via an acid-sensitive cis-aconityl amide linkage.’” On the
other hand, periphery has been modified by various groups to improve targeting?'°
and cell internalization®%,
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Figure 1.17. Types of interactions of G3 PAMAM-dendrimer with various guest molecules. (1)
Entrapment of 5-fluorouracil (brown) is supported by interactions mediated through close-contact
events and short-lived H-bonds?°?, and ketoprofen (grey) is dominated by dispersion terms and weak
H-bond interactions?!’ 212; (2) covalent conjugation of dox (blue) to the peripheral amines.?*®

Furthermore, multivalency of dendrimeric external groups has been
exploited to prepare various dendrimer-conjugated MRI CAs. Rajca et al. introduced
the G4 PPl-conjugate as the metal-free organic radical contrast agents (ORCAs) in
which the paramagnetic nitroxide free radicals are conjugated to the surface of the
G4 PPl dendrimer (Fig. 1.18a).”** Loading capacity of free radical and mPEG units was
estimated to be 12.6 and 35.8, respectively, providing an r; of 5.0 mM? s
Conjugation of a large number of paramagnetic units increases a local concentration
of MRI reporters and thus signal intensity, with, however, a lack of specificity. This
issue could be resolved by functionalization with a targeting moiety. For instance,
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Baker and co-workers specifically targeted tumor cells expressing folate receptors by
introducing folic acid as a tag next to a Gd(dota)-derived MRI transducer (Fig.
1.18b).”** Next to surface functionalization, dendrimers with cleavable cores are
readily used to produce dendrons, offering additional branching points for further
functionalization. One of the works previously conducted within our lab
demonstrated usage of a surface-functionalized G4 PAMAM dendrimer with a non-
sensitive Gd-chelate to obtain a dendron-like multimodal CA (Fig. 1.18c).”*> Namely,
the reductive cleavage of the disulfide core provided a G4 PAMAM dendron
derivative, which was further functionalized with a lysine spacer bearing a biotin tag
and FITC dye.
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Figure 1.18. Multivalent conjugation of dendrimeric terminals. (a) A G4 PPI-conjugate bearing PEG units
(grey) and a free radical (right) as the paramagnetic MR reporter. (b) G4 PAMAM-conjugate having
attached folic acid as the transfection component (gray) and a Gd(dota)-derived MR reporter (black).
(c) Multi-modal G4 PAMAM dendron-like CA for targeted MRI and optical imaging.

Giinduz et al. extended the scope of dendrimeric CAs to Ca®*-responsive
PAMAM-conjugates.?'® The design consisted of a Gd(do3a)-derived MR transducer
bridged to PAMAM amine terminals by a modified EGTA chelator as a Ca?*-switch,
whose affinity is suited for sensing transient concentrations in extracellular space.
Upon saturation with 2.0 equiv. of Ca%, the induced rigidification of the EGTA moiety
caused an increase in the hydrodynamic diameter of the PAMAM-conjugate from 5.4
to 8.3 nm for the Ca-bound form. These changes were followed by the co-existence
of non-synchronized changes of r; and r, relaxivities, resulting in the r,/r; increase
of over 100%. In similar fashion, Sherry and co-workers, coupled a pH-responsive Gd-
chelate onto a PAMAM dendrimer, where the synergy of altered tumbling and
proton exchange rates enhanced responsiveness to pH by more than a factor of 2.2/
To improve the solubility of dendrimeric-CA conjugates, the hydrophilic PEG is often
co-attached onto the dendrimeric surface. However, oxygen from the PEG unit may
interfere with relaxation properties by establishing weak Gd-Ops interactions.?*
Another interesting example of dendrimer application comes from Bulte et. al.’*’
who employed a carboxylate-terminated G4.5 PAMAM dendrimer to stabilize
magnetic SPI0s, as illustrated in Fig. 1.19, and deliver the resulting y-Fe203 NPs,
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which are stable over a wide range of pH values and temperatures, into the cell. The

magneto-dendrimers displayed remarkably high r; relaxivity, reaching 200-400 mM"
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Figure 1.19. Schematic depiction of y-Fe 03 stabilization into nanoparticulate magneto-dendrimers.
The procedure consists of coating superparamagnetic y-Fe,03 NPs with carboxyl-terminated G4.5
PAMAM dendrimers into magnetodendrimers with a core size of 7-8 nm, which aggregates into 20-30
nm core-sized superparamagnetic nanocomposites.

In summary, the positive aspects of paramagnetic sensors conjugated to
dendrimer terminals are: (1) improved biocompatibility arising from the dendrimeric
component, (2) increased local concentration of Cas, (3) altered T, and T, relaxivities,
and (4) the ability to load various types of pharmaceutically active components,
which opens the possibility to easily prepare multimodal nanoconjugates. On the
contrary, the main disadvantage is a potential interaction of non-functionalized
terminals with the paramagnetic chelates, which could diminish catalytic activity
towards the bulk water protons.

1.6 Neurotransmitters

Neurotransmitters are molecular messengers that carry information across the
brain, from the presynaptic to the postsynaptic neuron to the final effector cells,
glands, or muscle. This communication occurs through ports termed synapses,
where the messenger molecules exit the intracellular compartment and bind to the
membrane receptor of another cell, triggering its biochemical response.’”” The
circuit of NTs starts in the presynaptic neuron, where they are synthesized and
stored in synaptic vesicles.’”’ During neuronal activation, an action potential
depolarizes the presynaptic membrane, resulting in an influx of Ca?*, causing vesicles
to fuse with the plasma membrane, followed by a burst of NTs into a 20 nm narrow
gap called the synaptic cleft.”?” ?2* Released NTs diffuse towards the postsynaptic
neuron, where they bind receptors on the membrane, either exciting or inhibiting
their function. This causes the appearance of action potential, after which
transmitters detach. The freed NTs are removed by NT transporters and recycled or
diffuse away from the synaptic cleft and get degraded by enzymes.

In a broad sense, NTs are classified into small-molecule NTs and
neuropeptides. However, the focus of this study is set on low-molecular-weight
amino acid transmitters (Gly, Glu, Asp, and GABA) depicted in Fig. 1.20, with the
emphasis on the main excitatory and inhibitory ones, Glu and GABA, respectively.
The amino acid NTs regulate various processes such as breathing, digestion, mood,
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memory, and sleep, and besides their regulatory role, some NTs are important
intermediates in biosynthesis.?”*?*® Consequently, any abnormality in their
functioning manifests in the appearance of various psychiatric and neurological
disorders such as Huntington’s chorea, Alzheimer’s disease, and epilepsy, which
make NTs irreplaceable biomarkers for reading out physiological and pathological
brain conditions.?”’
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Figure 1.20. Chemical structures of amino acid NTs at physiological pH.

Concentration of neurotransmitters in the synaptic cleft is not constant, but
it changes dynamically during synaptic activity. For instance, in the basal state, the
concentration of Glu is in the low uM range,?”® whereas during synaptic activation, it
increases drastically by more than 100-fold, peaking at 1.1 mM, and stays elevated
on the millisecond time scale (0.7-2 ms).??*?*? In addition, Jahr and Dzubay claim an
extrasynaptic Glu concentration of 190 uM.**° The AAs transients are well into ranges
detectable by mMRI.

1.6.1 NTs as endogenous contrast agents

The MRI modality for direct imaging of transmitters is diamagnetic CEST, where the
NTs play the role of frequency labeled endogenous CAs. The NTs-based CEST exploits
the exchangeable amine protons to enable visualization in an indirect manner by
monitoring the decrease in the water signal.”* In the case of Glu, the exchange rate
of amine protons at pH 7, which corresponds to the physiological intracellular pH of
neurons®®, is intermediate to slow (2000 4+ 500 s?) on the NMR timescale?®®,
resonating at 1.2 ppm downfield to the bulk water resonance (37°C, 7 T). Having that
at 7 T, the Aw = 5700 rad s, GIUuCEST imaging can be performed successfully at By >
7T.733 235 The exchange rate is also pH-dependent, and in the case of Glu, the CEST is
maximal at pH 6. Reddy et al. demonstrated GIUCEST in vivo, where it was
established that 70-75% of CEST comes from Glu, with the remaining 25-30% coming
from exchangeable protons with similar resonant frequency, creatine, GABA, and
other biomacromolecules.”?* The same group used the GIUCEST technique to
measure concentrations of Glu in humans and as a pH marker for brain tumors and
ischemia,”®’ reporting signal contaminations to be between 25 and 30%. So far,
GIUCEST MRI has been successfully applied to study various neurodegenerative
diseases involving tauopathy?*®, epilepsy’*, traumatic brain injury?®, Alzheimer’s
disease’”, schizophrenia?*?, Huntington’s disease’*®, and to visualize distribution of
Glu in the brain. In addition, Wu and co-workers have recently demonstrated the
application of CEST MRI for GABA imaging in vivo on rat models with brain tumors.”**
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In clinical imaging, GIUCEST is often supplemented by the complementary
technique the MRS.?*> 2° The MRS acquisition approach provides information on
chemical composition in ROI. The detection principle relies on capturing chemical
shifts of spin-active nuclei present in endogenous metabolites, such as *H, 3C, '°F,
and 3'P.%*7%% |maging NTs by *H MRS is impaired due to non-selectivity, as the
resonances of a large number of metabolites resonate in a span of 4-5 ppm, resulting
in overlapped signals. On the other hand, *C MRS offers a chemical shift range of
around 200 ppm, which comes at the expense of decreased sensitivity, as the y (**C)
comes about % of y (*H). Besides, the intrinsically low sensitivity is additionally
weakened due to the low natural abundance of the 3C isotope (1.1%) and signal
splitting owing to coupling. However, the ability to enrich brain metabolites with a
13C label has made this technique suitable for in vivo imaging of humans. Labeling of
NTs is achieved by administration of a *C-labeled precursor (glucose or acetate),
which, upon the TCA cycle, yields **C-labeled NTs. Since that mechanism of the TCA
cycle is well investigated, choosing the position of a label in the substrate allows
precise labeling of the final NTs (Glu and GIn). For instance, administration of 1,6-
13C,-Glc upon the first turn of the TCA cycle provides 4-*C-Glu.*° As the glucose is
dominantly taken up by neurons and acetate by astrocytes, the choice of substrate
enabled functionality assessment of neuronal and glial dysfunction, respectively. For
instance, measurements of C2-Glu and C2-GIn metabolic loads, indicative of neurons
and glial cells, respectively, revealed a reduced Glu/GIn ratio in patients with
Alzheimer’s disease.””* This finding is indicative of a faster TCA cycle in glial cells.
Despite the fact that these studies allowed dynamic monitoring of Glu metabolism
in the human brain, due to low SNR or *3C nuclei, the potential of *C MRS is not fully
exploited. One way to additionally enhance the **C signal is through the DNP process.
However, an attempt to hyperpolarize glucose was unsuccessful, as the time for
conversion overexceeds the lifetime of hyperpolarized 3C nuclei due to the short T;
of glucose. On the other hand, approaches that imply the usage of hyperpolarized
Glu are impractical due to the inability to pass through the BBB.

1.6.2 Synthetic receptors for Amino Acid neurotransmitters

Early designs of molecular hosts for AA neurotransmitters recognize the importance
of polytopic binding.?*? This comes from the fact that at physiological pH (7.4), AAs
exist in a form of zwitterion in which solvation and interaction with various
metabolites compete with molecular sensors. An interesting host model is a two-
component system comprised of lipophilic and electrophilic aldehyde and
squaramide, used to transfer highly polar Gly across the vesicle membrane.” The
necessity of matching the spatial arrangement of binding sites within a polytopic
receptor for the chemical resolution of structurally similar guests has been
demonstrated on a fluorescence anthracene-based bis(trifluoroacetylcarboxanilide)
sensor, which selectively binds a-amino acids over their B- and y-homologues.”" In
addition, Yashima and Nonokawa designed a stereoregular poly(phenylacetylene)
functionalized with crown ether pendant arms for binding amino acids. This host
showed high sensitivity to amino acid chirality as it forms a one-handed helix
exhibiting an induced circular dichroism upon complexation with L-amino acids.”* A
more recent example introduced by Delgado and co-workers introduced a
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heteroditopic crown-cyclen framework receptor that displayed strong interaction
with Gly, established via hydrogen bonds between a carboxylate and a protonated
cyclen and an a-ammonium cation and an 18C6 anchor receptor.””® A shift towards
metal-based binding platforms was made by Anslyn et al., who reported a receptor
comprised of a Zn?*ion framed in a 2,2’:6,2-terprydine ligand and two guanidinium
groups, which exhibited high affinity to Asp of 1.5 x 10° M (HEPES, pH 7.4).%’
Receptor-Asp interactions involved cooperative chelation of carboxylate and
amine”® to the Zn?* additionally contributed by interaction of side-chain carboxylate
and guanidinium motif.
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Figure 1.21. Schematic summary of polytopic chemosensors with AA selectivity, depicting multiple
interactions between hosts (gray) and the different AAs (black).

Further steps towards translation of metal-based molecular sensors for
functional MR imaging of Glu neurotransmitter have been made by Mishra et al.”>>
%0 Similar to the displacement approach utilized for PET tracers®, a series of Gd-
chelates were appended to various antagonists to tag mGluRs-expressing cells. In
cell-bound form, the probe bearing the dipyridyl amide agonist (Fig. 1.22a) displayed
a cellular r; of 7.4 mM™. Upon synaptic activation release, Glu displaced the Gd-
complex, causing an increase of Ry . by 28% due to faster tumbling and slower
water exchange rates accompanied by detection in the uM range. In the follow-up
study, a biotin variant of the lead compound was prepared and used to verify binding
specificity and reversibility towards mGIluRs by exploiting conjugation with highly
emissive AvidinAlexaFluor448 dye.’®> A similar study targeting the N-methyl-D-
aspartate (NMDA) receptor was accomplished by employing a probe containing
bicyclic NMDA receptor agonists.”®®> A conceptually different approach aiming at
direct detection of extracellular amino acid NTs was pioneered in 2014 by Oukhatar
and coworkers.’>? A series of T1 Gd platforms were designed to simultaneously bind
carboxylate and ammonium groups of AAs, featured by a turn-off g-modulated
response (Fig. 1.22b).** These probes are featured by relatively high initial r; values,
exceeding 9 mM™ s, and change in response to Aas by 75%, displaying detection in
the mM range. The main drawback is low sensitivity and lack of selectivity of
structurally similar metabolites. Yet another undesirable property is intrinsically low
thermodynamic stability, as the probes are derived from the H,do2a ligand. Most
recently, the same lab reported on a dual-modal variant of the probe, designed to
exploit RIME to HSA for optical and MR imaging.”®*
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Figure 1.22. MRI sensors responsive to amino acid. (a) Gd-probe for visualizing the interaction of a Glu
with a postsynaptic cell, having a dipyridyl amide mGluRs agonist (top image) and additionally attached
biotin moiety to act as a dual-mode probe for optical and MRI imaging (bottom). (b) Gd(do2a)-based
sensors for direct imaging (top) and additionally functionalized with a hydrophobic benzophenone
moiety to exploit the RIME effect by binding HSA (bottom).
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Chapter 2

In-depth Study of a Novel Class of Ditopic
Gd(II)-based MRI Probes Responsive to
Amino Acid Neurotransmitters

The efficacy of small-molecule ditopic MRI sensors on binding polycharged AAs relies
on the ability of a receptor to form a structural and functional complementary
binding pocket. However, due to their relatively complex structure, the amino acid
zwitterions are rather challenging molecular targets. In this work, we focus on tuning
the binding sites of the Gd**-based host platform, comprised of a ditopic cyclen-
crown ligand framework, to increase the affinity toward AAs. Our approach implied
structural modifications of binding sites, designed to simultaneously bind
carboxylate and ammonium cations. We prepared and investigated a family of
Gd* complexes with diverse properties, two of which displayed stronger affinity
towards glutamate and glycine over metabolic competitors. The thorough
investigations involving relaxometric titrations, luminescence, and NMR diffusion
experiments, as well as DFT calculations, revealed that the host-guest recognition is
controlled by the pending arm on the 18C6 receptor.
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2.1 Introduction

Some of the most common neural disorders are associated with disturbance in
secretion of NTs into the synaptic cleft, which in abnormal amounts triggers a
plethora of processes resulting in partial impairment or death of nerve cells.?*> For
instance, the excessive release of Glu or GABA causes an imbalance in the excitation
level of the brain, leading to various diseases, such as epileptic seizures, which
degenerate neuronal tissue.”*® Thus, decoding the spatiotemporal patterns of brain
chemodynamics could imply a connection with related diseases. For this reason, the
amino acid neurotransmitters are recognized as irreplaceable biomarkers for
monitoring neuronal activity. Currently, non-invasive imaging techniques based on
MR, i.e., diaCEST and *3C MRS, are preferred due to good spatiotemporal resolution
and depth of penetration.”** %’ However, they do not distinguish between intra- and
extracellular concentrations of zwitterionic neurotransmitters and have insufficient
chemical resolution and low sensitivity.”*® A promising way to address these issues
involves the administration of a paramagnetic sensor capable of altering image
contrast upon interaction with a targeted metabolite.’*® Therefore, the development
of MR imaging probes responsive to extracellular transmitters is of emerging
importance.

To date, direct sensing of NTs has been approached with two distinct
designs: via genetically engineered metalloproteins and by small-molecule ditopic
paramagnetic probes.'>> 279 2’ Although the large-molecule CAs tailored for
monoamine neurotransmitters were shown to be capable of detecting target
metabolites in the uM range'™, further improvement of small-sized probes is
imperative due to issues associated with translation into biological systems.
Previously introduced ditopic probes, consisting of a cyclen-based Gd(lll)-chelate as
the MR reporting unit covalently linked by an amide linker with the 18-crown-6 ether
derivative as the ammonium binding site, were shown to be sensitive to Gly, Glu,
GABA, and Asp.?’% ?’* Unlike the common designs for the Ca?* and enzyme responsive
CAs, where sensitivity is governed by the BAPTA chelator affinity to calcium®® and B-
galactosidase specificity’*?, respectively, in this approach, recognition of NTs is non-
specific, as the selectivity towards AAs is driven by the interactions between the
18C6 motif and ammonium cation.

As a continuation of a study on small-molecule CAs, aiming at selectivity
improvement, we set the focus on optimization of a host binding pocket. Specifically,
we wanted to reveal which structural factors contribute to the binding of AAs and
thus potentially design the probe to be selective to Glu or GABA. Therefore, through
a set of chemical modifications, we prepared differing probes with varied sizes and
charges of substituents on recognition sites. The host-guest binding affinity was
extracted via water proton longitudinal relaxation time measurements in response
to analytes. Diffusion NMR and fluorescence spectroscopy techniques, as well as DFT
calculations, were employed to reveal mechanistic and structural aspects of the
recognition process, including changes in the Ln* coordination environment and the
impact of diverse remote groups on solution structures, including the free form of
various host molecules and their ternary adducts with structurally different guests.
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2.2 Results and Discussion

2.2.1 Molecular Design

We implemented a diversity-oriented synthetic strategy to produce a set of six novel
ditopic MRI probes consisting of cyclen-based Gd-chelate and various 18C6-derived
ammonium receptors (Fig. 2.1). The GdL! chelate combines the common Gd(do3a)
cage with the mono N-benzylated 18C6 moiety, whereas complexes GdL?® consist of
the H.do2a-based Gd-chelator and 18C6 binding site with appended substituents of
different charge and size GdL**¢ or without substituent GdL®. The rationale behind
the design of GdL'? is to test the impact of Gd-cage net charge on binding. Here, a
non-charged and small benzyl substituent is expected to allow a facile approach of
the ammonium cation. Complexes comprising the Gd(do2a) reporter and negatively
charged substituents on 18C6, the acetate in GdL® and the phosphonate in GdL* were
designed to assess the role of charge on binding the ammonium end of NTs. These
examples are to test the feasibility of replacing hydrogen bonds with stronger
electrostatic interactions.

RATIONAL DESIGN

RNH, =
receptor o N

GdL?
C Small, non-charged
SN ) substituent

N__CO o NZ_PO

GdL? GdL*
Negatively charged pendate groups

)

RNH,
receptor

GdL2® GdL’ GdL®
No supstituent Non-charged bulky
group

Figure 2.1. Design of ditopic MRI molecular sensors GdL-¢. The structures consist of (a) Gd(do3a) and
(b) Gd(do2a)-derived MR transducers (dark blue) and various 18C6-derived receptors for the NH," group
(gray), bridged by the flexible amide linker (black). The receptor exploits the turn-off response
mechanism. A GdL-free form displays a strong MRI signal due to water coordination to coordinatively
unsaturated Gd3*. When the transmitter binds the receptor, the established Gd-carboxylate interaction
displaces bound water molecule(s), decreasing the MRI signal intensity.

In the second approach, the GdL>® were designed to explore the effect of
remote substituent size on conformational organization of the binding pocket in the
host, which is crucial for guest recognition. The previous studies evidence shows that
the carbonyl group of the propyl-amide linker is weakly coordinated to Gd(lll),
causing cyclen-crown sites to adopt a half-opened shell-like conformation, which is
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well suited for binding an amino acid functional group.?’% ?’* Accordingly, the GdL®
with no substituent was designed to favor strong amide linker coordination as the
steric hindrances were minimized. On the contrary, a sterically bulky substituent,
Mmec, in GdL®, could theoretically disturb this interaction due to increased steric
constraints. In addition, the Mmc is known to bind the amino group of NTs, and thus,
the strong fluorescence emission properties of the Mmc group could enable
additional interaction studies.

2.2.2 Synthesis of GdL1-¢

The preparation of ligands L'®relies on the convergent synthetic strategy, linking
cyclen-derived bromides with mono N-substituted 18C6 fragments by direct N-
alkylation. The synthesis of bromides 2 and 5 is summarized in Scheme 2.1.
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Scheme 2.1. Synthesis of bromide fragments 2-2 and 2-6. Reagents and conditions: (a) i) N-
(bromopropyl)phthalimide, MeCN, K,COs, 45°C; ii) i-PrOH, EDA, 60 °C, 75% (over two steps); iii) CH2Cl,,
DCC, bromoacetic acid, 75%. (b) i) N-(bromopropyl)phthalimide, MeCN, NaHCOs3, 3 days, 65%; ii) 2-4,
MeCN, K,COs; iii) i-PrOH, EDA, 65% (over two steps); iv) CH,Cl,, DCC, bromoacetic acid, 52%.

The bromo fragment 2 was prepared in 4 steps, starting from cyclen. In the
first step, cyclen was converted into DO3A tert-butyl ester in a one-step
procedure,”’> followed by the subsequent N-alkylation with  N-(3-
bromopropyl)phtalimide and mild deprotection of Phth with ethylenediamine to
afford the propyl amine derivative 2-1. The amine 2-1 was coupled with bromoacetic
acid in the presence of N,N'-dicyclohexylcarbodiimide (DCC) to furnish bromide 2-
2.2 In a similar fashion, the DO2A tert-butyl ester was synthesized in 3 steps
according to a previously published procedure.””* The DO2A tert-butyl ester was first
functionalized with the N-(3-bromopropyl)phtalimide to yield 2-3, followed by
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subsequent introduction of the 2-4 in trans position and cleavage of Phth to yield the
amine 2-5, which was subjected to the same treatment as the DO3A analogue to
prepare the desired DO2A t-butyl ester-derived bromide 2-6.

The synthesis of the 18C6-derived fragments 2-7, 2-8, 2-10, and 2-11
commenced from the common precursor 1,10-diaza-18-crown-6-ether (Scheme
2.2). The direct N-alkylation with the corresponding alkyl halides, tert-butyl
bromacetate, benzyl bromide, and Br-Mmc gave the corresponding products 2-7, 2-
8, and 2-11, respectively, in moderate to good yields. The adduct 2-9 was generated
under the Kabachnik-Fields reaction conditions, followed by the catalytic
debenzylation in Parr’s hydrogenator to afford the mono N-phosphonated derivative
2-10.
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Scheme 2.2. Syntheses of 18C6-derived fragments 2-7, 2-8, 2-10, and 2-11. Reagents and conditions:
(a) i) tert-butyl bromoacetate (0.95 equiv.), CHCls, EtsN, 62%, RT, 2 days. (b) i) BnCl (0.95 equiv), CHCls,
EtsN, RT, 60 h, 58%; ii) (C2HsO),P(H)O, CH,0, CH,Cl,, BFs-Et,0, NasS04 anh., 65°C, 60%; iii) Ha, Pd(OH),/C,
EtOH, 3.1 bar, 94%. (c) i) Br-Mmc, MeCN, NaHCO3, RT, 40%.

In general, bridging bromides 2-2 and 2-6 with crown fragments (2-7, 2-8, 2-
10, and 2-11) (Scheme 2.2), owing to slow kinetics and the tendency of bromides to
undergo hydrolysis, required between 3 and 5 days of stirring in dry DMF and N,
atmosphere to acquire 2-12 to 2-17 in acceptable to good yields of 25 — 75%. Then,
the obtained tert-butyl esters (2-12, 2-13, 2-14, 2-16, and 2-17) were hydrolyzed with
formic acid at 60°C for 16 h into the final ligands L*%¢ (Scheme 2.3). Deprotection
of 2-15 required first transesterification with BrSiMes, followed by hydrolysis of
trimethylsilyl esters to give L% The purity of ligands L*® was determined with respect
to the nitrogen content obtained by CHN analysis, and the amount of the
corresponding LnCls salt for the complexation was calculated accordingly in a
stoichiometric ratio of 1:1. The complexation of L*® was performed in water,
maintaining pH ~ 7.2 at 60°C for 16 h to ensure formation of the thermodynamically
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favored cyclen in-cage coordination and yield the final paramagnetic complexes
GdL'®,

2-7, 2-8, 2-10, 2-11
or 1-aza 18Cé
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GdLS: X = NMmc

Scheme 2.3. Synthesis of complexes LnLY$. Reagents and conditions: (a) i) 2-2, dry DMF, N, NaHCOs3, 3
days, 70%; i) HCO,H, overnight, RT, 76%; iii) GdCls - 6H,0, pH ~ 7.2, 60°C, 16 h. (b) i) 2-6, dry DMF, N,
NaHCO3, 3 — 5 days, 25 — 78%; ii) HCO,H, 32 h, 60°C, iii) TMBS (16 equiv.), dry DCM, Na; iv) H,0, 50%; v)
GdCl3-6H,0, pH ~ 7.2, 60°C, 24 h.

2.2.3 Relaxometric Characterization

The efficacy of the complexes GdL'® was evaluated in NMR relaxometric titration
with the three most abundant AA NTs: Gly, Glu, and GABA; the non-zwitterionic
neurotransmitter ACh; and the competitive bicarbonate. The main contributing
factor to r; relaxivity of bulk water protons is the hydration state of the paramagnetic
label.””> Thus, upon addition of the analyte (A), the hydrated chelate GdL(H,0)
associates into the ternary adduct GdL(A), in which the coordinated water
molecule(s) are displaced to a different extent. This results in a longer T of bulk
water protons, that is, reduced longitudinal relaxivity r1. Furthermore, plotting the r;
values versus the amount of the added analyte and fitting the obtained curves to a
modified Michaelis-Menten’s kinetic model provides the affinity constants for the
formed ternary complexes.
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The magnitude and curvature of change in r; for GdL*™® upon titration with
Gly (0 to 50 equiv.) revealed that recognition is governed by the substituents at both
binding sites (Fig. 2.2). Specifically, the observed downward trends are controlled by
the size and charge of the 18C6 pendant arm, according to which GdL*™® were
classified in three groups. The first group consists of complexes having the
noncharged and sterically small benzyl substituent GdL'? or no substituent GdL® at
the 18C6. These complexes exhibited a high initial r; of over 9.0 mM™ s, which
decreased to 30, 31, and 36% of the starting value upon saturation with Gly,
respectively. In the second group are complexes with negatively charged pendants
GdL**, which displayed relatively high initial relaxivities of 6.88 and 7.14 mM™ s,
respectively. However, the relaxivity drop until the saturation point is halved when
compared with the first group, corresponding to a decrease of 30 and 37%,
respectively. In the third group is GdLS, functionalized with a sterically bulky and non-
charged Mmc moiety, which exhibited the lowest initial r; of 6.08 mM* s and a
decrease of 63%, which is comparable to that of GdLY*®,

GdL®

GdL?
GdL®
GdL® + Gly
GdL*
GdL* + Gly
GdL®
GdL®+ Gly
GdL® + Gly

GdlL'
GdL? + Gly

>
]
+
i
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Figure 2.2. Relaxometric characterization of GdL'® in response to Gly. r; relaxivity values for 3.0 mM
GdL*5 and 1.0 mM GdLS in 50 mM HEPES (a) before (solid bars) and (b) upon saturation with 50 equiv.
of Gly (stripped bars) at 25°C (pH 7.4, 300.17 MHz). For the saturation, , the addition point of Gly was
taken, after which the further addition produced a change in relaxivity less than 10%.

Table 2.1. Binding affinity (Ka) and relaxivity (r1) decrease for complexes GdL*®
upon saturation with 50 equiv. of Gly.®
GdL! GdL? GdL® GdL* GdL® GdLS
Ka [MY] 47 73 25 17 75 69
-0 r1 [%] 70 69 26 31 64 63

(@l K, values were calculated using modified Michaelis-Menten’s model (Eq. S2.2).

The affinities towards Gly showed slightly different trends with respect to
their amplitudes of r, change (Table 2.1). The highest affinities were observed for
complexes derived from Gd(do2a) as the MR reporting unit and 18C6 moiety
appended with non-charged benzyl GdL? and Mmc GdL® or no substituent GdL®. The
lower affinities for GdL! over its analogue GdL? were evidenced across the series of
evaluated guest molecules (Table S2.1). A change in charge of the MR reporting
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moiety from positive Gd(do2a) to neutral Gd(do3a) logically reduced the affinity
towards negatively charged groups in guests. On the other hand, the negatively
remote pendants in complexes GdL** exhibited the lowest affinities, whereby the
more negatively charged phosphonate group influenced GdL* to yield the lowest K,
values. This suggested that the increased charge of the 18C6 substituent caused
stronger electronic repulsions with guests when approaching the paramagnetic
label.
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Figure 2.3. Relaxivity response of GdL!® to various analytes. (a)—(e) r1 relaxivity of 3.0 mM GdL'* and
(f) 1.0 mM GdLS in 50 mM HEPES after the addition of 50 equiv. of various analytes at 25°C (pH 7.4, 300
MHz). Horizontal dotted lines illustrate the initial relaxivities of GdLY¢. The values were obtained by the
T:w NMR titration, and the molar relaxivities were calculated according to Eq. S2.1.

In terms of specificity, it is found that GdL? displayed greater affinity
towards Glu over other NTs and hydrogencarbonates, yielding values of 72 and 311
M, respectively, while all the synthesized complexes were ACh-insensitive (Figs. 2.3,
S2.1,and Table S2.1). It was also noticed that GdL® exhibited a higher affinity towards
sterically less demanding Gly over GABA and Glu. The observed diversity in affinity
patterns of GdL?® suggested a synergistic effect of several factors involved in the
recognition process. More specifically, the milder downward trends and lesser
change in r1 for GdL*?, as well as the lower initial relaxivity for GdLS, indicated that
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an increase in size or the net negative charge of the 18C6 substituent impedes the
interaction of NTs.

2.2.4 Luminescence Studies

The luminescence studies on Eul®® were performed to examine their solution
structures and the impact of remote pendants on binding Gly.?’® In the first step, the
luminescence emission spectra of both complexes before and upon addition of Gly
were measured. The Eul® complex showed more intense emission than Eul®;
however, upon saturation with Gly, the ternary adduct Eul®(Gly) displayed more
intense emission (Fig. 2.4). A recent study involving similar receptors evidenced that
binding of NTs to the Eu*-chelate induced hyperchromicity of the hypersensitive °D,
- F, transition at ~ 615 nm.””° This increase is assigned to the coordination of
carboxylate, which displaces the inner-sphere water(s), reducing the quenching rate
of the °Dy excited state of Eu* ion.”

7.
EuL®Gly
Eul>-Gly
51— Eul®
| == Eul’

Norm. Intensity / a.u.

590 610 630
Wavelength / nm

Figure 2.4. Luminescence characterization of EuL35 in response to Gly. The luminescence emission
spectra of 5 mM EuL35 in HEPES (50 mM, pH 7.4), in the absence (solid lines) and after saturation (pale
lines) with 50 equiv. of Gly at 25°C. The maximal intensity of emission bands centered at 616 nm,
corresponding to the 5Dy — 7F, transition of Eu3*, was obtained upon direct excitation at 395 nm.
Spectra were background corrected (F-Fuepes).

In the following step, the non-radiative rate constants that characterize the
depopulation of the °Dy excited state in H,0 and D,O media were measured, and the
hydration numbers were calculated for both hydrated complexes EuL®>>and adducts
EuL35(Gly). The calculated g value for EuL® yielded 1.76, which is twice as high as that
of Eul3. Furthermore, the addition of Gly decreased the hydration numbers of both
complexes (Table 2.2). The greater drop of 0.87 occurred for EulL5, pointing out that
H,0 is displaced more readily than in the EuL?, in which the change in hydration of
0.1 is almost negligible. The hydration number of EuL® suggests the presence of two
water molecules bound to the metal ion, which would imply that the oxygen atom
of the propylamide group is not coordinated. This is in contrast with previous findings
observed in structurally similar systems. These results indicate that small structural
changes in the ligand may have a significant impact on the structural organization of
the complexes.
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Table 2.2. Luminescence lifetimes of complexes EuL®*> before and after the addition
of Gly (50 equiv.) measured at 616 nm from the decay profile of the D, excited state
and the corresponding hydration numbers q.!

Complex No neurotransmitter +50 eq. Gly
T [ms] o0 [ms] q“’] T [ms] o0 [ms] q[b] Ag
Eul?® 0.51 1.11 0.81 0.52 1.07 0.71 0.1
Eul® 0.4 1.44 1.67 0.58 1.55 0.80 0.87

(@l Conditions: ([EuL?5] =5 mM, 50 mM HEPES, pH 7.4, 298 K). Il g values were calculated using
the modified Horrock’s equation (Eq. S2.3).

The metal-centered emission spectra revealed diverse coordination
environments for the hydrated complexes.”’® 2”7 Namely, EuL3(H,0) exhibited a
larger intensity ratio for the magnetic-dipole transition °D, - ’F;, which is almost
insensitive to the local coordination environment, than for the electric dipole D, >
’F, transition, which is strongly affected by the local symmetry of the Eu®** ion and
consequently by the nature of ligand atoms (Table S2.2).””® These findings are
suggestive of a EuL3}(H,0) form in which a more polarizable ligand than water
coordinates Eu®*, which partly inhibits binding of Gly. Relying on these observations,
it is hypothesized that the 18C6 acetate establishes a weak interaction in an intra- or
intermolecular fashion with the Eu®, favoring a form in which the lanthanide ion is
shielded, thus impeding the water coordination. If this is the case, the more
polarizable Gly-carboxylate replaces the remote acetate pendant by disrupting this
interaction, which should induce major conformational changes in EuL® when Gly is
added. However, the exchange of the acetate ligand with Gly in the coordination
sphere of Eu®" excludes water involvement, leading to small changes of g-value
observed by time-resolved emission decay measurements.

Furthermore, Eul®, having the coumarin-derived fluorophore, was
characterized by fluorescence spectroscopy. However, the complex turned out to be
non-emissive when the metal center was excited directly or via the chromophore. In
addition, the fluorophore on EuL® exhibited strong fluorescence emission intensity
at 420 nm when excited at 330 nm, typical for coumarin derivatives (Fig. S2.2). The
steady-state fluorescence emission experiments were also repeated in the presence
of Gly or Glu, resulting in identical spectra to that of hydrated EuL®.

2.2.5 Diffusion Studies

Diffusion-ordered 2D NMR spectroscopy allows separation of NMR signals based on
the molecular diffusion.”’ Owing to the correlation between self-diffusion and the
size/shape of molecular species *H DOSY-NMR is a readily used technique to disperse
*H resonances along the diffusion axis, relating signals with differently organized
forms of a solute.”®® To verify the hypothesis brought upon luminescence
measurements, the *H NMR diffusion measurements on paramagnetic complexes
Eul®® and their ternary adducts EuL*>*(Gly) were performed, and the calculated
hydrodynamic radii, assuming spherical shape of species (Table 2.3), were
compared.?’> 261 282 Firstly, the *H DOSY-NMR experiments on aqueous solutions of
complexes EuL®and EuL® were recorded, as shown in Fig. S2.3. The obtained pseudo-
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2D spectra for EuL® identified two distinct sets of *H resonances with corresponding
different diffusion constants (D), while the hydrated EuL® complex resonated along
one diffusion value. Following this step, the diffusion measurements were repeated
after the addition of Gly (50 equiv.), revealing the disappearance of the resonances
corresponding to the faster-diffusing form in EuL3(Gly). On the contrary, no changes
in diffusion of the slower diffusing form in EuL3(Gly) or diffusion of EuL’(Gly) were
observed. These results indicate that two solution forms of Eul® are in dynamic
equilibrium, in which the form with a smaller hydrodynamic radius underwent
structural changes in the presence of Gly. The presence only of a form with the
greater hydrodynamic radius eliminated the probability of EuL® aggregates self-
organizing intermolecularly into dimeric form. Indeed, it becomes clear that the
formation of Eul® with a smaller diameter is due to the weak intramolecular
coordination of 18C6 acetate to coordinatively unsaturated Eu®*, which brings closer
the two binding sites, establishing a sort of folded conformation with reduced
hydrodynamic radii. Addition of Gly displaces the 18C6 acetate from Eu®, resulting
in the formation of the ternary adduct EuL3(Gly), as illustrated in Fig. 2.5.

Table 2.3. Diffusion coefficients (D) obtained in *H DOSY NMR experiments and the
corresponding calculated hydrodynamic radii (Rn).!?'*!
Complexes Eul® Eul® + Gly Eul® Eul® + Gly
2.57
-10 2 -1
D/ (10 m?s?) IS 2.57 3.81 3.81
1.91
R . . .
w/ (nm) Len 1.91 1.29 1.29

[al Conditions: [EuL*5] = 10 mM in D;0, pD 7.8, 298 K, 300 MHz; ) Hydrodynamic radii R, are
calculated according to the Einstein-Stokes relation (Eq. S2.4).

These observations are in good agreement with results obtained in the
relaxometric titrations and luminescence emission experiments. Namely, the
existence of dynamic equilibrium in LnL3, involving folded and non-folded forms,
resulted in lower hydration and consequently lower initial r; relaxivity. The changes
of r; observed upon addition of Gly likely occurred due to displacement of inner-
sphere water in the non-folded Eul® form, eventually leading to disappearance of
the intramolecular self-assembly. On the contrary, the GdL® exists only in the non-
folded conformation, leading to the higher initial relaxivity, the greater change in g-
value, and the corresponding drop in ry relaxivity upon saturation with analytes.
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Figure 2.5. Schematic presentation of two forms of the hydrated complex Eul?® and the proposed
binding mechanism with Gly. In Gly-free form, receptor EulL3? exists in a dynamic equilibrium of two
forms: open and intramolecular self-assembled, where acetate on 18C6 ether binds Gd3*, blocking
water coordination. The addition of Gly disturbs Gd-acetate interactions, shifting equilibrium towards
the EuL3(Gly) adduct, followed by the disappearance of intramolecular self-assembly.

2.2.6 DFT Calculations

Theoretical calculations were carried out to rationalize the different behavior of the
GdL3? and GdL® complexes and provide support to the interpretation of relaxometric,
luminescence, and H DOSY experiments. First, it analyzed the feasibility of the
acetate pendant at the 18C6 moiety to coordinate paramagnetic ions in an
intramolecular manner. Then, the [GdL3}(H,0),-4H,0] system was modeled, which
included two water molecules coordinated to the metal ion and four additional
second-sphere water molecules. The explicit inclusion of a few second-sphere water
molecules was done because it was previously found to be essential for providing a
good description of the Gd — OH, distances and the spin densities at the 70
nucleus.?*?%* The calculation provided an energy minimum that contained two
water molecules coordinated to the Gd(lll), which presents the typical capped SAP
coordination environment in this type of complex. Next, we explored the potential
energy surface by approaching the remote carboxylate group to the metal ion, which
eventually leads to a second energy minimum in which the carboxylate group
coordinates to Gd** by replacing the coordinated water molecule, as shown in Fig.
2.6. Indeed, these calculations indicated that coordination of the remote carboxylate
group is feasible. Moreover, DFT predicts a very small energy difference between the
two energy minima (folded and non-folded species), favoring the open form by only
1.4 k) mol™. Calculations performed on the GdL*(H,0)-5H,0 system (Fig. 2.6b) also
suggested that coordination of the phosphonate group attached to the crown moiety
is likely responsible for the lower binding affinity of this complex toward NTs.
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Figure 2.6. DFT computational studies of interactions between hosts GdL3%5 and Gly guest. Calculated
structure of the modeled GdL3(H,0),-4H,0 system illustrating (a) the self-assembled form where the
acetate on 18C6 coordinates the metal ion and (b) the hydrated open form (right). (c) Self-assembly of
the GdL*(H,0)-5H,0, showing coordination of the remote phosphonate group to the metal ion. (d)
Structure of the GdL5(Gly)(H,0)-5H,0 system depicting ditopic binding of Gly.

Calculations were performed on the [GdL*(H,0),-4H,0] and [GdL*(Gly)(H,0):
5H,0] systems to gain insight into the molecular recognition process. The
calculations were done by using three model systems with the Gly guest interacting
with either the 18C6 binding site or the lanthanide ion and a third form in which Gly
is ditopically bound, shown in Fig. 2.6. The corresponding energy differences
provided an estimate of the contributions to the overall recognition process of the
coordination to the metal ion and the hydrogen bonding interaction with the 18C6
moiety, which turned out to be 17.3 and 9.7 kJ mol™. Thus, these calculations
indicate that binding to the coordinatively unsaturated Gd(do2a) unit represents the
major driving force of the molecular association process, though the hydrogen-
bonding interaction with the 18C6 moiety also provides a sizeable contribution to
the overall binding energy.

2.3 Conclusions

Herein, the scope of Gd-based ditopic MRI probes sensitive to amino acid NTs was
expanded, and the structure-affinity relationship through the relaxometric response
was revealed. The results indicated that the charge-neutral Hido3a-derived GdL!
displayed reduced affinity over H,do2a-based analogue GdL? while adding the
negative charge on the 18C6 binding site reduced the affinity towards guests. The
key finding in this study was that GdL?>*® provided relaxometric response in a manner
governed by the nature of the 18C6 pendant. Specifically, the substituent at the 18C6
moiety favors disposition of the binding sites in a charge/size-dependent manner,
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which governs recognition of the guests. The observed Ar; trends revealed that
increases in the size of the pendant elevate steric hindrances, resulting in lower
initial relaxivities but only slightly diminishing the strength of interactions with guest
molecules. Besides the steric hindrances, the electronic factor in the complexes with
negatively charged pendants GdL*>* unfavored host-guest association to a greater
extent. In addition, the achievement of great importance in the study is finding that
GdL*2 displayed higher affinity towards Glu over competitive bicarbonate. The
findings present a breakthrough in understanding the nature of interactions
between the ditopic MR platforms consisting of DO3A-/DO2A-derived units and
18C6 derivatives with the NTs. Owning the ability to produce an excellent change in
relaxivity, these MRI probes present a potent concept for further development of
bioresponsive CAs that can visualize fluctuations in synaptic concentration of the
most abundant NTs by means of T:w MRI. In addition, the results of this study can
be used as a guideline for the development of novel concepts within functional MRI
for sensing chemical neurotransmission.
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Chapter 3

A Low-Molecular-Weight Ditopic MRI Probe
for Ratiometric Sensing of Zwitterionic
Amino Acid Neurotransmitters

Non-invasive mMRlI is often impaired by a lack of selectivity of chemosensors for the
desired guest molecule. The host-guest selectivity between a molecular sensor and
a target biomarker could be achieved by careful design of receptor sites of a host to
match complementary groups of a guest. Here we report the synthesis and
evaluation of a novel Gd(lll)-based probe for multipoint binding to zwitterionic
amino acid neurotransmitters crafted for ratiometric MRI imaging. The probe
showed increased binding affinity to Glu and GABA, displaying co-occurrence of non-
synchronized, concentration-dependent changes of the ri- and r,-relaxivity. Through
the application of aT,/Ti-weighted MRI strategy, we demonstrated signal
enhancement for cooperatively bound Glu and GABA over bicarbonate, which
remained MR silent.

Published as:

Chem. Commun. 2019, 15, 11924-11927
https://doi.org/10.1039/C9CC06463J
DPorde Tolji¢, Goran Angelovski*
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3.1 Introduction

Signal intensity of in vivo CE MRI involving responsive CAs, among the properties of
a probe, depends on the actual concentration of the imaging probe and the volume
of the observed region. This makes it difficult to quantify the target stimuli since it is
impossible to measure the exact concentration of CA due to various processes
occurring in the body.**° Since that concentration of CA is not homogenous through
the observed region, the signal intensity will differ from voxel to voxel, which in turn
will lead to a wrong conclusion on the concentration of the interacting stimuli. This
issue is successfully resolved through the implementation of a ratiometric T,/T1 MRI
pulse sequence, which eliminates the concentration factor. In addition, the other
benefit of MRI ratiometry is sensitivity improvement of synthetic sensors in response
to environmental stimuli over conventional T;- and T>-weighted MRI approaches.*®

Molecular recognition between magnetic host sensors and guest molecules
occurs via the formation of a ternary adduct, and it is evaluated through binding
affinity.?®> 2% In the case of a turn-off response host-guest design, the interaction of
biomarkers with the coordination cage of an MR probe restricts water accessibility
to the paramagnetic center, resulting in a signal decrease. In terms of host—guest
interaction, the low-molecular-weight ditopic sensors responsive to AAs are
bismacrocyclic Gd(lll)-based complexes with a DO2A derived chelator, whose
geometry allows for easy access to small anions. In particular, the selectivity of the
current sensors is greatly hindered by HCO3, which binds in a similar fashion as the
AAs. Owing to a high extracellular concentration of ~25 mM, small molecular size,
and consequently low steric hindrances, it predominantly binds to the paramagnetic
label, thus preventing selective interaction with amino acid NTs.””* On the other
hand, the advantageous feature of NTs is their existence in the form of an ion-pair
entity at physiological pH, which opens the possibility of exploiting a ditopic platform
to strengthen binding through cooperativity.2*’

In accordance with this, different binding modes may unequally affect
parameters such as inner-sphere water exchange rate or molecular tumbling, which
determine both ri and r; relaxivities. In turn, the occurrence of non-synchronized
changes of r; and r, would allow for the utilization of the ratiometric r»/r1 MRI
approach.’*1 288 |n order to develop such a sensor, it is necessary to evoke non-
synchronized stimuli-induced changes of parameters that determine r; and r».
Therefore, we set out to exploit the cooperative binding potential of a ditopic low-
molecular-weight Gd(lll)-chelate to improve the sensing of NTs. In support of this
study design is the claim that the rate of water exchange in cationic Gd-complexes is
dependent on the nature of the counter-anion.”®

3.2 Molecular Design
The probe design consists of a bismacrocyclic framework, providing receptor sites to

favor cooperative ion-pair binding of amino acid NTs. The host-guest interactions
involve simultaneous coordination of the carboxylate to coordinatively unsaturated
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Gd3* and multiple hydrogen bonds established between the 18C6-derived receptor
and the NH; terminal of NTs (Fig. 3.1).

Figure 3.1. Chemical structure of the proposed ditopic MRI chemosensor, GdL”. The design rationale
for the probe with improved selectivity to GABA and Glu is based on findings achieved in Chapter 2.

The choice of an Hsdota-derived ligand for a Gd-based MR transducer over
the coordinatively less saturated H,do2a is due to its higher selectivity towards
carboxylates from NTs over HCO3, owing to stronger electronic repulsions from the
acetate pendant arms. To reinforce the affinity towards the ammonium cation, the
formanilide pendant that bears two amide groups, one proximate and one distant to
the 18C6 ring frame, was introduced. Relying on findings observed in previous
studies involving similar MRI sensors in which the two binding sites adopt a shell-like
conformation, which brings a remote pendant into the vicinity of binding pocket'*?,
it is anticipated that the amides could engage as the H-bond donors and additionally
contribute guest to recognition. The role of the flexible amide linker is to preserve
the high degree of conformational mobility of the two binding sites, providing an
adoptable geometry for cooperative binding of zwitterions.
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Figure 3.2. Binding modes of GdL’ depicting interactions with structurally different guests. (a)
Monotopically bound HCO3 and (b) ditopically bound amino acid NTs.

3.3 Results and Discussion

3.3.1 Synthesis of ditopic receptor GdL?

The bismacrocyclic complex GdL’ is synthesized by bridging two macrocyclic
components, followed by complexation with Gd** (Scheme 3.1). The 18C6 fragment
3-1 was prepared by direct mono N-alkylation of 1,10-diaza-18-crown-6 ether with
2-4, while the DO3A tert-butyl ester-derived bromide 2-2 was prepared according to
the previous procedure introduced in Chapter 2. The macrocyclic precursors 3-1 and
2-2 were covalently linked to form bismacrocyclic derivative 3-2. As the preparation
of bismacrocycles of this type is often limited by a bridging step, the yield of 62% can
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be considered excellent. In the following step, the aromatic nitro group of 3-2 was
subjected to Pd(OH),/C-catalyzed hydrogenation to afford the amine 3-3.
Simultaneous hydrolysis of the tert-butyl esters and conversion of the amine into
formamide were conducted in formic acid to obtain the final ligand L” with a yield of
64% and a ratio of isomers of 28:72. The complexation was performed in water
media at neutral pH with GdCls to give the corresponding complex GdL’. To avoid
entrapment of a Gd** within the 18C6 component, the complexation was performed
using a ligand-to-Gd ratio of 1.0:0.8, and the excess of ligand was effectively removed
by the reverse-phase HPLC. The absence of free Gd ions was additionally confirmed
by the xylenol orange test.*”
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Scheme 3.1. Synthesis of GdL”. Reagents and conditions: i) NaHCOs, MeCN, 45°C, 52%; ii) 2-2, DMF,
NaHCOs, RT, 3 days, 62%; iii) H2, Pd(OH),/C (20 wt. %), EtOH, 3.1 bar, 84%; iv) HCOH, 65°C, overnight,
64%; v) GdCls, H,0, pH 7.2, 60°C, 4h, 74%.

3.3.2 Relaxometric Properties of the GdL?

The formation of ternary adducts of GdL’ with different analytes, the amino acid NTs
(Glu, Gly, GABA), non-zwitterionic transmitter Ach, and competitive metabolite
HCO3, were monitored by measuring T1 and T, relaxation times of surrounding bulk
water protons in relaxometric titrations, and the corresponding molar r; and r;
relaxivities were calculated to Eq. S2.1. The initial values calculated for r1 and r, were
10.14 and 13.46 mM™* s, respectively, whereas titration with analytes yielded
downward trends revealing that GdL” is ACh-insensitive, while the HCO3 exhibited a
comparable drop in r1 (69%) to the NTs that induced r; decrease, ranging from 61 to
69% (see Figs. 3.3 a,b, and S3.1). However, notably diverse r, changes between HCO3
and NTs were observed. Upon saturation with the guests (60 equiv.), the r, of ternary
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adduct GdL’(HCO3) was 3.69 mM* s, while the values for the -Gly, -Glu, and -GABA
adducts were 5.64, 5.78, and 5.89 mM™ s}, respectively. The gathered results are in
agreement with the simulations performed for low-molecular-weight GBCAs at high
magnetic fields (> 1.5 T).“ Namely, the T; is relatively constant over a broad range of
values for the 1 and tr parameters. On the contrary, for the same parameters, T>
undergoes a rather drastic change. Hence, the co-occurrence of non-synchronized
changes of T; and T, opened the possibility to implement an r»/r1 ratiometric MRI
strategy.'” 2*® When presented as the ry/r; ratio, there is an increase from the initial
value of 1.32 for GdL” to 1.7, 1.9, and 2.1 in the presence of Gly, Glu, and GABA,
respectively (Fig. 3.3c,d). In the case of HCO3, the decrease in r; is followed by a
proportional decrease in r, resulting in insignificant fluctuations for the r,/r1 values
over the entire titration range.
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Figure 3.3. Relaxometric characterization of GdL”. The schematic depiction of measured (a) longitudinal
(r1) and (b) transverse (r,) relaxivities for 2.5 mM GdL’ in the presence of 60 equiv. of analyte in 50 mM
HEPES (pH 7.4, 300 MHz) at 25°C. The horizontal dotted lines represent the corresponding relaxivities
in the absence of analytes. (c) Ratiometric ro/r; stimuli-dependent response over the range of added
analytes from 0 to 60 equiv. (d) Corresponding calculated ro/r; ratio after the saturation point is reached
(60 equiv.). The horizontal full lines represent the ro/r ratio in the absence of analytes.

The binding affinities were obtained from the mono-exponential fit of r
curves to Eq. S2.2 (Table 3.1). Comparison of affinity constants revealed higher
values of 116 and 106 M for GABA and Glu, respectively, over HCO3 and Gly, which
were 86 and 64 M, respectively. The observed trends suggested greater structural
complementarity of the receptor-binding pocket to the long-chain NTs, Glu and
GABA. The decreased affinity of Gly compared to GABA and Glu is likely due to the
absence of cooperative host-guest binding, as the carboxylate-amine terminals in
GABA and Glu are more suited to the spatial disposition of binding sites within GdL.
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Table 3.1. The water proton r1decreases and affinity constants (Ka) for the ternary
complexes GdL’(A) in 50 mM HEPES (298 K, pH 7.4, 300 MHz).!

analyte (A) Gly Glu GABA ACh HCO3
Ka [M7] 64 106 116 N/A 86
-B r1 [%] 68 69 71 N/A 75

lal The complex to analyte ratio is 1:60.

3.3.3 Conformational mobility of 18C6 motif in response to analytes

The conformational mobility of the binding sites in the host molecule is affected by
the interactions with guest molecules.””" *** Therefore, to gain insight into the host-
guest binding modes, various NMR studies were performed involving the
diamagnetic yttrium(lll) analogue, YL’. High-resolution H NMR spectra were
recorded with YL in the presence of 20 equiv. of Glu or HCO3. The complexation-
induced resonances of both ternary complexes shifted upfield, with a more
pronounced effect for Glu, which suggests its stronger host-guest interactions (Fig.
S3.2). Furthermore, splitting of a broad signal at 1.69 ppm in ternary adducts,
corresponding to the methylene CH,CH,CH; of the amide linker that connects the
two binding sites, suggested the existence of two conformers, corresponding to both
bound and non-bound forms.>* Overall, this revealed host-guest binding with a slow
exchange rate and a greater magnitude for YL7(Glu) interaction. Anion binding to the
paramagnetic label coordinated by DO3A-based chelates is well documented,?** 2%
and thus, we focused on the investigation of interactions that involve the 18C6
binding site. The 2D EXSY NMR spectra displayed conformational diversity for the
18C6 moiety within the ternary adducts (Figs. 3.5 and S3.10 to S3.12). The greater
density of cross-peaks in YL’(Glu) pointed towards a binding mode that involves
multiple interactions between the 18C6 and the NHj;.”*® Conversely, the more
defined cross-resonances for 18C6 in YL’(HCO3) were assigned to Na* inclusion
(bicarbonate was added as the monosodium salt).”” Moreover, no change was
observed in the ratio of isomers in the *H NMR spectra, which excluded involvement
of the formanilide pendant in binding.
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Figure 3.5. Partially overlapped 2D EXSY NMR spectra of YL? (gray) and YL’(Glu) (red) in D,O (pD 7.8,
800 MHz) at 25°C.

Another parameter sensitive to molecular motions of bound protons is the
T1 relaxation time.?** Thus, to quantify the observed conformational flipping, the T1
values of protons in the NCH,CH,0 groups within the 18C6 fragment and meta-H in
the remote pendant (Table 3.2 and Fig. S3.3) were measured. The acquired T; values
for the 18C6 moiety in the YL’(Glu) and YL’(HCO3) were 692 ms and 651 ms,
respectively, whereas the one for binary YL’ was measured to be 628 ms. The
elevated T value in the presence of Glu indicated a higher rate of conformational
exchange of the 18C6 binding site. This was rationalized as the impact of reversible
interactions of multiple bifurcated hydrogen bonds between NHj of the zwitterion
and free electronic pairs on the heteroatoms in the 18C6 receptor.”®® ?°° Slightly
increased mobility of the 18C6 moiety in monotopically bound YL’(HCO3) is likely
related to stronger interaction with entrapped Na*. The identical trend of mobility
was observed for the 18C6 pendant (Table 3.2), which is in alignment with a higher
degree of freedom for linear compounds. Clearly, the observed trends in spin-lattice
relaxation times pointed to the involvement of both binding sites within the MRI host
in the case of YL?(Glu), which is suggestive of a ditopic binding mode.

Table 3.2. Fitted T1 values measured for the NCH2CH,O
fragment within the 18C6 ring frame and for the meta-H of
the remote pendant. (2!

Complexes T, (cHy) / (ms) T1, meta-t / (S)
YU’ 628 2.82
YL(HCO3) 651 2.89
YL'(Glu) 692 3.08
lal[YL?] = 15 mM, pD 7.8, 298 K, 800 MHz. [b] YL to analyte ratio
1:20.
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IH DOSY NMR measurements provided insight into host-guest association in
solution.’®® The obtained self-diffusion constants displayed faster translational
motion for the ternary adducts, YL’(Glu) and YL’(HCO3), compared to the binary YL’
(Table 3.3 and Fig. S3.4). The corresponding hydrodynamic radii, calculated using Eqn
S2.4, shrunk from 1.54 nm to 1.29 nm upon moving from the binary complex to the
ternary species, suggesting a different spatial arrangement of YL’ prior to its
interaction with guests. These values excluded the formation of aggregates or
intermolecular self-assembly. The rotational correlation times (tz) were identical for
the ternary complexes (243 ps), which ruled out tumbling as the explanation for the
observed diversity in T, trends.

Table 3.3. Self-diffusion coefficients (D) obtained in the *H DOSY NMR experiment
and the calculated hydrodynamic radii (Rn) and rotational correlation time (tr) for
YL’(H20) and ternary adducts YL’(Glu) and YL’(HCO3).”!
Complexes YL’(H.0) YL7(Glu) ™! YL’(HCO3) ™!
Diffusion coefficient

D (x10%° m2 s*) 3.19 3.81 3.91

Hydrodynamic radii 1.54 1.29 199
Rn (nm)

Rotational corr. time 114 243 m
R (ps)

[al [YL7] = 15 mM, pD 7.8, 298 K, 300 MHz. [ Host-to-guest ratio 1:20.

3.34 MRI Phantoms

To capitalize on this effect, the selectivity of the GdL” probe was tested by comparing
the signal enhancements of Tyw and Tow with To/Tiw*®* images of MRI tube
phantoms in a 7.05 T MRl scanner (Fig. 3.5, S3.5, S3.6, and Tables 3.4 and S3.1). The
contrast enhancements were calculated as differences in obtained SNR. The Thw
image gave negligible ASNR for Gly, GABA, and Glu with respect to the signal
enhancement produced by HCO3, which are in the range 1-4%. On the other hand,
HCO3 caused greater MRl signal alteration in the Tow images, thus masking the effect
of other NTs. Specifically, Gly, GABA, and Glu only reached 70, 47, and 57% of the
signal enhancement observed for HCO3, respectively. In contrast to the results
obtained using Tiw and T,w MRI protocols, the T,/Tiw phantoms gave more intense
signals for GABA, Glu and Gly (11, 10, and 4%, respectively). Moreover, HCO3
remained completely MRI silent with the ASNR equal to that of GdL’. In addition,
comparing the greater potential of the T>/T:w MRI protocol to the commonly used
T,w analogue to produce images with greater SNR, it should be noted that effective
discrimination of HCO3 was successfully achieved under the physiologically relevant
conditions.
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Table 3.4. The SNR changes (ASNR) obtained in Tiw, Tow, and Ti/T,w MRI phantom
experiments for GdL” versus GdL’-analytes in the ratio 1:60. 2!

ASNR GdL’/GdL’(HCO;)  GdL’/GdL’(Glu) GdL’/GdL’(Gly) GdL’/GdL’(GABA)

Tw 47 43 45 46
Tow 188 107 131 89
T1/Taw 0 10 4 11

2] ASNR values were calculated using the following formulas: i) Tyw: ASNR = (| 1-SNR GdL’(analyte)/SNR
GdL7|)-100; i) for Tow and T1/Tow: ASNR = (| 1-SNRGAL?/SNRGdL7(analyte) | )-100.
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Figure 3.5. T1/T,w MRI phantom image of 1.5 mM GdL? in the presence of various NTs and competitive
metabolites (60 equiv.) in 50 mM HEPES (pH 7.4, 7 T) at 25°C. The image was acquired using a Steady
State Free Precession (bSSFP) pulse sequence.?’t

3.4 Conclusions

The novel ditopic Gd(lI1)-based MRI probe with an increased binding affinity towards
GABA and Glu was developed, and the r,/r; imaging strategy was employed to
discriminate from their physiological competitor, HCO3. It is demonstrated that
cooperative binding of bidentate guests induced co-existence of uneven changes of
riand r2in the supramolecular adducts. Unlike the long-chain NTs, the monotopically
bound HCO3 induced a proportional decrease in both r1and r,, whose ratio remained
equal to that of unbound GdL’. Hence, the greater SNR changes were observed for
GABA and Glu in MRI phantoms and were less emphasized for Gly. Overall, these
findings establish an efficient strategy to sense polydentate metabolites by
employing low-molecular-weight polytopic MRI probes. It is anticipated that the
introduced concept of utilizing a polytopic host with a ratiometric imaging
methodology will be beneficial in the future development of MRI probes for
quantification of polycharged guest molecules.
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Chapter 4

Translating a Low-Molecular-Weight MRI
Probe Sensitive to Amino Acid
neurotransmitters into a PAMAM Dendrimer
Conjugate: The Impact of Conjugation

The application of MRI CAs to diagnose neurodegenerative diseases requires the
ability of CAs to cross the blood-brain barrier. Towards resolving this issue, the
present approach is designed to investigate the impact of the G 4.0 PAMAM
dendrimer scaffold, as a biocompatible carrier, on the performance of a surface-
conjugated Gd-based bismacrocyclic sensor sensitive to amino acid
neurotransmitters. In this work, we investigated the effect of dendrimeric surface
morphology on the initial r; and r relaxivities and induced relaxivity in response to
structurally similar guest molecules. However, this approach requires a minimal
structural modification on a small molecule necessary to provide a functional group
for anchoring to the nano-scaffold, which in turn might affect the overall
performance of the obtained MRI-responsive nanoconjugate.
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4.1 Introduction

Multicomponent supramolecular systems are increasingly used in drug delivery and
targeting applications as they are capable of overcoming obstacles that are beyond
the limits of monocomponent small-molecule entities.’*> 3> In this sense, the
synergistic functionality of nanosized carriers and responsive MRI-active low-
molecular-weight receptors integrated as biocompatible conjugates provides
advantageous features over a single MR-responsive entity.*®* % For instance,
Gunduz et al. demonstrated improved sensitivity of Ca?* MRI-responsive dendrimeric
sensor conjugate over a non-conjugated sensor.?'* The common approaches used to
translate small-sized MRI CAs into bioresponsive NPs are via the incorporation of a
probe as a structural element,*® physical encapsulation into an internal void through
non-covalent interactions®” and covalent attachment®*®. However, loading of
responsive CAs by attaching them onto the surface of NPs is always challenging, as
the responsive MR conjugate should keep its functionality, i.e., remain exposed to
the desired stimuli in its microenvironment.®% 3%

One of the drawbacks associated with the low-molecular-weight Gd-based
MRI CAs is fast clearance from the body.*'**'? A straightforward way to overcome
this issue is via conjugation to a slow-diffusing nanosized carrier.>** ***3'> Towards
this goal, a suitable choice of nano-sized scaffold is the family of well-investigated
water-soluble PAMAM dendrimers of higher generations, owing to properties such
as high loading capacity, biocompatibility, stability, and ease of functionalization.**
1% For this reason, the PAMAM dendrimers were imposed as the appropriate
candidates to be used as nano-scaffolds.’’” However, the dendrimeric surface charge
plays an essential role in the pharmacokinetic properties.’*® Considering toxicity,
negatively charged peripheral groups are more desired; nevertheless, negative
charges on the terminals, for instance, carboxylate groups, are likely to interfere with
the paramagnetic label incorporated within the MRI-responsive chelates.*'* On the
other hand, a positively charged surface appended with, e.g., amine groups, is more
toxic but would not interfere with the paramagnetic cations and their
performance.’”’ In addition, dendrimers with the charge-neutral surface exhibited
affirmative biocompatibility profiles and were considered as carriers for imaging
agents.”'® 3?! Hence, the development of stimuli-responsive nano-sized conjugates
requires a compromise between solubility, toxicity, and sensitivity towards the
target molecules.

Although the dendrimeric tail-conjugates might be designed to release
payload in response to biological stimuli*?? the previously reported non-degradable
Ca-sensitive PAMAM-CAs conjugate coined for the ratiometric r,/ri MR imaging
strategy displayed improved sensitivity to Ca?".?!° Additionally, investigation into
small-sized ditopic MR receptors evidenced their potential to selectively bind
zwitterionic NTs via cooperative ion-pair binding.”’ >’* These responsive, small-sized
GBCAs shown to be a promising tool for visualization of Glu and GABA by means of
a ratiometric T1/T, approach (Chapter 3). One negative aspect associated with these
types of small-molecule charged MRI probes is their intrinsic incompatibility with
penetrating the BBB and reaching the region of interest, which limits their
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application to terminal experiments in biomedical research. Hence, an improvement
in biocompatibility is an imperative.

4.2 Molecular Design

To prepare the nano-sized probe of interest, a G4 PAMAM dendrimer with a
cystamine core and 64 amine terminals was used as a multivalent binding platform
for conjugation with a small-sized Gd(lll)-chelate sensitive to AAs (Fig. 4.1). For the
molecular MRI-active component, the previously developed bismacrocyclic receptor
described in Chapter 3 was used. The flexible pending arm attached to the 18C6
moiety was chemically modified and used for bridging via covalent linkage to the
primary amine terminals on the PAMAM dendrimer. To neutralize the surface charge
and increase solubility at physiologically relevant pH, the remaining non-
functionalized peripheral amines were capped with the mPEG-6 units.*** The short
chain length for the hydrophilic mPEG unit, consisting of six repeating building
blocks, was chosen to minimize steric hindrances and thus ease the accessibility of
guest molecules to the receptor binding sites. The detection principle is based on the
g-modulation principle, involving reversible binding of the AAs with the appended
ditopic chelate in an ion-pair cooperative manner.**
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Figure 4.1. Structure of nano-sized MRI probe sensitive to AAs, GdD*-mPEG. The G4 PAMAM dendrimer
represents a nano-scaffold onto whose surface were co-attached the responsive MR transducer GdL”
and the hydrophilic PEG component.
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4.3 Results and Discussion

4.3.1 Synthesis and Structural Elucidation

The multi-step synthetic route for the preparation of the dendrimeric-conjugate
GdD-mPEG consisted of the synthesis of tert-butyl ester protected and
bismacrocyclic isothiocyanate 4-1 (Scheme 4.1), followed by its attachment onto the
G4 PAMAM surface, hydrolysis, metalation, and PEGylation (Scheme 4.2). In the first
step, the precursor for the bismacrocyclic chelator, the amine 3-3 (Scheme 3.1 in
Chapter 3), was reacted with CSCl, to yield the isothiocyanate 4-1. The choice of
isothiocyanate as the desired functional group for the conjugation to the primary
amine surface was made, as it is known to undergo reaction in a facile manner under
mild conditions.

BuO,C,
el e
Bu0,C” >N N) N 7
&—N\ b e g' N o 5 .
1

CO,Bu 0 N NS J
Lo H

3-3;R =NH,

4-1;R=NCS = I

Scheme 4.1. Synthesis of isothiocyanate 4-1. Reagents and conditions. i) CSCl,, CH,Cly, EtsN, 4 h, RT,
47%.

In the following step, 4-1 was covalently attached to the amine-terminated
surface of a G4 PAMAM dendrimer through the formation of thiourea bridges to
yield the dendrimeric conjugate 4-2. Subsequently, the tert-butyl esters were
cleaved in formic acid to afford the corresponding PAMAM-conjugated ligand D*. The
complexation of ligand D* was carried out with GdCl; at pH 7.2, providing the
nanoconjugate GdD'. The final product was subsequently treated with EDTA to
remove the excess of free Gd**. Due to its tendency to precipitate in HEPES-buffered
media at physiological pH, the remaining positively charged dendrimeric amine
surface was neutralized by PEGylation with hydrophilic mPEG-6-NHS ester units to
yield the final PAMAM-conjugate GdD*-mPEG.

The average number of conjugated NT-responsive units per G4 PAMAM
dendrimer core in GAD*-mPEG was determined by *H NMR analysis in two different
stages in the synthesis of the nano-conjugates. For the dendrimeric intermediates 4-
2 and D!, an average functionalization of 36 peripheral amines out of 64 (56%) was
estimated. An average mass of conjugates calculated according to the dendrimeric
loading estimated via the *H NMR experiment was shown to be in good correlation
with the mass distribution peaks obtained from MALDI-TOF analysis. However, due
to peak broadening, which is a consequence of a wide mass distribution range, this
type of analysis prevented more precise characterization. The groups conjugated on
the periphery in higher-generation dendrimers are known to be densely distributed,
and therefore, partial occupancy exceeding 50% is satisfactory for these types of Gd-
chelates. In addition, when compared to the similar but sterically smaller MR
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chelates,*” it is clear that sterically bulky 4-2 is causing steric hindrances, which
prevent loading of a greater number of chelates.
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Scheme 4.2. Synthesis of the GdD!*-mPEG. Reagents and conditions: i) dry DMF, Et3N, 45°C, 56 h, loading
56%, yield 63%; ii) HCO,H, 60°C, quantitative yield; iii) GdCls, pH 7.2, 60°C, 65%; iv) m-PEG6-NHS ester,
pH 8.0 (0.1 M HEPES), 24 h, 78%.

4.3.2 Relaxometric Properties of PAMAM-conjugates

It is known that the charged interior of PAMAM dendrimers has the ability to entrap
zwitterionic guest molecules, resulting in swelling/deswelling and thus evoking the
analyte concentration-dependent changes of dendrimeric properties. On the other
hand, it is evidenced that the influence of surface groups governs charge-specific
interactions with charged hosts.>?® *?” Therefore, to better understand the impact of
intrinsic properties of PAMAM G4 constructs on relaxometric responses, we
compared the initial T; and T, values and the magnitude of their changes upon
interaction with Glu. The comparison was performed involving both negatively
charged and non-charged surface PAMAM conjugates.
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Figure 4.2. Relaxometric response of GdD! and GdD!*-mPEG to Glu in different buffers. Bulk water
proton (a) ry and (b) r; relaxometric titration of 2.5 mM GdD* in 50 mM MES or PBS buffers (pH 6.4) and
2.5 mM GdD!-mPEG in 50 mM HEPES (pH 7.4) with increasing amounts of Glu (0-100 equiv.) at 25°C
(300 MHz). The symbols are experimental data, and the lines represent fits calculated to Michaelis-
Menten’s model (Eq. S2.2). The data for r, relaxometric titration in MES is not fitted, as the applied fit
is inappropriate. (c) and (d) are the corresponding relaxivity changes (in %) induced upon saturation
with 60 equiv. of Glu.

The obtained ri1 and r; relaxometric titration responses to Glu were
compared for GdD?, the MR probe with a negatively charged surface, as well as for
its PEGylated, charge-neutral analog GdD*-mPEG. Once dissolved at physiological pH
(7.4), the GdD* showed a tendency to precipitate, and thus, to preserve high
solubility, it was investigated at pH 6.4 in two different buffers, MES and PBS. The
initial ryand r, values obtained in MES, 6.61 mM™ s and 16.85 mM™ s, respectively,
were lower than in PBS, reaching the r; and r, values of 7.57 mM™* s™ and 22.84 mM-
15!, respectively (Fig. 4.2). Upon saturation with 60 equiv. of Glu, both r;and r, in
MES decreased by ~25% (Table 4.1). Similarly, the observed response in PBS was
slightly stronger for both, ryand r,, providing a relaxivity decrease of ~35%. The initial
r,and ryvalues in HEPES-buffered medium (50 mM, pH 7.4) slightly exceeded 6.0 and
19.0 mMs?, respectively. However, the changes of r1 and r; to Glu were greater (37
and 48%, respectively). Such behavior in different buffers was assigned to diverse
interaction with the water medium. Although the electron-donating end-amines
might electrostatically attract coordinatively unsaturated Gd-core and decrease r;
relaxivity,*”® the higher initial r; value for non-PEGylated conjugate is likely due to
stronger interaction with water molecules, which slow down molecular tumbling and
consequently result in increased initial relaxivities.**’

The capacity of GAD'-mPEG to recognize structurally different guests was
estimated through the analyte-induced relaxivity decrease and binding affinity of the
corresponding ternary adduct. In the first step, the water proton r; and r,
relaxometric titrations were conducted in buffered HEPES-buffered medium, with i)

73



the amino acid NTs of interest: GABA, Glu, and Gly; ii) the ACh as an example of a
non-zwitterionic transmitter and thus a non-responding analyte; and iii) the
competitive metabolite HCO; The analytes were added in amounts up to 100 equiv.,
and the Ty and T, relaxation times were measured upon each addition. The obtained
data were plotted as r; and r, versus the amount of added analyte, and subsequently
the K, values were acquired from the nonlinear fitting of the r; (Table 4.1).

Table 4.1. Affinity constants (Ka) and change in r, and r, for GdD*-
mPEG upon the addition of 60 equiv. of different analytes. 2]
Analytes Gly Glu GABA HCO; ACh
-Ary (%) 34 38 40 51 2
-Br; (%) 41 47 45 76 4
Ka (M) 15 40 23 30 N/A

18] K-values were obtained by fitting r1 to Eq. S2.2.

As expected, the obtained r; and r, relaxometric curves displayed downward
trends, which is typical for the g-modulated strategy that operates via a turn-off
mechanism (Fig. 4.3). The PEGylated conjugate displayed absolute discrimination for
the non-zwitterionic ACh, while the competitor, HCO;induced a decrease in r, of 51%
upon saturation, which is greater than values observed for the NTs, ranging between
34 and 40%. The envisaged ri/r; ratiometric response similar to that observed by
Gunduz et al.’*® in the case of calcium-responsive PAMAM conjugates was not
obtained (Figs. 4.4 and S4.4). In general, the observed affinities are lower than those
observed in similar types of chelates non bound to NPs. This indicated greater
electronic and steric hindrances in the proximity of the binding pocket, caused either
by the PEG chains or the dendrimeric branches. In addition, the ditopic receptor is
likely hidden in the interior of the dendrimeric branched sphere due to the greater
length of PEG units, and thus, the approach of a guest molecule is to some extent
obstructed. Since the binding affinities represent the free energy difference between
the bound and non-bound states, it is assumed that the slightly stronger binding in
the case of Glu over hydrogencarbonate occurs due to cooperative binding of ion
pairs. Similar behavior was previously observed for the analogous small-molecule
ditopic MRI receptors, characterized in Chapter 3, in which the nature of the remote
pendant attached to the 18C6 moiety drove the affinity towards NTs. In accordance
with this, the slightly disturbed host-guest association could be resolved by keeping
the responsive chelate at a greater distance from the dendrimeric scaffold using a
long-chain spacer.
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Figure 4.3. Relaxometric response of GdD!-mPEGg to various analytes. (a) Longitudinal r; and (b)
transverse r; relaxivities of 2.5 mM GdD*-mPEGg in 50 mM HEPES upon addition of 60 equiv. of analytes
(300 MHz) at 25°C. Horizontal blue lines represent the corresponding initial relaxivities.

Furthermore, when compared to the relaxometric response profile of the
non-bound low-molecular-weight MRI sensor introduced in Chapter 3, which is
structurally identical to the surface-bound ditopic Gd-chelate, the GdD'-mPEG
displayed a lower initial r; value and weaker response to the same group of analytes.
This finding suggests interaction of the oxygen atom within the mPEG chains with
the MR-responsive receptor by establishing a weak Gd—Omees interaction, which
partly displaces the inner-sphere water molecule and thus decreases the initial r,
relaxivity.”** On the contrary, the initial r, value in the nanoconjugate is higher for
41% which is undoubtedly assigned to a slow molecular tumbling contribution, which
is a characteristic feature of large molecules.
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Figure 4.4. Relaxometric r,/r; response of PAMAM-conjugated MRI CAs to Glu in different buffers. The
calculated ry and r; values for GdD* in 50 mM MES or PBS (pH 6.4) and for GdD!*-mPEG in 50 mM HEPES
buffer (pH 7.4) at 25°C ([Gd3*] = 2.5 mM, 300 MHz). The calculated ratiometric r,/r; values in the absence
of analytes are depicted as horizontal dotted lines.

4.4 Conclusions
In summary, the first example of a PAMAM-conjugated MRI probe responsive to

zwitterionic NTs was synthesized, and its relaxometric responses towards NTs and
biologically relevant competitive metabolites were investigated. Findings gathered
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in in vitro evaluation revealed that diversity in peripheral morphology of dendrimeric
conjugates has a profound impact on initial relaxivities and efficacy to bind guest
molecules. The positively charged surface of GdD! exhibited slightly higher initial r,
and r, relaxivities but poor solubility at physiological pH, while the surface-neutral
PEGylated analogue GdD'-mPEG provided excellent solubility under biologically
relevant conditions and a stronger response towards analytes. In terms of selectivity,
the PEGylated conjugate is ACh-insensitive, whereas the affinity towards Glu is the
highest. These findings provided insights into common obstacles that could be
encountered when transferring an Ln-based small-molecule sensor onto NPs.
Moreover, the comparison of the responsiveness of the ditopic low-molecular-
weight MRI chelate as an independent host and when incorporated into the PAMAM
scaffold provided information on structure-functionality dependence. This could
result in a useful guide to predict the effects of incorporating a small-sized molecular
sensor into a nano-sized carrier. Overall, this work provided helpful hints to approach
the design of a polytopic nano-conjugated MRI probe for sensing polycharged guests.
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Chapter 5

Synthetic small-molecule receptors sensitive
to amino acid neurotransmitters for 13C NMR-
based detection

A series of Ln-chelates involving the previously reported ligand L® were synthesized.
The ability of complexes LnL®to modulate the chemical shift of AAs was evaluated by
13C NMR titration with Glu and Gly. It was observed that the chemical shift of
carboxylic carbon changed in a lanthanide-dependent manner. In addition, it was
evidenced that LIS of carboxylic carbons, which bind Ln** ions, also depends on the
type of guest molecule. Although the amino acids establish interactions with Ln-
complexes via the Ln-0,"3C bond, placing the carboxylic carbon further away from
the Ln(Ill)-ion, it is evidenced that shift modulation of carboxylic carbons is practically
feasible. Overall, these findings set the grounds for future development of a non-
invasive !3C MRS/l strategy that aims at resolving spatial distribution of
neurotransmitters.
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5.1 Introduction

In stark contrast to MRI, which provides anatomical information where an image
contrast depicts differences in density and relaxivity properties of bulk water protons
within a tissue, MRS measures the concentration of different metabolites,
representing a functional image that reflects metabolic activity. In this context, 3C
MRS is widely used to study cell neuroenergetics and Glu cycling in humans, 267 330331
However, during the neuronal activation, Glu transients in the brain are spread
between vesicular, synaptic, and extrasynaptic, whereas quantification of
pathophysiologically relevant extracellular Glu is compromised by intracellular pools
as they resonate at identical frequencies.’®” Indeed, a large discrepancy for
extracellular Glu concentration of over three orders of magnitude between
minimally invasive microdialysis (2—6 uM)*** *** and that estimated by non-invasive
13C MRS (= 10 mM)**>**” was reported. This is partly due to the inability of MRS to
distinguish between extra- and intracellular Glu pools.

Lanthanide shift agents are commonly used to facilitate elucidation of
molecular structure in solution. Although these agents are chemically inert, when
placed in the vicinity of other substances, they alter 3C signals via lanthanide-
induced shift (LIS), which is predominantly contributed to by pseudo-contact shift.***
Thus, the paramagnetic Ln-chelates could be used to differentiate overlapped signals
coming from the two pools by affecting only those in the extracellular compartment.
In analogy to shift agents, it is speculated that previously introduced ditopic
molecular sensors responsive to AAs (Chapter 2) may be suitable for determining
extracellular Glu levels. It is reasoned that paramagnetic features of lanthanide ions
other than Gd** could provide a basis for capturing chemical shift modulation of
nearby carboxylic carbon with 3C MRS/l modality.

In this work, a study towards a hybrid approach to spatially resolve Glu pools
in the brain by combining shift agents sensitive to amino acid NTs with NMR-based
shift detection is described. In biological systems the labeled *C-Glu is produced in
the TCA cycle when using either labelled glucose or acetate as metabolic
precursors.®** By establishing an Ln-0,3C bond between LnL® and *C-Glu, it is
envisioned that carboxylic carbon signal modulation could be achieved either via
lanthanide-induced *3C-shift or PRE effect.>*** In either case, the extracellular Glu
could be estimated from the difference upon measuring intracellular Glu, which is
not affected by exogenous CAs.

5.2 Research Design

To date, the reported approaches that employ paraSHIFT agents measure change in
chemical shifts of spin-active nuclei, most commonly *°F, *H, and 3P, incorporated
within a ligand framework of a chelate.’**** These platforms alter the signal in
response to stimuli by changing the intranuclear distance from the paramagnetic ion
to the reporter group. On the contrary, Tori and Lenkinsk reported the impact of
various paramagnetic reagents on nitrogen-containing chains with significant shift
changes on a, B, and y carbons, transferred through contact contribution.** 3%
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According to Pearsons, the amino acids are hard acids and are naturally prone to
establishing strong bonds with oxophilic Ln* ions.** In addition, Leite and co-
workers evidenced that coordination of free Eu** and Th** with L-phenylalanine (Phe)
and L-tryptophan (Trp) affects chemical and magnetic properties of carboxylate and
a-carbon signals.3! In a mechanistic sense, the coordination of carboxylate oxygen
to the coordinatively unsaturated Eu®* strips the electron density off carboxylic
carbon, whereas the a-carbons get more shielded, causing signals to shift downfield
and upfield, respectively.**> ** However, no cases were reported on responsive
paramagnetic CAs used to induce **C chemical shift of amino acid NTs. Therefore,
the feasibility of this approach was questionable. Herein, a novel strategy that
conveys information on the chemical shift of 1*C-labeled target NTs upon interaction
with paramagnetic RCAs is tested. Theoretically, this approach on living subjects
would involve two independent steps: implementing the administration of a *3C-
labelled substrate (**C-glucose or *C-acetate) and monitoring their *3C signal shifts
of produced *C-labelled Glu. Since in vivo labeling of Glu is a well-established
procedure, to assess the feasibility of the proposed approach, we simulated
interactions of the paraSHIFT agent with the AA NTs.

The previously introduced bismacrocyclic ligand L° (Chapter 2), metalated
with various Ln3 ions with different paramagnetic properties, is taken as the
molecular sensor. Since it is known that pseudocontact shift depends on the angle
and distance between the observed spin and the paramagnetic ion, the different
lanthanide complexes with common ligands are expected to have varying magnetic
properties. Hence, the aim is to reveal which Ln* ion induces the largest shifts of
carbons in Glu. A particular focus was set on monitoring quaternary carbons, as the
binding of Glu to the receptor involves coordination of carboxylate oxygen with
paramagnetic metal ions, which places carboxylic carbon in close proximity and thus
greater exposure of Ln3 ions.
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Figure 5.1. Chemical structure of paramagnetic LnL®> and diamagnetic YL? chelates. (a) A series of
paramagnetic complexes were derived from H,do2a-derived ditopic ligand L5 metalated with various
lanthanides. They were synthesized according to the previously reported procedure (Scheme 2.3b,
Chapter 2). (b) The diamagnetic chelate YL? was previously described in Chapter 3 (Scheme 3.2).

5.3 Results and Discussion
In the first step, a host-guest system involving free Eu®* and Glu was studied to test

the capacity of paramagnetic trivalent lanthanides to induce shift change of
carboxylic carbons. Upon the addition of Glu into an aqueous Eu®* solution, it was
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observed that there was an unequal impact on the carboxylic carbon of carboxylates
involved in binding. The C5 carbon is more strongly affected, with A being ~ 5 ppm
when compared to that of C1, which displayed AS of ~ 1 ppm. Presumably, this is
caused by weaker coordination of Cl-carboxylate, which is destabilized by the
positively charged ammonium cation. Since those carboxylic carbons in bound Glu
are close enough to the Eu® ion, experiencing a significant shift change, this
experiment verified the candidacy of paramagnetic Ln-chelates as potential
molecular sensors capable of modulating the chemical shift of the carboxylic *3C-
atom within the amino acid guest.
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Figure 5.2. Chemical shift changes of Glu carboxylic carbons induced by Eu3*. Partial 13C NMR spectra
displaying 40 mM Glu and 5 mM [Eu3*] in the presence of 10, 20, 30, 40, and 50 equiv. of Glu-13Cs at
300 MHz (H,0, pH 7.4, 25°C). To simplify comparison of Glu signals, the reference taken was the non-
labelled Glu displaying two singlets, corresponding to C1 and C5 carboxylic carbons.

In the following step, the impact of various Ln3 ions incorporated within
ligand L% on 3C NMR signals of Gly (K4l = 13 mM, Chapter 2) was evaluated (Fig.
5.3). The obtained results showed that different Ln** ions affect carbon resonances
in a different manner, including signal intensities and changes in chemical shift. This
observation is in agreement with findings demonstrating the uneven impact of
various lanthanide(lll) ions, incorporated within the common ligand, arising from
different magnetic anisotropy effects specific for each Ln3.*** The line broadening
and loss of signals in the case of DyL® and YbL®, respectively, are due to rapid
relaxation of the T, component, which is a typical feature of lanthanides.*** For the
rest of the complexes, the trends of signal shifts towards lower magnetic fields, in
the case of Gly, increased with the following order of lanthanides: Tm3* < Tb3* < Eu.
That signal broadening and chemical shift change are exclusively induced by
lanthanides is confirmed by measuring the impact of diamagnetic YL, with a K4 of
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9.4 mM (Chapter 3), which is comparable to that of LnL>, on the 3C resonance of Glu
(Fig. $5.2).
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Figure 5.3. Evaluation of 13C NMR shift changes of Gly induced by various LnL% complexes. 13C NMR cut-
off spectra of a solution containing 10 mM LnL5 saturated with 40 equiv. of Gly at 300 MHz. (H20, pD
7.4, 25°C).

NMR titration of LnL® with Glu led to a trend resulting in more intense peaks
coming from the CH,/CH groups and low intensity of carboxylate peaks (Fig. S5.1).
This is suggestive of a more pronounced impact on carboxylic carbons as they are
closer to the Eu**/Yb** ion in the ternary adduct. The choice of EuL®, which worked
the best in the case of Gly, is not the most effective for Glu. The **C NMR of Glu in
the presence of YbL® displayed a concentration-dependent signal shift with,
however, only a small AS of approximately 0.5 ppm. This is likely due to a differently
perturbed ligand field, as the binding modes are different, which is clearly indicated
by the higher host affinity towards Glu (Chapter 2, Table S2.1). In addition, the
observation that signals of both carboxylates are equally shifted indicated that both
carboxylates bind YbL®. However, lesser broadening of the C5 carboxylate suggested
unequal binding strength. Moreover, the loss of multiplicity for C1 is likely due to
stronger exposure to PRE of Yb*" ion.
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Figure 5.4. 13C NMR chemical shift of Glu induced by YbL®. Partial 3C NMR spectra of a solution
containing 10 mM YbLS in the presence of 1, 3, 6, 8, and 10 equiv. Glu at 300 MHz (H,0, pH 7.4, 25°C).

5.4 Summary and Conclusions

In this study, we investigated the suitability of paramagnetic Ln(lll)-based probes,
sensitive to amino acid NTs, to impact the *C chemical shift of Glu and Gly. In
general, the Gly and Glu exhibited changes in signal broadening and shifts observable
by NMR-based detection. Interpretation of NMR spectra evidenced that the LnL®
probe induces shift changes sufficient for differentiation of overlapped signals under
the physiological conditions. However, in the case of more relevant Glu transmitters,
the observed changes are less emphasized. Namely, the magnitudes of A8 for the
carboxylic carbon of Gly were > 1 ppm (Ln = Tm¥®, Tb*, Eu*), whereas that of Glu
gave the most obvious results for the YbL® inducing A8 of around 1 ppm. These
findings supported the expectation that the ditopic Ln-chelates sensitive to AAs
could be used to resolve intra- from extracellular Glu pools in the brain by means of
MRS/I-based detection. Since the monitored components are neurotransmitters,
this approach eliminates sensitivity issues associated with detection limits of
contrast agents in the case of the classic MRI approach. Overall, this study paves the
way towards the development of a hybrid imaging approach combining responsive
shift reagents with 3C-labeled endogenous markers and NMR-based shift detection.
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Summary

This doctoral research was designed to deepen the study on paramagnetic receptors
sensitive to amino acid neurotransmitters intended for application in biomedical
research as molecular amplifiers for MRI visualization.

In Chapter 1, the responsive MRI contrast agents relationship, describing the
impact of physicochemical parameters on the efficacy of contrast agents and their
practical implementation to detect various stimuli, is thoroughly described. The
physicochemical characteristics of PAMAM dendrimers of importance for effective
design of dendrimer-conjugated MRI contrast agents were critically evaluated. In
addition, concentrations and synaptic lifetimes of Glu and Gly were given, as they
represent important parameters for designing molecular sensors. Moreover, the
evolution of polytopic binding platforms sensitive to amino acids is summarized. At
the end of the chapter, the drawbacks of existing paramagnetic complexes designed
for recognition of amino acid neurotransmitters, together with limitations for
practical applications, are identified.

The aim of Chapter 2 was to thoroughly investigate the molecular structure-
affinity relationship of a series of bismacrocyclic hosts with AA neurotransmitters
and competitive metabolites. The molecular framework of ditopic Gd-probes inserts
two orthogonal cyclen- and 18C6-derived binding sites with an on-off response to
AA neurotransmitters. The implemented synthetic approach implied modification of
a net charge of Gd-chelate via changing ligand denticity and pending arm on the 18C6
motif in terms of its size and charge. Relaxometric response to various analytes
revealed that the positively charged Gd(do2a) transducer displayed higher affinities
due to stronger Gd-O,Canaiyte interactions. Complexes with sterically small benzyl or
without 18C6-pendate displayed high initial relaxivities and significant decrease
upon saturation with analytes. Negatively charged pendants, phosphate and
acetate, yielded milder relaxivities and halved responses to analytes. Their
unanticipated behavior was rationalized by intramolecular self-assembly induced by
Gd-O1sc6-pendate interaction, which impedes assembly with guest molecules. A non-
charged bulky group displayed the lowest initial relaxivity, with change comparable
to that of the hosts with sterically small groups. Importantly, we revealed that
irrespective of Gd-chelate type, the 18C6-pending arm has a pivotal role in
recognition of zwitterionic AAs.

Careful analysis of structure-activity relationships on a family of
bismacrocyclic hosts (Chapter 2) allowed us to advance host framework design with
more favorable complementarity towards AAs. Precisely, Chapter 3 introduces a
novel bismacrocyclic host (GdL’) with an 18C6 motif engineered to boost interactions
with NH.*. Relaxometric evaluation displayed enhanced affinity towards Glu and
GABA over hydrogencarbonate. In addition, detailed analysis on the conformational
mobility of the 18C6 binding site, performed on the diamagnetic binary analog (YL®)
and ternary adducts with HCOs™ and Glu, revealed that greater affinity towards Glu
is additionally contributed by multiple bifurcated hydrogen bonds of the ammonium
cation. Yet, the co-occurrence of non-synchronized changes of T; and T values in
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response to zwitterionic AAs allowed implementation of the ratiometric r/ri
approach. In vitro MRI phantoms measured by the bSSFP pulse sequence verified
signal enhancement for Glu and GABA compared to that of hydrogencarbonate, with
the ry/r1 ratio almost equal to that of non-bound GdL’. In a broader sense, this
approach offers a general strategy for designing small-molecule paramagnetic
sensors for multidentate guests.

The macromolecular probe described in Chapter 4 entails conjugation of a
small-molecule Gd-chelate (Chapter 3), anchored by an isothiocyanate group to the
amino surface of a G4 PAMAM dendrimer. Although a considerable increase in initial
r1 relaxivity relative to the non-conjugated receptor was expected, presumably due
to interaction between coordinatively unsaturated Gd** and non-conjugated end-
amines, the obtained values were lower. Capping off the remaining peripheral
amines with hydrophilic PEG units improved the solubility of the dendrimeric
conjugate, however, with no significant impact on relaxivity. Further analysis
revealed an unanticipated relaxometric response to analytes, which is brought in
connection with the interaction between oxygen from the PEG chains and the Gd-
center. Yet, the host-guest study provided useful insights on orthogonality
requirements for dendrimeric surface morphology with conjugated turn-off MRI-
responsive sensors.

Direct visualization of synaptic Glu transients by functional MRl is challenged
by the development of a highly selective molecular sensor. On the other hand, the
13C MRS methodology uses Glu as an endogenous contrast agent by detecting signals
coming only from Glu; however, it does not spatially resolve between different Glu
pools. Thus, by combining the Gd(do2a)-based synthetic receptor LnL® (Chapter 2),
having among the highest affinity to Glu, with chemical shift-capturing modality, in
Chapter 5 we set the ground towards a hybrid MRS/l approach designed to
distinguish extra- from intracellular Glu content. The conducted in vitro NMR
titrations were designed to mimic the interaction of Ln(lll)-chelate with 3C labelled
Glu in the synaptic cleft. The measurements revealed notable shift changes of
carboxylic carbons of Glu, which confirmed the feasibility of this approach.

In summary, the work presented here expanded the scope of small
molecules and introduced dendrimeric-conjugated MRI molecular transducers
sensitive to amino acid neurotransmitters. Although the selectivity issue of
zwitterionic AAs versus hydrogencarbonate was successfully resolved via the cyclen-
C186 ditopic Gd-probe coined for ratiometric T,/T: MRI (Chapter 3), the sensitivity
requirement to achieve detection in the uM range remained unmet. Therefore,
applications on animal subjects will need further structural improvements of
synthetic receptors wherein target molecules will be bound via a large number of
interactions; a promising host could be metalloenzymes or deep cavity cavitands
with binding pockets engineered for the desired transmitter. Irrespective of mMRI,
the introduced paradigm for the NMR-based shift imaging represents the first
attempt to selectively modulate the chemical shift of **C-enriched stimuli using a
responsive paramagnetic host. In addition, this approach paves the way to a wide
array of endogenous markers that could be labeled through administration of 3C-
labeled substrates.

84



Appendices

85



6.1 Appendix A

6.2 Experimental Section

Major experiments detailed in this thesis were conducted in the Research Group MR
Neuroimaging Agents at Max Planck Institute for Biological Cybernetics, Tubingen,
Germany, between 2015 and 2019. Additionally, ESI HRMS measurements were
conducted by Dr. Dorothee Wistuba at Eberhard Karls University in Tibingen.
Computational calculations were performed by Prof. Dr. Carlos Platas-Iglesias at the
University of A Corufia, Spain.

6.2.1 Materials and Methods

General procedures: Commercially available reagents and solvents were purchased
from Acros, Sigma-Aldrich, Fluka, Fischer, TCI, Merck, VWR, Carl Roth, and CheMaTech
and used without further purification unless stated otherwise. Solvents for the reaction
were of quality puriss. p.a. Dry solvents for anhydrous reactions were dried over 3 A
molecular sieves activated via microwave heating or flame-dried using a heating gun and
then cooled in a vacuum desiccator. For aqueous solutions, deionized water passed
through a Milli-Q® filter was used. All glassware used for anhydrous reactions was
heated overnight at 80°C and cooled prior to use or flame-dried under the nitrogen.
Organic extracts were dried using anhydrous calcium sulphate (CaSO4) unless otherwise
stated. All the reactions requiring anhydrous conditions were conducted under the N,
atmosphere. Reactions were magnetically stirred, and the progress of reactions was
monitored by TLC (thin-layer chromatography) performed on alumina TLC plates pre-
coated with silica gel 60 containing an UV254 fluorescent indicator visualized at 254 nm.
Flash chromatography purification was performed using silica gel 60 (0.03-0.2 mm)
purchased from Carl Roth, Germany. Small-scale purifications were performed on
preparative thin-layer chromatographic plates (PTLC), using glass plates precoated with
Analtech 500 pm thick silica gel (20 x 20 cm, Uniplate) containing a fluorescent indicator
using HPLC-grade solvents. The compounds were visualized with a 254 nm UV lamp.
Reverse Phase High Pressure Liquid Chromatography (RP-HPLC) was performed 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.

General Analytical Information: Nuclear Resonance Spectra and relaxation times were
measured at Bruker AVANCE Ill spectrometers operating at 300 or 800 MHz. All spectra
were recorded at room temperature (22 — 25°C) using either CDCl; or D,0, referenced
to TMS/TSP, respectively. Processing was performed using TopSpin 2.1 and the analysis
using ACD/SpecManager 9.0 (Advanced Chemistry Development, Inc.) or TopSpin 2.1
and 4.0.6. The concentrations of the analyzed solutions containing paramagnetic Ln(Il1)
jons were determined using the bulk magnetic susceptibility shift (BMS) method.**® The
luminescence emission and lifetime measurements were performed on a
QuantaMaster™ 3 PH fluorescence spectrometer from Photon Technology
International, Inc. (USA). Low-resolution mass spectra (ESI-MS) were recorded on an ion
trap SL 1100 Agilent system with an electrospray ionization source. High-resolution mass
spectra (ESI-HRMS) were performed on a Bruker BioApex Il ESI-FT-ICR, equipped with an
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Agilent ESI source. Low-resolution mass spectra were recorded on an Agilent ion trap SL
1100 system with an electrospray ionization source. Relaxometric titrations

6.2.2 Relaxometric titrations

The bulk water proton, T; and T, relaxation times were measured using standard
inversion-recovery (IR) and Carr-Purcell-Meiboom-Gill (CPMG) pulse sequences,
respectively. The relaxometric titrations were performed by stepwise addition of
buffered analyte to the solution of analyzed complex, and the bulk water *H relaxation
times, Tiobs, Were measured after each addition. The molar r; and r; relaxivities (mM™ s
1) of the bulk water protons were normalized to the concentration of Gd(Ill) (mM) and
calculated according to Eq. S2.1, where Robs (s) is the measured relaxation rate (Rops =
1/Tobs) and Ry is the relaxation rate of media (diamagnetic contribution).

_Rops—Ra) . _

7 [CA] ;i=1,2 (S2.1)

6.2.3 Binding affinity calculations

The calculated ri-values were plotted as a function of the added amount of analyte and
fitted to the Michaelis-Menten model, shown by Eq. S2.2, where the slope of the fitted
curve represents disassociation constant Kq, [CA] is the initial concentration of the
gadolinium complex, and rf and r, are relaxivities of free and bound ternary adducts,
respectively. To compare host-guest binding strength, the association constants (Ka)
were used (K, = 1/Kq, in units M),

_ =Ty ([CA] + x x [CA] + Kg) — y/([CA] + x x [CA] + K4)* — 4x x [CA]?
y—rf—( [CA] )x( 2 ) (52.2)

6.2.4 Luminescence Study

The luminescence measurements were performed in H,0 and D,0 (298K, pH 7.4, 50 mM
HEPES). The emission spectra were obtained by direct excitation of Eu(lll) at 395 nm,
while both the excitation and emission slit widths were set to 2 a nm bandpass. The
decays were measured at the emission wavelength of 617 nm with a 10 ps resolution.
Excitation and emission slits were set to 5 and 15 nm bandpass, respectively. Data sets
are an average of 25 scans (decay data), and each reported value is the mean of three
independent measurements. The obtained curves were fitted to a first-order
exponential decay. The hydration number (g) was calculated using modified Horrock’s
model, given by Eq. S2.3;°” % where n takes into account the number of exchangeable
amide N—-H oscillators of coordinated amide groups, ky,o and kp,o are the rate constants
for depopulation of the excited state and are inversely proportional to measured
excited-state lifetime (t).

q =12 x [(kn,o0 — kp,0) — 0.25—0.075n]; n=1 (52.3)
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6.2.5 Diffusion measurements

H Diffusion-Ordered Spectroscopy (DOSY) NMR experiments were performed
on a Bruker AVANCE |l spectrometer using a BBO probe with z gradients. The samples
were dissolved in D,O at pD 7.8, and the data were acquired at 298 K. The viscosity
calibration for the media was performed using the stebpgls pulse sequence, and the
obtained data were processed in the T1/T; relaxation module (TopSpin 2.1). The diffusion
measurements were conducted using the standard Bruker pulse sequence stebpgls19,
employing stimulated echo, bipolar gradients, and Watergate solvent suppression. The
gradient pulse time was set to 2.5 ms with a diffusion time of 200 ms. The gradient
strength was increased linearly over 16 steps from 2% to 95%. Processing was performed
using Bruker Topspin software 2.1. The individual slices of pseudo-2D *H diffusion
spectra were phased and base corrected, and the diffusion constants were read from
the obtained spectra. The hydrodynamic radii of diffusing particles (R») were calculated
using the Stokes-Einstein (SE) relation, which models molecules as hydrodynamic
spheres, shown by Eq. S2.4, where k is the Boltzmann constant, T is the absolute
temperature, n is solvent viscosity, and D is the measured diffusion coefficient.

kT

Ry=——
h 6mnD

(S2.4)

6.2.6 Density Functional Theory (DFT) Calculations

All calculations were performed using the Gaussian 09 package (Revision E.01) within
the hybrid meta-generalized gradient approximation (hybrid meta-GGA) with the TPSSh
exchange-correlation functional.®*” All calculations used the large-core quasi-relativistic
effective core potential (LCRECP) approximation developed by Dolg and the
corresponding [5s4p3d]-GTO valence basis set for Gd,*** whereas the ligand atoms were
described by using the standard 6—31G (d,p) basis set. The stationary points found on
the potential-energy surfaces as a result of geometry optimizations were confirmed to
correspond to energy minima rather than saddle points by using frequency analysis.
Solvent effects were included by using the integral-equation formalism variant of the
polarizable continuum model (IEFPCM).**° Relative energies include zero-point energy
(ZPE) corrections obtained with frequency calculations.

6.2.7 Synthetic procedures

Tri-tert-butyl 2,2',2"-(10-(3-aminopropyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)tr-
iacetate (2-1)

o
'BuO
D

'BUO (—N NOA~UNH,
(|

O'Bu
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K>COs (1.69 g, 12.12 mmol) was added to a stirred solution of DO3A tert-butyl ester (2.4
g, 4.66 mmol) in MeCN (20 mL) at room temperature, followed by portionwise addition
of N-(-3-bromopropyl)phthalimide (1.66 g, 6.06 mmol) over 1 h. Upon completed
addition, the mixture was vigorously stirred at 60°C for 16 hours. The mixture was then
filtered, and the filtrate was evaporated under reduced pressure to dryness. Thereafter,
the remaining residue was redissolved in i-PrOH, followed by the addition of EDA (2.52
mL, 37.3 mmol). The temperature of the reaction mixture was raised to 60°C and the
mixture was stirred for 4 h. The mixture was then concentrated in vacuo, and the
obtained dark yellow residue was purified by column chromatography (silica gel,
MeOH/CHxCl,, 4:96) to afford 2-1 (1.7 g, 65%) as an off-white solid: Ry = 0.68
(MeOH/CH,Cl,, 15:85); *H NMR (300 MHz, CDCl3): & (ppm) 3.43 —3.08 (br, 8H, CHa), 2.89
— 2.30 (br, 16H, CH,), 1.63 (quint, 2H, CH2CH,CH2), 1.55 — 1.39 (overlapped s, 27H,
C(CHs)s); 3C NMR (75 MHz, CDCls); (ppm) 172.3, 170.7, 82.0, 81.9, 58.0, 57.2, 56.7, 50.7,
50.6,50.5,50.2,50.0, 39.6, 28.0, 23.8; LRMS (ESI-TOF) m/z [M + H]* calcd. for CysHssNsOg*
572.4, found 572.4.

Tri-tert-butyl 2,2',2"-(10-(3-(2-bromoacetamido)propyl)-1,4,7,10-
tetraazacyclododecane -1,4,7-triyl)triacetate (2-2)

The bromide 2-2 was synthesized according to the previously published procedure.'*

The analytical data matched those previously reported.

Di-tert-butyl 2,2'-(4-(3-(1,3-dioxoisoindolin-2-yl)propyl)-1,4,7,10-
tetraazacyclododecane-1,7-diyl)diacetate (2-3)

NaHCOs (0.483 g, 5.59 mmol) was added to a stirred solution of DO2A tert-butyl ester
(2.4 g, 5.99 mmol) in MeCN (60 mL) at room temperature, followed by portionwise
addition of N-(-3-bromopropyl)phthalimide (1.45 g, 5.39 mmol) over 4 hours. Upon
completed addition, the mixture was vigorously stirred for 3 days. The mixture was then
filtered, and the filtrate was evaporated under reduced pressure to dryness. The solid
residue was then dissolved in CH,Cl, (60 mL) and washed with water (2 x 25 mL). The
organic layer was dried over anhydrous Na,SO,; and evaporated under vacuum. The
resulting dark yellow resin was washed with a low amount of cooled Et,0 to give 2-3 (2.1
g. 62%) as an off-white solid. *H NMR (300 MHz, CDCls): & (ppm) 7.92-7.66 (m, 4H,
PhthCH), 3.70 (t, J = 7.1 Hz, 2H, CHoNPhth), 3.33 (br s, 4H, NCH,CO,tBu), 3.09 (br m, 4H,
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NCH,CH,N), 2.92 (br s, 4H, NHCH,CH,N), 2.81 (br s, 4H, NHCH,CH,N), 2.76-2.55 (br, 6H,
CHzCHzCHz and NCHzCHzN), 1.78 (quint, ZH, CHzCHzCHz), 1.45 (br S, 18H, C(CH3)3),' 13C
NMR (75 MHz, CDCls): & (ppm) 170.4, 168.3, 134.2, 131.8, 123.3, 81.5, 58.1, 51.1, 50.9,
49.0, 47.7, 43.6, 36.2, 28.1, 21.1; HRMS (ESI-TOF) m/z [M + H]* calcd. for CHsoNsOg*
588.3756, found 588.3761.

Di-tert-butyl 2,2'-(4-(3-aminopropyl)-10-(2-((4-nitrophenethyl)amino)-2-oxoethyl)-
1,4,7, 10-tetraazacyclododecane-1,7-diyl)diacetate (2-5)

'BuO

3
\J\/Ko

H
N

T
o N\)N\/\/NHz
o

AN

K>CO3 (1.2 g, 8.58 mmol) was added to a solution of 2-3 (2.1 g, 2.65 mmol) in dry MeCN
and the mixture was stirred for 30 min. at room temperature. The compound 2-4 (1.24
g, 4.29 mmol) was then added portion-wise, the temperature was elevated to 45°C and
it was left to stir for 16 hours. Thereafter, the reaction mixture was cooled down to r.t.,
solvent was removed under the vacuum, and the residue was redissolved in i-PrOH,
followed by the addition of EDA (1.43 mL, 21.6 mmol). The temperature of the reaction
mixture was raised to 60°C and the mixture was stirred for 4 h. Then the mixture was
concentrated in vacuo, and the obtained dark yellow residue was purified by column
chromatography (silica gel, MeOH/CH,Cl,, 5:95) to give 2-5 (1.2 g, 65%) as an off-white
solid: Ry = 0.31 (MeOH/CH,Cl,, 10:90); *H NMR (300 MHz, CDCls); (ppm) 8.11 (d, J = 7.55
Hz, 2H, ArH), 7.58 (d, J = 7.93 Hz, 2H, ArH), 3.71-1.94 (br, 30H, CH,), 1.84-1.35
(overlapped s, 20H, CH,CH,CH, and C(CHs)s); **C NMR (75 MHz, CDCls); (ppm) 172.0,
170.2,147.9,146.4,130.2,123.4,82.0, 58.7, 56.6, 56.4, 56.3, 50.6, 50.2, 49.5, 40.0, 38.8,
34.8, 28.0, 23.8; HRMS (ESI-TOF) m/z [M + H]* calcd. for Cs3HssN;O;" 664.4392, found
664.4398.

Di-tert-butyl 2,2'-(4-(3-(2-bromoacetamido)propyl)-10-(2-((4-nitrophenethyl)amino)-2-
oxoethyl)-1,4,7,10-tetraazacyclododecane-1,7-diyl)diacetate (2-6)

Bromoacetic acid (0.404 g, 2.82 mmol) and DCC (0.587 g, 2.82 mmol) were subsequently
added as solids to a stirred solution of the amine 2-3 (1.1 g, 1.66 mmol) in CH>Cl,(30 mL),
and the reaction mixture was stirred at room temperature for 8 h. Then, the precipitate
was filtered off, and the filtrate was concentrated under reduced pressure. The crude
residue was purified by column chromatography (silica gel, MeOH/CH.Cl, gradient from
5:95 to 30:70) to yield 2-6 (840 mg, 52%) as an off-white solid: Rf = 0.5 (MeOH/CH,Cl,,
15:85); 'H NMR (300 MHz, CDCls); (ppm) 8.62 (m, 1H, HNCO), 8.10 (d, J = 8.69 Hz, 2H,
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ArH), 7.67 (m, 1H, HNCO), 7.48 (d, J = 8.69 Hz, 2 H), 3.95 (br s, 2H, CH,Br), 3.65-2.07 (br,
30H, CHa), 1.74 (quint, 2H, CH,CH.CH,), 1.48 (br s, 18 H, C(CHs)s); ®C NMR (75 MHz,
CDCls); (ppm) 172.8, 171.1, 166.3, 147.9, 146.4, 130.0, 123.4, 82.7, 56.7, 56.3, 53.5, 51.6,
51.1, 50.9, 50.1, 39.7, 38.3, 35.3, 29.5, 28.0, 25.2; HRMS (ESI-TOF) m/z [M + H]* calcd.
for CasHssBrN;Os" 784.3603, found 784.3596.

tert-butyl 2-(1,4,10,13-tetraoxa-7,16-diazacyclooctadecan-7-yl)acetate (2-7)

o
NH O

s
LagheX

The solution of tert-butyl bromoacetate (0.32 mL, 2.13 mmol) in CDCl; (25 mL) was
added dropwise to a stirred mixture of 4,13-diaza-18-crown 6-ether (0.59 g, 2.24 mmol)
and EtsN (0.32 mL, 2.24 mmol) in CDCls (25 mL) over 8 h, and the resulting mixture was
stirred at room temperature for 2 days. Then the reaction mixture was evaporated under
the vacuum, and the residue was purified by column chromatography (silica gel, 3.5%
MeOH/CHCl,) to give 2-7 (0.52 g, 62%) as a pale yellow solid: Ry = 0.23 (MeOH/CHCl,,
15:85); 'H NMR (300 MHz, CDCls): & (ppm) 4.03-3.81 (m, 4H, HNCH,CH,0), 3.71-3.47
(overlapped m, 12H, OCH.CH,N and OCH.CH,0), 3.42-3.33 (overlapped s, 2H,
NCH,C(0)0), 3.21-3.06 (br m, 4 H, NCH,CH,0), 3.03-2.90 (m, 4 H, OCH,CH,N), 1.49-1.41
(overlapped s, 9 H, C(CHs)s); 3C NMR (75 MHz, CDCl3): & (ppm) 170.4, 81.4, 70.2, 69.9,
67.8, 665, 539, 508, 48.7, 283, HRMS (ESI-TOF) m/z [M + H]+ calcd. for CigH37N206"
377.2646, found 377.2651.

7-Benzyl-1,4,10,13-tetraoxa-7,16-diazacyclooctadecane (2-8)

o
NH O.

EtsN (0.32 mL, 4.48 mmol) was added to a stirred solution of 4,13-diaza-18-crown 6-
ether (1.0 g, 3.74 mmol) in CDCl; (25 mL) and the mixture was stirred for 30 min. Benzyl
chloride (0.43 mL, 3.74 mmol) in CDCls3 (25 mL) was then added dropwise over 8 h and
the resulting mixture was stirred at room temperature for 2 days. Then the solvent was
removed under reduced pressure, and the solid residue was purified by column
chromatography (silica gel, 5% MeOH/CH,Cl,) to give compound 2-8 (0.79 g, 60%) as an
off-white solid: Ry = 0.16 (MeOH/CH,Cl,, 15:85); *H NMR (300 MHz, CDCls): & (ppm) 7.40—
7.19 (overlapped m, 5H, ArH), 3.88 (t, 4H, NHCH,CH-0), 3.68 (br s, 2 H, CH,Ph), 3.66—
3.43 (overlapped m, 12H, OCH,), 3.17 (t, 4H, NHCH.CH,), 2.77 (t, J = 4.91 Hz, 4H,
NCH-CH,); *C NMR (75 MHz, CDC5): & (ppm) 138.5, 128.9, 128.2, 126.9, 70.0, 69.9, 68.6,
66.5, 57.8, 55.1, 48.4; HRMS (ESI-TOF) m/z [M + H]* calcd. for CigH33N,04* 353.2435,
found 353.2438.
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Diethyl ((16-benzyl-1,4,10,13-tetraoxa-7,16-diazacyclooctadecan-7-
yl)methyl)phosphonate (2-9)

o NP~

Formaldehyde (48 mg, 1.59 mmol) and anhydrous Na,SO4 (250 mg) were added to a
solution of diethyl phosphonate (218 uL, 1.59 mmol) in dry CHsCl (15 mL), and the
resulting mixture was stirred for 30 min. at room temperature. Then the compound 2-8
(350 mg, 0.99 mmol) was added, followed by the addition of BFs-Et,O (10 pL), and the
reaction mixture was refluxed for 6 h. The reaction mixture was then cooled down to
r.t., filtered off, and the filtrate was concentrated in vacuo, and the obtained solid
residue was purified by column chromatography (silica gel, MeOH/CH.Cl, gradient from
4:96 to 8:92) to afford product 2-9 (298 mg, 60%) as a dark yellow solid: Ry = 0.42
(MeOH/CH,Cl,, 20:80); *H NMR (300 MHz, CDCls): & (ppm) 7.52-7.14 (overlapped m, 5H,
ArH), 4.13 (quint, 4H, CH,CH3), 3.80 (br s, 2H, NCH,Ph), 3.74-3.49 (overlapped m, 16H,
OCH,CH,), 3.17-2.50 (overlapped m, 10H, CH,CH,N and NCH,P(0), 1.34 (t, J/ = 7.08 Hz,
6H, CHs); *C NMR (75 MHz, CDCl3): & (ppm) 139.2, 129.3, 128.3, 127.3, 70.6, 69.9, 69.3,
69.3, 61.9, 61.8, 59.6, 55.3, 55.2, 53.5, 51.9, 49.8, 16.6, 16.5; 3'P NMR (121.5 MHz,
CDCl3): & (ppm) 25.46; HRMS (ESI-TOF) m/z [M + Na]* calcd. for Cy4Ha3sN,NaO;P*
525.2700, found 525.2707.

Diethyl ((1,4,10,13-tetraoxa-7,16-diazacyclooctadecan-7-yl)methyl)phosphonate (2-10)

'
G J3
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The catalyst Pd(OH),/C (20% w/w) was suspended in the solution of 2-9 (298 mg, 0.59
mmol) in EtOH (25 mL), and a catalytic amount of NH4OH (50 pL, 7N solution in MeOH)
was then added. The suspension was shaken in Parr’s hydrogenator for 7 h, filtered off
through a diatomaceous earth pad, and the filtrate was evaporated to yield 2-10 (230
mg, 94%) as a dark yellow-brown semi-solid. Ry = 0.19 (MeOH/CH-Cl,, 20:80); *H NMR
(300 MHz, CDCls): & (ppm) 4.25-4.04 (m, 4H, OCH,CH3), 3.82-3.50 (overlapped m, 16H,
OCH,CH20 and OCH,CH>N), 3.17-3.04 (overlapped s, 2H, NCH,P), 3.04-2.71 (overlapped
m, 8H OCH,CH;N), 1.33 (t, J = 6.99 Hz, 6H, CHs); 3C NMR (75 MHz, CDCls): & (ppm) 70.4,
70.1, 69.3, 69.0, 61.9, 61.8, 55.0, 54.9, 50.2, 48.9, 48.2, 16.6, 16.5; 3'P NMR (121 MHz,
CDCl3): & (ppm) 25.82; HRMS (ESI-TOF) m/z [M + Na]* calcd. for Ci;H3;N.NaO;P*
435.2231, found 435.2235.
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4-((1,4,10,13-tetraoxa-7,16-diazacyclooctadecan-7-yl)methyl)-7-methoxy-2H-chromen-

2-one (2-11)
G 3
[O N] (9
o) y

4-Bromomethyl-7-methoxycoumarin (382 mg, 1.42 mmol) was added to a stirred
mixture of 4,13-diaza-18-crown 6-ether (392 g, 1.49 mmol) and NaHCOs (126 mg, 1.49
mmol) in MeCN (25 mL), and the resulting mixture was stirred at r.t. for 2 days. Then the
reaction mixture was evaporated under the vacuum, and the residue was purified by
column chromatography (silica gel, 3.5% MeOH/CH,Cl,) to yield 11 (0.269 g, 40%) as a
yellowish sold: Ry = 0.39 (MeOH/CH,Cl,, 15:85); *H NMR (300 MHz, CDCls): & (ppm); 7.51
(d, J = 8.69 Hz, 1H, CCHC=HCC), 6.97-6.61 (overlapped m, 3H, ArCH), 3.86-3.77
(overlapped m, 7H, NHCH,CH,O and OCHs), 3.67 (br s, 2H, NCH,C), 3.59 — 3.51
(overlapped m, 4H, OCH,CH,0), 3.47-3.35 (overlapped m, 8H, OCH,CH.O and
OCH,CH;N), 3.33-3.19 (br s, 4H, NHCH,CH,0), 2.83 (t, J = 8.50 Hz, OCH,CH;N); **C NMR
(75 MHz, CDCls): & (ppm) 161.5, 160.8, 154.3, 153.0, 123.5, 111.3, 110.5, 100.1, 69.2,
68.8, 67.8, 65.4, 56.8, 54.8, 53.4, 47.1; HRMS (ESI-TOF) m/z [M + H]* calcd. for
C23H35N207+ 4512439, found 451.2443.

General procedure for the preparation (2-12 to 2-17)

To a stirred solution of the corresponding 1,10-diaza 18-crown-6 ether derivative (2-7,
2-8, 2-10, 2-11) or 1-aza-18-crown-6 ether in dry DMF, the base NaHCOs3 (3.2 equiv.) was
added, and the mixture was stirred for 45 min. To a stirred mixture, the corresponding
bromide (2-2 or 2-6) was added at once, and the reaction was stirred under the nitrogen
atmosphere for three days (in the case of compound 2-15, for five days). The reaction
mixture was then filtered off, and solvent was evaporated on a Kugelrohr apparatus to
give residue, which was purified on PTLC plates to yield the corresponding bis-
macrocycle (2-12 to 2-17).

Tri-tert-butyl 2,2',2"-(10-(3-(2-(16-benzyl-1,4,10,13-tetraoxa-7,16-diazacyclooctadecan-
7-yl)acetamido)propyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetate (2-12)
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Yield: dark yellow solid (199 mg, 0.149 mmol, 72%): Rs = 0.59 (CH,Cl,/MeOH, 85:15); *H
NMR (300 MHz, CDCls): 6 (ppm) 7.47-7.11 (overlapped m, 5H, ArH), 4.13-1.98 (br, 54H,
CH,), 1.79 (br s, 2H, CH,CH,CH,), 1.70-1.33 (overlapped s, 27H, C(CHs)s); *C NMR (75
MHz, CDCls): & (ppm): 173.5, 172.6, 172.3, 136.4, 130.4, 128.4, 127.7, 82.6, 82.4, 69.0,
68.3,67.4,66.9,60.2,57.9, 56.5, 55.8, 55.6, 53.5, 53.4, 52.2, 51.9, 50.9, 50.0, 37.7, 27.9,
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27.8, 24.7; HRMS (ESI-TOF) m/z [M + Na]* calcd. for CsoHssN;NaO1:* 986.6512, found
986.6507.

Di-tert-butyl 2,2'-(4-(3-(2-(16-benzyl-1,4,10,13-tetraoxa-7,16-diazacyclooctadecan-7-
yl)-acetamido)propyl)-10-(2-((4-nitrophenethyl)amino)-2-oxoethyl)-1,4,7,10-
tetraazacyclod-odecane-1,7-diyl)diacetate (2-13)
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Yield: dark yellow solid (94.7 mg, 79%); Ry = 0.56 (CH.Cl,/MeOH, 85:15); *H NMR (300
MHz, CDCl3): 6 (ppm) 8.00 (d, J = 8.31, 2H, ArH), 7.42 (d, J = 8.12, 2H, ArH), 7.35-6.89 (br
s, 5H, ArH), 3.89-1.84 (br, 58H, CH,), 1.70 (br s, 2H, CH,CH,CH,), 1.50-1.23 (overlapped
s, 18H, C(CHs)3); 3C NMR (75 MHz, CDCls): & (ppm) 172.8, 172.6, 171.1, 148.1, 146.3,
136.3130.3,130.0,128.4,127.8,123.3, 82.3,69.8, 68.8, 68.2, 67.4, 66.8, 60.3,57.9, 57.8,
56.6, 56.2,53.4,52.3,51.7,50.2, 50.0, 48.3, 39.6, 37. 9, 35.3, 27.9, 24.3; HRMS (ESI-TOF)
m/z [M + Na]* calcd. for CssHggNsNaO1," 1078.6523, found 1078.6520.

Di-tert-butyl 2,2'-(4-(3-(2-(16-(2-(tert-butoxy)-2-oxoethyl)-1,4,10,13-tetraoxa-7,16-
diazac yclooctadecan-7-yl)acetamido)propyl)-10-(2-((4-nitrophenethyl)amino)-2-
oxoethyl)-1,4, 7,10-tetraazacyclododecane-1,7-diyl)diacetate (2-14)
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Yield: dark yellow solid (140 mg, 61%); '"H NMR (300 MHz, CDCls): & (ppm) 8.02 (d, J =
8.31 Hz, 2H, ArH), 7.43 (d, J = 7.74 Hz, 2H, ArH), 4.34-1.52 (br, 58H, CH,), 1.51-1.26
(overlapped s, 27H, C(CHs)s); **C NMR (75 MHz, CDCls): & (ppm) 171.9, 171.3, 170.6,
170.2,147.1,145.4,129.1,122.4,81.7,81.4,67.9, 67.6, 66.2, 66.0, 60.9, 58.6, 57.5, 55.8,
55.3,53.9,53.3,50.9, 50.8,49.9,49.2, 38.7, 36.6, 34.3,27.2,27.2,27.1, 24.8; HRMS (ESI-
TOF): m/z [M + Na]* calcd. for Cs3HosNgNaO14* 1102.6734, found 1102.6729.

Di-tert-butyl 2,2'-(4-(3-(2-(16-((diethoxyphosphoryl)methyl)-1,4,10,13-tetraoxa-7,16-
dia-zacyclooctadecan-7-yl)acetamido)propyl)-10-(2-((4-nitrophenethyl)amino)-2-
oxoeth-yl)-1,4,7,10-tetraazacyclododecane-1,7-diyl)diacetate (2-15)
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Yield: dark yellow solid (70 mg, 25%); *H NMR (300 MHz, CDCls): & (ppm) 8.03 (d, J = 8.02
Hz, 2H, ArH), 7.43 (d, J = 7.44 Hz, 2H, ArH), 4.00 (quint, 4H, CH,CHs), 3.85-1.91 (br, 58H,
CHa), 1.78 (br s, 2H, CH2CH,CH,), 1.50-1.32 (overlapped s, 18H, C(CHs)s), 1.25 (t, 6H,
CH,CHs); C NMR (75 MHz, CDCls): & (ppm); 173.5, 172.6, 172.3, 136.4, 130.4, 128.4,
127.7,82.6,82.4,69.0,68.3,67.4,66.9,60.2,57.9, 56.5, 55.8, 55.6, 53.5, 53.4,52.2,51.9,
50.9, 50.0, 37.7, 32.0, 31.9, 29.6, 27.9, 27.8, 24.7; 3P NMR (121.5 MHz, CDCl3): & (ppm)
26.50, 26.81, 27.31; HRMS (ESI-TOF): m/z [M + Na]* calcd. for Cs;HeaNoNaOisP*
1138.6499, found 1138.6491.

Di-tert-butyl 2,2'-(4-(3-(2-(1,4,7,10,13-pentaoxa-16-azacyclooctadecan-16-
yl)acetamido) propyl)-10-(2-((4-nitrophenethyl)amino)-2-oxoethyl)-1,4,7,10-
tetraazacyclododecane-1,7-diyl)diacetate (2-16)
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Yield: white solid (72%).H NMR (300 MHz, CDCls): & (ppm) 8.10-7.98 (m, 2H, ArH), 7.59—
7.32 (m, 2H, ArH), 3.92-1.91 (br, 58H, CH,), 1.77 (broad s, 2H, CH,CH,CH,), 1.52-1.28
(overlapped s, 18H, C(CHs)s); 3C NMR (75 MHz, CDCls): & (ppm) 172.9, 172.5, 171.2,
148.2, 146.4,130.1, 123.3, 82.3, 81.7, 68.9, 66.6, 68.5, 68.1, 67.1, 58.2, 56.3, 54.4, 54.1,
53.5, 51.8, 50.3, 50.0, 48.9, 39.6, 37.9, 35.3, 28.0, 24.1; HRMS (ESI-TOF): m/z [M + Na]*
calcd. for C47Hg2NsNaO13* 989.5894, found 989.5887.

Di-tert-butyl 2,2'-(4-(3-(2-(16-((7-methoxy-2-ox0-2H-chromen-4-yl)methyl)-1,4,10,13-
tetraoxa-7,16-diazacyclooctadecan-7-yl)acetamido)propyl)-10-(2-((4-nitrophenethyl)
amino)-2-oxoethyl)-1,4,7,10-tetraazacyclododecane-1,7-diyl)diacetate (2-17)

Yield: white solid (80 mg, 26%). *H NMR (300 MHz, CDCls): & (ppm) 8.19-7.87 (m, 2H,
ArH), 7.62 (dd, J = 59.0, 8.78 Hz, 1H, ArH), 7.48-7.33 (m, 2H, ArH), 7.03-6.59 (overlapped
m, 2H, ArH), 6.4 (d, J = 25.12 Hz, 1H, C=CHCO,C), 4.07-2.00 (br, 61H, CH; and CHs), 1.83—
1.60 (br, CH,CH,CH,), 1.51-1.26 (overlapped s, 18H, C(CHs)s); 23C NMR (75 MHz, CDCls):
& (ppm); 171.4, 170.2, 168.9, 161.7, 161.5, 160.2, 154.3, 151.9, 147.2, 146.6, 145.5,
129.0, 123.8, 122.5, 111.9, 111.5, 110.2, 100.1, 80.8, 67.9, 67.9, 67.1, 66.1, 57.8, 57.1,
55.3, 55.0, 53.6, 53.4, 53.0, 52.4, 50.7, 50.2, 49.4, 48.4, 46.0, 38.6, 36.9, 34.3, 28.7, 27.2,
27.0, 22.4; HRMS (ESI-TOF): m/z [M + Na]* calcd. for CsgHs1NoNaO1s* 1176.6527, found
1176.6523.
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General procedure for hydrolysis 2-12 to 2-17

The compound 2-12, 2-13, 2-14, 2-16, or 2-17 was dissolved in formic acid (8 mL) and
stirred at 60°C for 24 hours. After the cleavage of tert-butyl esters was completed
(confirmed by the low-resolution MS analysis), the reaction mixture was cooled down to
r.t., and the solvent was evaporated under reduced pressure, followed by lyophilization
for two days to yield the corresponding final ligand L'~3%®, The products were analyzed
by CHN analysis, and the amount of ligand was calculated with respect to the content of
nitrogen for the subsequent complexation with Ln(ll1).

2,2',2"-(10-(3-(2-(16-benzyl-1,4,10,13-tetraoxa-7,16-diazacyclooctadecan-7-yl)acetami-
deo)propyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid (L)
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Yield: off-white solid (75%). *H NMR (300 MHz, D;0): & (ppm) 7.50 (br s, 5H, ArH), 4.48
(br's, 2H, CH,Ph), 4.16 (br s, 2H, CH.C(O)NH), 4.00-2.52 (br, 50H, CHa), 1.76 (br s, 2H,
CH2CH,CH,); 3C NMR (75 MHz, D,0): & (ppm): 171.7, 171.1, 164.0, 130.5, 129.5, 128.5,
127.6,69.0,68.8,63.0,62.5,57.7,54.3,53.7,53.5,52.1, 51.9, 50.0, 49.0, 48.6, 48.2, 36.3,
23.3; HRMS (ESI-TOF) m/z [M + 2H]** calcd. for CsgHessN70112* 398.7444, found 398.7448.

2,2'-(4-(3-(2-(16-benzyl-1,4,10,13-tetraoxa-7,16-diazacyclooctadecan-7-
yl)acetamido)pr-opyl)-10-(2-((4-nitrophenethyl)amino)-2-oxoethyl)-1,4,7,10-
tetraazacyclododecane-1,7-diyl)diacetic acid (L?)
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Yield: off-white solid (72%). *H NMR (300 MHz, D,0): 6 (ppm) 8.02 (d, J = 8.50 Hz, 2H,
ArH), 7.46-7.23 (overlapped m, 5H, ArH), 4.35 (brs, 2H, CH,CONH(CH,)), 4.03 (brs, 2H,
CH,CONH(CH,)3), 3.82-2.71 (overlapped m, 52H, CH-), 2.62 (br s, 2H, CH»(CH),NHCO),
1.63 (quint, 2H, CH,CH2CH,); *C NMR (75 MHz, D,0): & (ppm) 171.2, 169.0, 164.8, 147.9,
147.3,146.3, 131.4, 130.4, 130.1, 129.4, 123.6, 69.9, 69.7, 63.9, 63.4, 58.6, 56.7, 56.4,
55.8, 54.6, 54.4, 53.0, 50.6, 50.1, 49.1, 48.5, 39.7, 37.4, 34.7, 24.5; HRMS (ESI-TOF) m/z
[M + 2H]?* calcd. for CaH7sNgO1,>* 472.7762, found 472.7771.
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2,2'-(4-(3-(2-(16-(carboxymethyl)-1,4,10,13-tetraoxa-7,16-diazacyclooctadecan-7-
yl)acet amido)propyl)-10-(2-((4-nitrophenethyl)amino)-2-oxoethyl)-1,4,7,10-
tetraazacyclododec ane-1,7-diyl)diacetic acid (L3)

O, ﬁwnmrﬂ
OH o NZ_COH
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Yield: off-white solid (82%). 'H NMR (300 MHz, D,0): 6 (ppm) 8.02 (d, J = 8.12 Hz, 2H,
ArH), 7.34 (d, J = 7.93 Hz, 2H, ArH), 4.01-1.99 (overlapped m, 58H, CH,), 1.57 (br's, 2H,
CH,CH-CH,); 3C NMR (75 MHz, D,0): & (ppm) 169.9, 168.7, 168.4, 168.3, 146.6, 145.0,
128.8, 122.3, 68.6, 68.3, 65.8, 62.5, 55.6, 53.8, 53.5, 53.0, 50.1, 49.8, 48.7, 48.6. 46.6,
46.5, 46.3; 38.2, 36.0, 33.4, 23.2; HRMS (ESI-TOF): m/z [M + 2H]?* calcd. for Ca1H71NgO142*
456.77621, found 456.7755.

2,2'-(4-(2-((4-nitrophenethyl)amino)-2-oxoethyl)-10-(3-(2-(16-(phosphonomethyl)-
1,4,10,13-tetraoxa-7,16-diazacyclooctadecan-7-yl)acetamido)propyl)-1,4,7,10-
tetraazacyclodo-decane-1,7-diyl)diacetic acid (L%
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The compound 15 (70 mg, 63 mmol) was dissolved in dry CH,Cl (5 mL) in a flame-dried
flask, and the solution was cooled down to 0°C under the nitrogen atmosphere. Then the
BrSiMe; (196 mg, 1.254 mmol) was added slowly, and the reaction was stirred for 2 h at
r.t. to result in the formation of a white precipitate. The solvent was then evaporated
under the reduced pressure; without previous isolation H,0 (3 mL) was added into the
solid residue, and the mixture was stirred for 1.5 h. The reaction mixture was then
evaporated and lyophilized to give a glassy amorphous solid (32 mg, 54%). *H NMR (300
MHz, D,0): & (ppm) 8.04 (d, J = 8.50, 2H, ArH), 7.36 (d, J = 8.31, 2H, ArH), 4.07 (br s, 2H,
CH,CONH(CHa),), 3.97 (br s, 2H, CH,CONH(CH,)s), 3.84-2.78 (br, 54H, CHs), 1.91 (quint.
2H, CH,CH>CH,); *C NMR (75 MHz, D,0): & (ppm) 174.0, 165.2, 164.5, 147.8, 146.3,
130.2, 123.7, 69.9, 63.8, 59.8, 57.5, 55.3, 55.2, 54.7, 54.7, 54.6, 53.0, 52.2, 51.9, 51.8,
50.1, 50.1, 48.2, 48.2, 40.2, 36.9, 34.9, 22.9; 3'P NMR (121.5 MHz, D,0): & (ppm) 6.63,
9.00; HRMS (ESI-TOF) m/z [M + Ca]** calcd. for CaH70CaNsO1sP?** 493.7172, found
493.7167.
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2,2'-(4-(3-(2-(1,4,7,10,13-pentaoxa-16-azacyclooctadecan-16-yl)acetamido)propyl)-10-
(2-((4-nitrophenethyl)amino)-2-oxoethyl)-1,4,7,10-tetraazacyclododecane-1,7-
diyl)diacetic acid (L)
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Yield: off-white solid (72%); *H NMR (300 MHz, D,0): & (ppm) 8.14 (d, J = 8.12 Hz, 2H,
ArH), 7.45 (d, J = 7.74 Hz, 2H, ArH), 4.05 (br s, 2H, CH,CONH), 3.93-2.75 (overlapped m,
52H, CH,), 2.67 (br s, 2H, CH,(CH,),NHCO), 1.73 (quint, 2H, CH,CH,CH,); **C NMR (75
MHz, D,0): & (ppm) 170.6, 165.1, 164.9, 147.9, 146.3,130.1, 123.7,69.9, 69.7, 69.5, 65.9,
63.8,56.3,55.1,54.6,51.4,51.0, 50.6, 50.3, 48.7, 48.3, 47.9, 39.7, 37.3, 34.7, 24.5; HRMS
(ESI-TOF): m/z [M + 2H]?** calcd. for C3sHesNsO13%* 428.2447, found 428.2450.

2,2'-(4-(3-(2-(16-((7-methoxy-2-oxo-2H-chromen-4-yl)methyl)-1,4,10,13-tetraoxa-7,16-
diazacyclooctadecan-7-yl)acetamido)propyl)-10-(2-((4-nitrophenethyl)amino)-2-
oxoethyl)-1,4,7,10-tetraazacyclododecane-1,7-diyl)diacetic acid (L)

HO
RN
SRR
OH

C J9
ot 2

Yield: off-white solid (69%); *H NMR (300 MHz, D;0): & (ppm) 7.99 (d, J = 8.31 Hz, 2H,
ArH), 7.62 (d, J = 9.06 Hz, 1H, ArH), 7.36 (d, J = 8.50 Hz, 2H, ArH), 6.95 (dd, J = 8.88, 2.27
Hz, 1H, ArH), 6.89-6.77 (m, 1H, C=CHCOMe), 6.61 (br s, 1H, C=CHCO,C), 4.09 (br s, 2H,
NCH,C=CH), 3.95-2.73 (br, 57H, CH, and OCHs), 2.51 (br s, 2H, NCH,CH,CH), 1.63 (br s,
2H, CH.CHaCH,); 3C NMR (75 MHz, D,0): & (ppm) 170.2, 169.5, 164.7, 163.3, 162.5,
154.9, 147.9, 146.1, 145.8, 130.0, 125.5, 123.5, 114.0, 113.4, 111.0, 101.5, 69.9, 69.8,
64.1,63.3,56.4,56.2,56.1, 55.5, 54.6, 54.4, 53.6, 51.2, 50.7, 50.0, 48.4, 48.1, 39.7, 37.5,
34.7, 24.8; HRMS (ESI-TOF): m/z [M + 2H]** calcd. for CsoH77NgO15** 521.7764, found
521.7766.

General synthetic procedure for GdL'*®

The final ligand L*® was dissolved in MilliQ H,O (3 mL), and the pH of the reaction media
was adjusted to 7.2 with NaOH.q,) (0.1 M). Then the corresponding amount of LnCls
dissolved in MilliQ H,0 (1 mL) was added portionwise over 0.5 h, during which the pH of
the reaction was maintained at 7.2. After the addition was completed, the temperature
of the reaction mixture was elevated to 60°C and stirred for 16 h. Then the solvent was
evaporated under reduced pressure, and the acquired complex was freeze-dried on a
lyophilizer for 24 h.
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GdL': White solid. LRMS m/z [M+H]* calcd. for CsgHsaGdN;O11* 951.4, found 951.4; GdL*:
White solid. LRMS m/z [M]* calcd. for C4sH71GdN9O1," 1099.4, found 1099.5; GdL3: White
solid. LRMS m/z [M + Na]* calcd. for C41HesGdNgNaO14* 1089.4, found 1089.4; EuL3: White
solid. LRMS m/z [M + Na]* calcd. for Ca1HesEuNoNaO14* 1084.4, found 1084.4; GdL*: White
solid. LRMS m/z [M + Na]* calcd. for C4oHs7GdN9gNaO1sP* 1125.4, found 1125.4; GdL®: Off-
white solid. LRMS m/z [M + H]?* calcd. for C3sHesGdNgO13%* 505.7, found 505.7; EuL®: Off-
white solid. LRMS m/z [M + H]?* calcd. for CagHesEuNgO13%* 503.2, found 503.3; GdL®: Dark
yellow solid. LRMS m/z [M + H]?* calcd. for CsoH72GdNsO15** 599.2, found 599.3.

6.2.8 Chromatographic purification

The method used is displayed below with the flow rate of 10 mL/min. Solvents used for
reverse-phase HPLC purification were grade and previously acidified with 0.1% either
formic acid or TFA.

Time (min.) 0:0 1:00 3:00 5:00 7:00 15:00 25:00 30:00
MecCN (%) 0 5 10 15 20 25 50 90
H20 (%) 100 95 90 85 80 75 50 10
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6.2.9 Supplemental Figures
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Figure S2.1. Relaxometric response of GdL!-¢ to various analytes. Decrease in ry relaxivity for (a)—(e) 3.0 mM
GdL*"® and (f) 1.0 mM GdLS® in 50 mM HEPES induced by titration with various analytes (0-100 equiv.) at 25°C
(pH 7.4, 300 MHz). The symbols are experimental data, and the lines represent fits. Plotting the molar r;
values, calculated to Eq. S2.1, versus the amount of added analyte and fitting the obtained curves to the
Michaelis-Menten model (Eq. S2.2) provided the K, values for the corresponding ternary complexes.
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Figure S2.2. Luminescence emission spectra od EuL® before and after the addition of 50 equiv. of Gly (Aex=
330 nm, [EuL®] = 50 uM, 50 mM HEPES, 298 K).
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Figure S2.3. 'H DOSY plots of EuL3 (top) and EuL® (bottom) in D,0 before (left) and after (right) addition of
50 equiv. of Gly ([Eul35] = 10 Mm, 298 K, 300 MHz).

Figure S2.4. Structure of the GdL%(Gly)(H,0),-4H,0 system obtained with DFT calculations showing the
binding of Gly to the crown moiety.

101



Figure S2.5. Structure of the GdL5(Gly)(H,0)-5H,0 system obtained with DFT calculations showing the
binding of Gly to the metal ion.

Table S2.1. Binding affinity constants (M) of GdL*-® upon addition
of 60 equiv. of analytes. 2]

Complex Gly GABA Glu HCO3 ACh
Keart 47 10 73 40 2
Kea2 68 78 311 216 N/A
Koas3 23 19 26 72 N/A
Keaus 16 17 15 26 5
Keas 76 92 114 188 N/A
Keat6 69 20 19 150 1

11 K, values were obtained by fitting r, titration curves according to Eq. S2.2.
bl Conditions: [GdL*®] = 3.0 mM, [GdL®] = 1.0 mM, 50 mM HEPES, pH 7.4,
25°C, 300 MHz.

Table S2.2. Ratio of Do — ’F, to Do — ’F; for Eul® and EuL® before
and after the addition of 50 equiv. of Gly. 211!
Complex Eul® Eul3-Gly Eul® Eul5-Gly
Ratio 3.17 3.20 1.80 3.37
lal Conditions: [Eul?®] = 5.0 mM, 50 mM HEPES, pH 7.4, 25°C. I\, = 395
nm, Aem =616 nm.
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6.2.10 NMR Spectra
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Figure S2.6. 'H NMR spectrum of L in D,0 (300 MHz, 298K).
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Figure $2.7. 13C NMR spectrum of LY in D0 (75 MHz, 298K).
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Figure S2.8. 'H NMR spectrum of L2 in D,0 (300 MHz, 298K).
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Figure $2.9. 13C NMR spectrum of L2 in D,0 (75 MHz, 298K).
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Figure $2.10. 'H NMR spectrum of L3 in D,0 (300 MHz, 298K).
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Figure 2.13. 13C NMR spectrum of L% in D,0 (75 MHz, 298K).
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Figure S2.14. 3P NMR spectrum of L% in D,0 (121 MHz, 298 K).
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Figure $2.15. 'H NMR spectrum of L% in D,0 (300 MHz, 298K).
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6.3 Appendix B

6.4 Experimental Section
6.4.1 Materials and methods

For general methods, see Chapter 2.

6.4.2 Estimation of rotational correlation time by tH NMR

The hydrodynamic radii, R, were calculated as described in Chapter 2. The rotational
correlation time (tr) was calculated using the SED model shown in Eq. S3.1, which
establishes the relation between translational and rotational motions of a solute.*? !

_ 4mR,®
TR= 73T

(S3.1)

where n for D,0 at 25°C is 8.87 X 10*Pas.

6.4.3 Conformational dynamics

T1 values of 15 mM YL’ and its ternary adducts with HCOs™ and Glu in D,0 as a solvent
were measured at 25°C (pD 7.8, 800 MHz), using the default inversion recovery pulse
sequence (180° — T - 90°). 24 different values for t, in the range from 0.02 to 10.0 s, were
used between 180° and 90° high-power pulses and pulse delays 5 times longer than the
longest T: being measured with 8 scans. The obtained data were fitted in the T1 /T,
relaxation module using two parameters exponential fit.

6.4.4 MRI Phantoms

MRI measurements were performed on a Bruker BioSpec 70/30 USR magnet (software
version Paravision 5.1) using a Bruker volume coil (RF RES 300 1H 075/040 QSN TR).
Images were obtained using Ti, T, and T,/Ti-weighted imaging protocols, acquired with
Fast Low Angle Shot (FLASH), Multi-slice Multi-echo (MSME), and Steady State Free
Precession (bSSFP) pulse sequences. Phantom consisted of 7 capillaries filled with 150
uL, where 5 capillaries contained 1.5 mM of GdL” and an addition of 60 equivalents of
the guest molecules: (GABA, Glu, Gly, ACh and HCO3). As references, 1.5 mM GdL’ and
50 mM HEPES (pH 7.4) were used. Common imaging parameters were: Field of view
(FOV) 30 x 30, matrix size (MTX) 150 x 150, slice thickness 1 mm, number of excitations
(NEX) 10; the rest of the parameters specific for each sequence are given below. FLASH:
repetition time (TR) = 30 ms, echo time (TE) = 2.75 mis, flip angle (FA) = 90°, acquisition
time (TA) = 45 s; MSME: TR = 900, TE = 30 (60) ms, TA = 22 m 30's; bSSFP: TR = 2.1 (2.7)
ms, TE =1.05 (1.35) ms, FA=70°, TA=17 s 115 ms (17 s 57 ms).
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6.4.5 Synthetic Procedures

N-(4-nitrophenethyl)-2-(1,4,10,13-tetraoxa-7,16-diazacyclooctadecan-7-yl)acetamide
(3-1)

Wb

NO,
[O N])OLN/VQ/
P

o/

To a stirred solution of 4,13-diaza-18-crown 6-ether (700 mg, 2.61 mmol) in MeCN (30
mL) was added NaHCOs (264 mg, 3.14 mmol) and the mixture was stirred for 45 min.
followed by dropwise addition of compound 3 (826 mg, 2.88 mmol) dissolved in MeCN
(20 mL). After the addition was completed, the temperature was elevated to 50°C and
the mixture was stirred vigorously for 2 days. Then the solvent was reduced under the
vacuum, and the solid residue was purified on a silica column to yield 3-1 (637 mg, 53%)
as a pale yellow solid. Rf=0.53 (MeOH/CH,Cl,, 20:80); *H NMR (300 MHz, CDCls): & (ppm)
8.15 (d.J = 8.12 Hz, 2H, ArH), 7.49 (d, J = 8.5 Hz, 2H, ArH), 4.10 — 2.44 (br, 30H, CH,); *C
NMR (75 MHz, CDCls) 6 (ppm) 171.4, 147.5, 146.4, 129.9, 123.5, 70.2, 69.9, 68.3, 66.1,
56.8, 53.6, 48.3, 39.8, 35.3; HRMS (ESI-TOF) m/z [M + H]* calc. for [CaHssN4O5]
469.26568, found 469.26660.

tri-tert-butyl 2,2',2"-(10-(3-(2-(16-(2-((4-nitrophenethyl)amino)-2-oxoethyl)-1,4,10,13-
tetraoxa-7,16-diazacyclooctadecan-7-yl)acetamido)propyl)-1,4,7,10
tetraazacyclododecane -1,4,7-triyl)triacetate (3-2)

'BuO,C,
)

To a stirred solution of 3-1 (1.0 g, 3.74 mmol) in DMF (8 mL) was added NaHCO; (200 mg,
2.36 mmol), and the mixture was stirred for 1 h, followed by dropwise addition of 2 (754
mg, 1.09 mmol), and the resulting mixture was stirred at room temperature for 2 days.
Then the solvent was removed under the reduced pressure, and the solid residue was
purified on a silica gel column (5% MeOH/CH,Cl) to give compound 3-2 (0.79 g, 60%) as
an off-white fluffy solid: Ry = 0.41 (MeOH/CH,Cl,, 15:85); *H NMR (300 MHz, CDCl3): &
(ppm) 9.03 — 8.77 (overlapped m, 1H, CONH), 8.76 — 8.47 (overlapped m, 1H, CONH ),
8.10 (d, J = 8.5 Hz, 2H, ArH), 7.60 (d, J = 8.5 Hz, 2H, ArH), 3.84 — 1.98 (br, 60H, CHs); 1.79
(br.s, 2H, CH2CH,CH,); 1.65 — 1.29 (overlapped s, 27H, CHs); 3C NMR (75 MHz, CDCls) §
(ppm) 173.5,172.0,171.7,171.5, 148.3, 146.3, 130.5, 123.3, 82.7, 82.5, 68.9, 68.4, 67.0,
67.0, 60.0, 58.6, 56.6, 55.5, 54.9, 55.5, 54.9, 53.9, 53.5, 51.6, 50.2, 47.6, 39.9, 37.3, 35.3,
24.3; HRMS (ESI-TOF) m/z [M + H]* calc. for [CssHoaNsO1s]* 1080.69148, found
1080.68958.
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tri-tert-butyl 2,2',2"-(10-(3-(2-(16-(2-((4-aminophenethyl)amino)-2-oxoethyl)-1,4,10,13-
tetraoxa-7,16-diazacyclooctadecan-7-yl)acetamido)propyl)-1,4,7,10-
tetraazacyclododec-ane-1,4,7-triyl)triacetate (3-3)

Buo,C
r\
U0, N NN B o™
'<N\/]\/\/ gﬂ[N %o o NH
co,'Bu o N~
Lo ) H

To a solution of 3-2 (445 mg, 0.41 mmol) in EtOH (25 mL), the catalyst Pd(OH),/C (20%
w/w) was suspended, followed by the addition of a catalytic amount of NH4OH (50 pL,
7N solution in MeOH). Then the suspension was shaken in Parr’s hydrogenator for 8 h,
filtered off through a diatomaceous earth pad, and the filtrate was evaporated to yield
3-3 (364 mg, 84%) as a dark green-brownish fluffy solid. *H NMR (300 MHz, CDCl3): &
(ppm) 7.47 —7.27 (m, 1H, CONH), 7.16 — 6.81 (d, 2H, ArH), 6.80 — 6.35 (d, 2H, ArH), 3.98
—2.05 (br, 58H, CH,); 1.70 (br. s, 2H, CH,CH,CH,); 1.61 — 1.30 (overlapped s, 27H, CHs);
13C NMR (75 MHz, CDCls) & (ppm) 173.5, 172.5, 171.7, 171.5, 145.0, 129.4, 128.6, 115.2,
82.7,82.4,70.5,69.3,59.3,59.2, 56.6, 56.5, 55.7, 55.4, 55.3, 52.4, 51.8, 50.7, 50.0, 40.6,
37.2, 34.7, 28.0, 27.8, 25.5; HRMS (ESI-TOF) m/z [M + Na]* calc. for [CssHosNgNaO1,]*
1072.69924, found 1072.69741.

2,2',2"-(10-(3-(2-(16-(2-((4-formamidophenethyl)amino)-2-oxoethyl)-1,4,10,13-
tetraoxa-7,16-diazacyclooctadecan-7-yl)acetamido)propyl)-1,4,7,10-
tetraazacyclododecane-1,4,7-triyl)triacetic acid (L)

HO,C
r\N\/
HOZCA\,N N) n N(Ao/\é
N P ~_N_H
M £ Jo Y
COH Ne) N
L. oL2

Compound 3-3 (350 mg, 0.333 mmol) was dissolved in formic acid (8 mL), and the
resulting solution was vigorously stirred at 60°C overnight. The solvent was then
evaporated, and the residue was purified by RP-HPLC using a gradient of acetonitrile in
water to yield L7 (195 mg, 64%) as a white solid. *H NMR analysis evidenced the presence
of isomers in the ratio 76:24. *H NMR (300 MHz, D,0): 6 (ppm) enolate form: 8.56 (s, 1H,
NHCHO), 7.10 (d, J = 7.39 Hz, 2H, ArH), keto form: 8.19 (s, 1H, NHCHO), 7.41 (d, J = 7.52
Hz, 2H, ArH), (keto + enol form) 7.29 — 7.13 (overlapping, 4H, ArH), 3.95 — 2.35 (br, 58H,
CHa), 1.81 (br. s, 2H, CH2CHCH.); 3C NMR (75 MHz, D,0) & (ppm); 173.4, 169.2, 167.3,
163.8,160.9, 135.0, 133.8, 133.5, 129.0, 128.5, 119.7, 117.6, 68.4, 65.2, 64.2, 55.4, 54.8,
54.4,53.7,53.6, 49.6, 49.0, 48.4, 39.1, 35.6, 32.6, 22.2; HRMS (ESI-TOF) m/z [M + 2H]*
calc. for [C42H73N9013]? 455.76584, found 455.76502.
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General procedure for complexation ligand L’
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vi Mool »
. S L | I 4
Lo N

The final ligand L7 was dissolved in MilliQ H;O (2 mL), and the pH of the reaction media
was adjusted to 7.2 with NaOH,q, (0.2 M). Then the amount of GdCl; corresponding to
0.8 equiv. of L” was dissolved in MilliQ H,0 (1 mL) and was added in a dropwise manner
over 0.5 h, during which the pH of the reaction was maintained at 7.2. After the addition
was completed, the temperature of the reaction mixture was elevated to 60°C and
stirred for 4 h. Then the solvent was evaporated under the reduced pressure, and the
product was purified by RP-HPLC followed by lyophilization for 24 h.

2,2',2"-(10-(3-(2-(16-(2-((4-formamidophenethyl)amino)-2-oxoethyl)-1,4,10,13-
tetraoxa-7,16-diazacyclooctadecan-7-yl)acetamido)propyl)-1,4,7,10-
tetraazacyclododecane-1,4,7-triyl)triacetic acid (GdL”)

[o)
o
o
VNGdN NNW"‘K\O/\OJO p N\WH
OEo N\%N/vgj o
Lo/ H

GdL’ was obtained as a white solid, 30 mg (74%). HRMS (ESI-TOF) m/z [M - H] calc. for
[Ca2H67N9O13Gd]™ 1063.41049, found 1063.41154.

2,2',2"-(10-(3-(2-(16-(2-((4-formamidophenethyl)amino)-2-oxoethyl)-1,4,10,13-
tetraoxa-7,16-diazacyclooctadecan-7-yl)acetamido)propyl)-1,4,7,10-
tetraazacyclododecane-1,4,7-triyl)triacetic acid (YL?)

(s}
H 07y
Ly f\
= U L PR
N o
lo} Eo NQLN &
9 Lo,/ H

YL’ was obtained as a white solid, 50.9 mg (76%). *H NMR analysis evidenced the
presence of isomers in the ratio 72:28. *H NMR (300 MHz, D,0): & (ppm) enolate form:
8.61 (s, 1H, NHCHO), 7.15 (d, J = 7.43 Hz, 2H, ArH), keto form: 8.21 (s, 1H, NHCHO), 7.44
(d, J = 7.63 Hz, 2H, ArH), (keto + enol form) 7.35 — 7.20 (overlapping, 4H, ArH), 3.78 —
2.28 (br, 58H, CH.), 1.69 (br. s, 2H, CH.CH-CH,); HRMS (ESI-TOF) m/z [M - H]  calc. for
[C42H67N9O13Y] 994.39223, found 994.39347.
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6.4.6 Supplemental Figures
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Figure S3.1. Relaxometric profiles of GdL? in response to various analytes. The schematic depiction of
experimentally measured (symbols) and fitted (curves) data for (a) longitudinal r; and (b) transverse ry
relaxometric titration curves for 2.5 mM [Gd3*] with various analytes (0 — 100 equiv.) in 50 mM HEPES (pH
7.4,7.05T) at 25°C. Plotting the molar r, values, calculated to Eqg. S2.1, versus the amount of added analyte
and fitting the obtained curves to the Michaelis-Menten model (Eq. S2.2) provided the K, values for the
corresponding ternary complexes.

YL + 20 equiv. HCO3"

] ll. -

YL + 20 equiv. Glu

8 7 6 5 4 3 2  ppm
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14  ppm
Figure $3.2. H NMR spectra of 15 mM YL7 in the absence and upon addition of 20 equiv. of Glu and HCO5"

in D,0 (pD 7.8, 800 MHz). Significant signal shifts and multiplicity changes can be observed in the aliphatic
protons induced by interaction with Glu or HCOs5".
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Figure S3.3. Characterization of conformational mobility of YL? in the presence of various analytes. T;-values
for (a) NCH2CH,0 group within the 18C6 ring frame and (b) the meta-H within the aromatic ring in the 18C6
pending arm for 10 mM of the binary complex YL? alone and in the presence of 20 equiv. of Glu and
hydrogencarbonate. Symbols are experimentally measured values, and curves represent fits.
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Figure S3.4. Overlay of 'H 2D DOSY plots of (a) YL? and YL?(Glu) and (b) YL? and YL7(HCO5') displaying changes
in diffusion coefficient of binary complex upon addition of analytes (298 K, 300 MHz).

Figure $3.5. T,w phantom image of GdL” (1.5 mM) with ZNTs and competitive metabolites in a ratio of 1:60

buffered in 50 Mm HEPES (298 K, pH 7.4, 7 T).

Figure S3.6. T,w phantom image of GdL” (1.5 mM) with ZNTs and competitive metabolites in a ratio of 1:60

buffered in 50 Mm HEPES (298 K, pH 7.4, 7 T).
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Table S3.1. SNR values obtained in Tiw, T.w and Ti/Taw MRI phantom
experiments for GdL” with analytes in the ratio 1:60. [}
SNR GdU’  YL'(HCO;) GdU/(Glu) GdL(Gly) GdL’(GABA)
Tiw 434 229 246 241 235
T.w 56 164 119 133 108
T/ Taw 196 196 177 189 175

[l [YL7] = 1.2 mM, 50 mM HEPES, pH 7.4, 298 K, 7 T. [Pl Host to guest ratio 1:60.
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Figure S3.7. 'H NMR spectrum of L7 in D,0 (pD 7.8, 300 MHz).
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Figure $3.8. 13C NMR spectrum of L7 in D,0 (pD 7.8, 75 MHz).
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Figure $3.9. 'H NMR spectrum of YL in D,0 (pD 7.8, 300 MHz).
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Figure $3.10. Overlapped 2D EXSY NMR spectra of YL? (blue) and YL?-Glu (red) in a ratio of 1.0 : 20 measured

in D,0 at 25°C (pD 7.8, 800 MHz).
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Figure S3.11. Overlapped 2D EXSY NMR spectra of YL (blue) and HCO;" (red) in a ratio of 1.0 : 20 measured

in D;0 at 25°C (pD 7.8, 800 MHz).
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Figure S.3.12. Overlapped 2D EXSY NMR spectra of YL? (blue) and Glu (red) in a ratio of 1.0 : 20 measured in
D,0 at 25°C (pD 7.8, 800 MHz).
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Figure $3.13. Overlapped 2D EXSY NMR spectra of YL (blue) and Glu (red) in a ratio of 1.0 : 20 measured in
D,0 at 25°C (pD 7.8, 800 MHz).
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6.5 Appendix C

6.6 Experimental Section

6.6.1 Materials and Methods

Key reagents: Commercially available reagents and solvents were used without further
purification. The G4 poly(amidoamine) PAMAM Starburst dendrimer (cystamine core) as
a solution in methanol (10% wt/wt) was purchased from Andrews ChemService (Berrien
Springs, MI, USA). Low molecular weight molecules were purified using silica gel 60 (0.03
— 0.2 mm) purchased from Carl Roth, Germany.

Purification: The lipophilic dendrimeric conjugate 4-2 was purified using lipophilic
Sephadex® LH-20 (bead size: 25 — 100 um) purchased from Sigma-Aldrich (Germany).
The hydrophilic dendrimeric conjugate GdD* was purified using hydrophilic Sephadex®
G-15 (bead size: 40 — 120 um) purchased from GE Healthcare. Centrifuge purification of
GdD'and GdD*-mPEG was conducted using molecular weight cut-off filters (MWCO 30
kDa).

For the additional information, including omitted methods, see Chapter 2.
6.6.2 Estimation of PAMAM loading with sensor 4-1

The number of loaded units of the bismacrocyclic chelate precursor 4-1, in compounds
4-2 and DY, per dendrimer core was estimated by *H NMR spectra analysis according to
the previously established procedure.**

6.6.3 Synthetic Procedures

tri-tert-butyl 2,2',2"-(10-(3-(2-(16-(2-((4-isothiocyanatophenethyl)amino)-2-oxoethyl)-
1,-4,10,13-tetraoxa-7,16-diazacyclooctadecan-7-yl)acetamido)propyl)-1,4,7,10-
tetraazacycl-ododecane-1,4,7-triyl)triacetate (4-1)

'BUO,C,
=V
\ ~ N—y
BuOCTN TY M o™y
N '}1\/\/ YON O] 5 _~_NCs
g o |
CO,'Bu 0 NN NA\/K/
o) H

The amine 3-3 (0.538 g, 0.512 mmol) was dissolved in dry CH>Cl, (25 mL), and EtsN (0.288
mL, 2.05 mmol) was added. The thiophosgene (0.044 mL, 0.563 mmol) was added to the
reaction mixture and stirred for 3 h at room temperature. The reaction mixture was
filtrated off, and the solvent was evaporated under reduced pressure. The resulting
crude solid was then purified by silica gel column (CH.Cl,/MeOH, 92:8) to yield
isothiocyanate 4-1 as a brown solid (0.261 g, 47%). Rs = 0.52 (MeOH/CH.Cl,, 15:85); *H
NMR (300 MHz, CDCl3): & (ppm) 7.53 — 7.25 (m, 2H, ArH), 7.25 — 6.59 (m, 2H, ArH), 3.84
—1.94 (br, 58H, CH,), 1.87 — 1.68 (br. s, 2H, CH,CH,CH,), 1.62 — 1.39 (overlapped s, 28H,
(CHs)3); 3C NMR (75 MHz, CDCls): & (ppm) 172.0, 171.8, 171.6, 170.0, 140.0, 134.3, 130.5,
128.6, 125.4, 82.6, 82.4, 81.6, 68.9, 68.4, 67.1, 59.9, 58.4, 65.5, 55.5, 54.9, 53.8, 53.1,
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51.6,50.6,50.2,40.5,37.2, 35.1, 28.1, 27.6; HRMS (ESI-TOF) m/z [M + Na + MeOH]" calc.
for C55H97N9N3013+ 114668188, found 1146.68151.

Compound 4-2:

'BUO,C,
Y-
BUO,L N ") H o™
L NNy o N 1Y -
= o J: TS %
€0,'Bu ~o NI~ S £ ea s
Lo/ H TS

The G4 PAMAM dendrimer as a 10% w/w solution in methanol (0.344 mL, 1.91 umol)
was dried under reduced pressure and then redissolved in dry DMF (3 mL). Then the EtsN
(0.043 mL, 0.305 mmol) was added, and the resulting mixture was stirred for 45 min. The
isothiocyanate 2 (200 mg, 0.183 mmol) was added in portions over 24 h and left to stir
at 45°C for 2 days. Then the solvent was removed in Kugelrohr, and the resin-like dark
yellow residue was purified on lipophilic Sephadex LH-20 using methanol as eluent. The
G4 PAMAM-conjugate 4-2 (135 mg, 63%) was obtained as the amorphous yellow solid.
As determined by the H NMR, the 4-2 was functionalized with 42 bis-macrocyclic units.
'H NMR (300 MHz, CDCls): § (ppm) 7.52 (br. s, 2H, ArH), 7.10 (br. s, 2H, ArH), 5.06 — 1.69
(br, 60H, CH,), 1.45 (br. s, 27H, C(CHs)s).

Compound D%

HO,C
\/\N>
HO,C N N\ H o™
2 N\//\/NT/\NK\ Py H R
N X % Yo ~ N i,
COH o N A~ 64
- H T

The tert-butyl protected dendrimer conjugate 4-2 (105 mg, 0.093 mmol) was dissolved
in formic acid (6 mL) and stirred at 60°C for 24 h. Then the solvent was evaporated under
reduced pressure, followed by lyophilization to acquire brown residue. The yield of the
obtained product D! was quantitative and in the following stage of synthesis, was used
without further purification. *H NMR (300 MHz, D,0): 6 (ppm) 7.51 — 6.96 (overlapped
s, 4H, ArH), 4.49 — 2.25 (br, 60H, CH,), 1.77 (br. s, 2H, CH,CH,CH,).

Compound GdD*:

o
9
N\
Ot N ~
Ng4 H o
Ned,’ ( ) H H
O TNINIA~N o
N E/\EN ] 8 /A)rNWN :“"“'"&_
s 0 N A~ S Zes:
o Lo H s

Compound D* (89 mg, 0.093 mmol) was dissolved in MilliQ water, and the pH was set to
7.2 using NaOH (aq) (0.1 M). Then the aqueous solution of GdCl; (28 mg, 0.075 mmol) was
added portionwise over 6 hours while the pH value of the reaction mixture was
maintained at 7.2. After the addition was completed, the mixture was stirred at 60°C
overnight. Then the reaction mixture was cooled, and EDTA monosodium salt (17.5 mg,

122



0.047 mmol) was added while the pH was maintained at 7.2. The reaction mixture was
stirred for 4 h, and the solvent was evaporated under reduced pressure. The obtained
dark yellow residue was purified on hydrophilic Sephadex G-15 using water as eluent,
and collected fractions were centrifuged using a 30 kDa MWCO for 45 min at 2000 g.
This process was repeated until the filtrate showed an absence of GAEDTA and EDTA
(checked by low-resolution ESI-MS and the xylenol orange test). The product was then
lyophilized to obtain the final GdD* (65 mg, 65%) as a yellow solid.

Compound GdD*-mPEG:

o
o«
OnfiiNA
é(Nﬁ"N;{,A Re ™o 3y
i o Jo
Q,,ro o N ALy
o Lo H

Compound GdD* (47 mg, 0.042 mmol) was dissolved in HEPES (2 mL, 0.15 M, pH 7.8),
and the m-PEG6-NHS ester (21.4 mg, 0.051 mmol) dissolved in HEPES (0.5 mL, 0.15 M,
pH 7.8) was added. The resulting reaction mixture was left to stir for 24 h at room
temperature. The reaction mixture was then transferred into a Millipore tube containing
an MWCO 30 kDa filter and centrifuged multiple times until the filtrate showed the
absence of PEG-specific peaks on low-resolution MS. The concentrated product was
lyophilized to yield GAD*-mPEG (41 mg, 75%) as an off-white fluffy solid.

6.64 Supporting Figures
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Figure S4.1. Estimation of the loading capacity of compound 4-2. H NMR spectra recorded in CDCl3 (300
MHz, 298 K) revealed functionalization of 36 surface amines out of 64 (56%).
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Figure $4.2. Estimation of the loading capacity of compound D*. *H NMR spectra recorded in D0 (300 MHz,
298 K) revealed functionalization of 36 surface amines out of 64 (56%).
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Figure S4.3. Relaxometric response of GdD!-mPEGs to various analytes. The schematic depiction of
experimentally measured (symbols) and fitted data (curves) for (a) longitudinal r; and (b) transverse r»
relaxometric titration curves for 2.5 mM [Gd3*] with various analytes (0 - 100 equiv.) in 50 mM HEPES (pH
7.4, 300 MHz) at 25°C. Plotting the molar r; values, calculated to Eq. $2.1, versus the amount of added
analyte and fitting the obtained curves to the Michaelis-Menten model (Eq. S2.2) provided the binding
affinity constants for the corresponding ternary complexes.
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Figure S4.4. Ratiometric ro/r; responsiveness of GAD!-mPEGs to various analytes. MR relaxivities used to
calculate the ratios are measured for 2.5 mM [Gd3*] before and after addition of 60 equiv. of various analytes
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ffered media (pH 7.4, 300 MHz) at 25°C. The depicted horizontal line represents r/r:
i absence of analytes. An insignificant change of the r,/r1 upon saturation with
be used as the ratiometric probe.

6.6.5 MALDI-TOF Characterization
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6.7 AppendixD

6.8 Experimental Section

6.8.1 Materials and Methods
For materials and methods, see Chapter 2.
6.8.2 NMR titrations

NMR experiments were performed at 25°C at 300 MHz (*3C at 75 MHz). Samples were
placed in the outer NMR tube equipped with the coaxial insert filled with D,O with DSS
as the reference. Titration of LnL5/YL® solutions (concentrations are indicated in the
respective experiment) was performed by the addition of a buffered solution of *C-
labeled Glu or Gly, and the 3C NMR spectra were recorded upon each addition. The pH
value was maintained at 7.4 by the addition of diluted aqueous solutions of HCl and KOH
and measured with a standard pH glass electrode.

T

T T T T
180 160 140 120 100 80 60 40 ppm

Figure S5.1. 3C NMR of Glu induced in the presence of EuL5. 10 mM EulL® in the presence of 10, 20, 30, 40,
and 50 equiv. of Glu at 300 MHz (H20, pH 7.4, 25°C, D,0).
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Figure S5.2. 13C NMR spectra of Glu in the absence (gray) and presence (purple) of YL®.
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