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Abstract

Contrast enhanced magnetic resonance imaging (MRI) is an indispensable tool for diagnostic
medicine. However, safety concerns related to gadolinium in commercial MRI contrast agents
have emerged in recent years. For patients suffering from severe renal impairment, there is an
important unmet medical need to perform contrast enhanced MRI without gadolinium. There are
also concerns over the long-term effects of retained gadolinium within the general patient
population. Demand for gadolinium-free MRI contrast agents is driving a new wave of inorganic
chemistry innovation as researchers explore paramagnetic transition metal complexes as potential
alternatives. Furthermore, advances in personalized care making use of molecular level
information have motivated inorganic chemists to develop MRI contrast agents that can detect
pathologic changes at the molecular level. Recent studies have highlighted how reaction-based
modulation of transition metal paramagnetism offers a highly effective mechanism to achieve MRI
contrast enhancement that is specific to biochemical processes. This Viewpoint article highlights
how recent advances in transition metal chemistry are leading the way for a new generation of
MRI contrast agents.
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Introduction.

Magnetic resonance imaging (MRI) plays a critical role in modern radiology, enabling high
resolution visualization of soft tissue and vascular structures without exposing patients to
ionizing radiation. Image contrast in MRI depends on the concentration and the relaxation
times (71, 75, 7,*) of magnetically resonant protons, comprised predominantly of water and
fat. Endogenous contrast is not always sufficient to visualize abnormalities but this can be
overcome by administration of a paramagnetic MRI contrast agent, which shortens the
relaxation times of nearby water protons and renders pathologic tissue highly conspicuous.!
Contrast agents can add tremendous value to an MRI scan and are now heavily relied upon
for detection of abnormalities in the brain and body,2-3 diagnosis and staging of
malignancies,*- to inform therapeutic interventions,® and to monitor patient response to
treatment.’ Tens of millions of contrast enhanced MRI scans are performed each year
worldwide.l

All products currently marketed for MRI contrast comprise aqueous parenteral formulations
of low-molecular weight Gd3* chelates called gadolinium-based contrast agents (GBCAs).8
Nine GBCAs are approved for use by the US Food and Drug Administration (FDA), and six
GBCA:s are authorized for marketing within the European Union, Figure 1.9 The first GBCA
received FDA approval for the detection of blood-brain barrier (BBB) disruptions in 1988,
and with the exception of a few agents developed for liver imaging and angiography, the
majority of the contrast agents introduced since then were designed as essentially
interchangeable products.

Gd3* and Eu?* are the most potent ions for generating 7;-relaxation (positive MRI contrast),
but it is challenging to stabilize Eu2* outside of a rigorously anaerobic environment.10-11
Gd3* chelates were a logical first choice for clinical MRI contrast agents. It is possible to
develop potent relaxation agents using other metal ions,12 but substantially less research and
development has been dedicated to contrast agents not containing Gd. GBCASs have a very
low incidence of adverse drug reactions® and there was little motivation for chemists to
develop alternatives to GBCAs. However, various concerns related to Gd retention and late
toxicity have emerged over the last 14 years prompting regulatory actions and concerns
amongst physicians and patients.13-16 These safety concerns, which are described in more
depth below, have stimulated new research into Gd-free contrast agents.

There is also a growing interest in developing MRI contrast agents for molecular imaging to
detect and quantify metabolic or biochemical changes associated with disease. Molecular
imaging can aid in early detection,17-18 differential diagnosis,18-20 therapeutic planning,?
and monitoring of treatment response?2 based on non-invasively obtained biochemical
information. Clinical molecular imaging is performed with nuclear medicine modalities like
single photon emission computed tomography (SPECT) and positron emission tomography
(PET), which require infrastructure to synthesize and purify compounds containing short
lived isotopes, expose patients to ionizing radiation, and offer poor spatial resolution for
disease mapping compared to MRI.1: 23-24 No MRI contrasts agents are available for clinical
molecular imaging but recent works have demonstrated the tremendous power of transition
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metal redox and spin crossover as mechanisms for biochemically responsive MR signal
modulation.

Here we review some exciting developments in transition metal-based MRI contrast agents
in the separate contexts of gadolinium-free MRI and molecular MR imaging. We will
provide background on the motivations to pursue this research, outline design criteria for an
effective GBCA replacement or biochemically responsive agent, and highlight innovative
inorganic chemistry related to these efforts. The scope of this article is limited to low-
molecular weight transition metal complexes that generate MRI contrast via 7;-relaxation,
magnetic saturation transfer, or chemical shift. The theory underlying MRI contrast
mechanisms is discussed only insofar as required to contextualize the inorganic chemistry
discussed in this article. Readers are referred to excellent existing review articles for
information regarding clinical MRI,2% in depth discussions of theory related to MR contrast
mechanisms, 1 26-28 Janthanide-based contrast agents,2%-30 or macromolecular and
nanoparticle-based contrast agents.31-33

Transition metal complexes as alternatives to GBCAs.

Background.—In 2006, GBCA exposure was directly linked to a devasting fibrosing
condition termed nephrogenic systemic fibrosis (NSF) that can occur in patients suffering
renal impairment.14- 34 In 2007, the US Food and Drug Administration (FDA) responded by
applying a boxed warning to all GBCAs and assigning a contraindication for the use of three
GBCAs (Gd-DTPA, Gd-DTPA-BMA, and Gd-DTPA-BMEA, see Fig 1) for use in patients
suffering from severe renal insufficiency or acute kidney injury.3> The mechanistic link
between Gd and NSF remains unknown and underexplored, but a 2009 FDA data-mining
analysis indicated that the frequency of NSF incidence associated with different GBCAS is
correlated inversely to the kinetic inertness of the chelate.3® The vast majority of NSF cases
are associated with acyclic GBCAs derived from a diethylenetriamine backbone, Fig 1A.
Few unconfounded NSF cases have been documented for macrocyclic GBCAs derived from
a cyclen backbone, which are substantially more inert to Gd dechelation, Fig 1C, although
the majority of MRI exams to that point in time were performed with acyclic GBCAs.36

New cases of NSF are now extremely rare due to updated physician guidelines and careful
screening of patients with impaired renal function. However, it is important to note that there
are currently no clinically available alternatives to GBCASs. lodinated X-ray contrast agents
for computed tomography are the most similar available contrast media, but these agents are
associated with nephrotoxicity in patients suffering renal insufficiency.3’-38 An estimated
16% of US adults suffer from moderate to advanced chronic kidney disease,39-40 and this
patient population is disproportionately afflicted by comorbidities like cancer and peripheral
artery disease that are often diagnosed and managed with the aid of medical imaging.

Concerns over GBCA safety were reignited in 2013 following a report that identified
endogenously hyperintense signal in the dentate nucleus and globus pallidus of patients
receiving prior contrast enhanced scans.*! Elemental analysis of neurologic tissue collected
upon autopsy of patients receiving GBCAs confirmed that Gd retention was indeed the cause
of the signal hyperintensity.1> Gd accumulation in brain tissue is long-term and cumulative
with repeat dosing.*2 Gd brain deposition has been observed following exposure to both
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acyclic and macrocyclic GBCAS, but the acyclic agents are associated with a higher degree
of Gd retention.#3 As a result of these findings, the European Medicines Agency (EMA)
recommended suspending the marketing authorization of three GBCAs in 2017 and
restricted the use of two others for liver imaging only, Figs 1A-B.° Other regulatory bodies
such as FDA, Pharmaceuticals and Medical Devices Agency (PMDA, Japan) and
Therapeutic Goods Administration (TGA, Australia) did not restrict any GBCAs, but issued
revised precautions and warnings.#4-46 Recently, two acyclic GBCAs were voluntarily
withdrawn from the US market by their manufacturers. It is important to note that there is no
confirmed toxicity associated with Gd retention in neurologic tissues.

Recent reports of NSF-like symptoms and clouded mentation arising after GBCA exposure
in patients with normal renal function have been broadly characterized as gadolinium
deposition disease (GDD).4"-48 GDD is controversial and not widely accepted in the
medical community. Symptoms are typically self-reported by patients.*® However, NSF-like
symptoms are clinically documented and it has been observed that Gd can be found in the
urine of these patients long after their last scan. Moreover the Gd urine content can be
increased when these patients are provoked with DTPA, including patients who had received
the more inert macrocyclic GBCAs.49

Requirements for an effective GBCA alternative.—GBCAs are highly versatile and
add tremendous diagnostic value to an MRI scan. Upon intravenous injection, GBCAs
rapidly distribute through the blood pool and extracellular spaces, and are then rapidly
eliminated by renal filtration. Angiographic images to diagnose vascular abnormalities can
be acquired in the seconds after injection when the GBCA makes its first pass through the
arteries.®0 Dynamic phase images acquired during the arterial and venous phases can also be
useful for characterizing tumor vasculature.>! Hyperpermeable lesions remain conspicuously
hyperintense in the minutes after injection, after blood pool enhancement has diminished
substantially. Dynamic imaging of GBCA uptake and washout from hyperpermeable lesions
can be useful for assessing risk for malignancy in diseases like breast cancer.>?

A GBCA alternative must provide comparable or improved diagnostic efficacy at a safe
dose. A number of considerations must be taken into account when designing a GBCA
alternative. Detection sensitivity should be optimized to afford the highest possible contrast
enhancement at the lowest possible dose. Pharmacokinetics must also be considered. Current
contrast enhanced MRI imaging protocols and workflows are designed for contrast agents
that distribute rapidly through the blood pool and extracellular spaces and rapidly washout
out from blood and normal tissue. A hyperpermeable lesion is detected minutes after GBCA
injection, but may require hours or even longer for detection with a macromolecule or
nanoparticle-based agent. In this regard, low-molecular weight, hydrophilic chelates
represent the most obvious choice for GBCA alternatives. Metal ion related toxicity is a
major safety concern for metal-based contrast agents. Different metal ions are tolerated up to
different thresholds, exhibit varying degrees of bioavailability, and different modes of
toxicity. There are unfortunately no defined criteria for thermodynamic stability or kinetic
inertness that equate to safety. As a rule of thumb, new metal-ion based contrast agents
should be designed to be as thermodynamically stable and kinetically inert as reasonably
possible. The intact complex itself must also be non-toxic. The contrast agent should be
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highly soluble in water. GBCAs are formulated at 0.5M or greater, and typically
administered intravenously to adult patients at volumes of 10 — 20 mL. New contrast agents
need not necessarily be formulated or dosed identically, but the agent should be soluble
enough that a diagnostically effective dose can be administered at a reasonable volume.
Solutions of the contrast agent must not be too viscous to facilitate intravenous
administration.

Transition metal complexes as T;-relaxation agents.

T,-relaxation mechanism.—The signal-generating efficacy of a 7;-relaxation agents is
measured by relaxivity (r), Eq 1,

1 1

T1 Ti,dia IS

SS (ON) Eq 1.
[M] = n +r1 +r1 q

ry =

which describes the paramagnetically induced 7; shortening normalized to the concentration
of the contrast agent. A contrast agent interacts with water in few different ways and each
interaction contributes to ;. Overall 7 receives contributions from water molecules directly
coordinated to the paramagnetic metal, if present, (71’5, /S = inner sphere), from second
sphere water molecules that associate with the metal complex via hydrogen bonding
interactions (r155), as well as from outer sphere water molecules that diffuse in and out of
proximity with the metal complex (r;95). For GBCAs, r; receives roughly equal
contributions from r{'S and 198,53 contributions from r{SS are typically small but can be
increased substantially by the presence of negatively charged donor groups such as
phosphonates or by introducing pendant anionic functional groups. >4-5° For a given metal
ion, a chemist can rationally control r{'S through fine tuning the chemical structure, whereas
5% and ;95 are more challenging to control. The magnitude of 7,/ depends on the number
(9), relaxation time ( 71,) and mean residency time (ty,) of water molecules bound to the
metal ion, Eq 2, Fig 2.

4 _
s [H20] Eq2.

= Tim+ tm

Accurate determination of gand z;, are important to characterizing and devising strategies
to optimize new 7;-relaxation agents. Solutions spectroscopic techniques to determine g are
well established for Gd complexes, but are comparatively underdeveloped for paramagnetic
transition metal complexes. Once g is known <, can be ready determined by measuring the
temperature dependence of paramagnetically induced 7; relaxation of bulk water 170 and
fitting the data with the Swift-Connick equations describing two-site exchange.56 Two
experimental methods have been recently proposed to determine ¢ for Mn2* complexes. One
study demonstrated how the temperature dependence of the Mn2* induced line-broadening
of the bulk water 1’0 NMR resonance encodes for ¢.°7 It was shown that at the temperature
position where line-broadening is greatest, g is directly proportional to the full-width at half-
max (FWHM). In another study, a semi-empirical expression to estimate g from r; recorded
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at Larmor frequency 1 MHz was proposed after careful analysis of previously reported
nuclear magnetic relaxometric dispersion (NMRD) data of 49 Mn2* complexes.>8

At magnetic field strengths =0.2T (~10 MHz), which are typical for the vast majority
clinical and pre-clinical MRI applications, 71, is governed by a dipolar mechanism which is
described by the general Solomon-Bloembergen-Morgan (SBM) Theory, Eq 3

1 l(@)zﬁiggu%;s(SJrl) 3r¢ £q.
Tim 15\4x "(}S\/[H 1+w%{1% ‘

where -y and wy are the proton gyromagnetic ratio and Larmor frequency, g is the Landé
g-factor for a free electron, and g is the Bohr Magneton. A chemist can optimize 73, by
introducing a metal ion of difference spin quantum number (S), altering the distance
between the paramagnetic ion and water 1H (), or by altering the correlation time (time
required for 1 radian rotation perpendicular to the applied field) for magnetic field
fluctuations experienced by the water *Hs (t¢).

The parameter ¢ receives contributions from three dynamic processes, Eq 4,

7C TR Tm  Tie a

T, the rotational correlation time (zg), and the longitudinal electron spin relation time
(771¢), which refers to the time constant for electronic spin states to return to their
equilibrium populations after ligand field perturbations. ¢ is controlled by whichever
dynamic process occurs on the fastest time scale. For low molecular weight metal
complexes, zr occurs on the ps time scale. T, can range from ps to seconds, depending on
the metal ion and ligand environment. 7. is on the ns time scale for systems with
electronically isolated electronic ground states such as ions with S-state free ion ground term
configurations like Gd3* or Mn2*, or strongly Jahn-Teller distorted ions like in many Cu2*
systems). For systems with excited state configurations that are easily accessed via spin-orbit
coupling interactions, 77, occurs typically on the ps time scale. For most GBCAs and Mn%*
complexes, Ty, and 77, occur on the ns time scale, S0 z¢ = 75.%°

The 71, mechanism is most efficient when 1/t¢ and wy are closely matched. At MRI
Larmor frequencies ranging 20-80 MHz, r, of Gd3* and Mn2* complexes can be increased
by incorporation into higher molecular weight, more slowly rotating structures, effectively
slowing t¢ from the ps to ns regime. For example, r; of the albumin binding complex Mn-
LCyPh, increases from 5.8 mM~1s71 in water to 46 mM~1s™1 in 660 pM HSA solution at
0.47 T (vy = 20 MHz). At 1.4T (v = 60 MHz), r1 increases from 5.3 mM~1s71 to 46 mM
~151, As the MRI Larmor frequency increases beyond 80 MHz, the r; of macromolecule
associated Gd3* or MnZ* complexes drops precipitously. Note in Table 1 how the r; increase
achieved by albumin binding of Mn-LCyPh, is substantially lower at vy = 128 MHz than at
vH < 60 MHz. The combined influence of zg and H Larmor frequency on ;'S are depicted
in Figure 3. Because the S(S+1)/siun® component of Equation 3 yields nearly identical
values for Mn?* and Gd3*, analogous results are obtained if the same simulation is applied
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to a Gd3* complex There is evidence that r; for complexes of Mn3* and Fe3* can also be
substantially increased by slowing tg. Mn3* and Fe3* complexes are expected to exhibit
shorter 73 values than complexes of Gd3* and Mn?*, and as a result the influence of
changing tgr may exhibit a different field dependency. To date, the mechanisms
underpinning r; for Mn3* and Fe3* complexes have been less extensively studied.

For low molecular weight Gd3* or Mn?* systems where tg occurs on the ps time scale rq is
relatively insensitive to changes in Ty, unless the complex exhibits rare behavior in which t,
accelerates into the ps regime where it is fast enough to influence ¢ or slows to the ps
regime where water exchange may be slow with respect to 7;,. For complexes where g is
rotationally optimized, r{ can be very sensitive to t,. Figures 4A and 4B depict the
influence of T, on 'S at 0.47T, 1.5T, and 4.7T for a Mn?* complex where tg = 80 ns and
for one where tg has been slowed so that 1/t = wy. As in Figure 3, the simulations yield
almost identical r1'S values for complexes of Gd3*. The precise z, required for to achieve
the greatest r; will vary as a function of both tg and *H Larmor frequency, and the reader is
referred to more in depth reviews on this topic.89-81 The impact of changing <, for
relaxation agents of other paramagnetic ions is less well studied.

Increasing TR can increase the r; of GBCAS, but on the other hand increasing tg through
protein binding or incorporating the GBCA into a macromolecule can also alter
pharmacokinetics of the contrast agent in ways that render the agent less useful in the
context of clinical imaging protocols, as described above. Low-molecular weight chelates
have been favored for clinical development, despite their lower r;.

Mn-based relaxation agents.—High spin MnZ* complexes can behave as potent
relaxation agents. Like Gd3*, high-spin Mn2* has a symmetrically half-filled valence
subshell and is capable of forming ternary complexes with poly/amino-carboxylate chelators
and labile water co-ligand(s). There is a precedence for the use of Mn2* in contrast enhanced
MRI in humans. The chelate Mn-DPDP has US FDA and EMA approvals for detection of
liver tumors,®2 although it is no longer marketed. Mn-DPDP is a labile complex that
dissociates Mn2* upon injection into the bloodstream, and the dissociated Mn2* transiently
accumulates in hepatocytes enabling identification of liver metastases as hypointense
abnormalities.53-55 Free dissociated Mn2* enters cells via pathways of Ca2* flux, and thus
exhibits a high degree of uptake by excitable cells like cardiomyocytes and insulin releasing
pancreatic B cells.56-67 A formulation comprised of free Mn2* and Ca2* gluconate was
developed for cardiac imaging and was evaluated in a Phase 1l clinical trial (NCT00881075).
68 The free Mn2* transiently accumulates within viable cardiomyocytes via voltage-gated
Ca?* channel uptake.5%-70 Free Mn2* antagonizes voltage-gated Ca2* uptake, but the
toxicity is offset by co-administration of Ca*. The Mn2*:Ca?* ratio is tuned so that Mn2*
uptake is diagnostically useful but not cardio-depressive. A liposomal oral formulation
containing MnCl, has an FDA approval for bowel imaging but is no longer marketed. An
oral formulation of MnCl, with D-alanine and vitamin D3 to stimulate enterohepatic
circulation is currently being evaluated in Phase I11 trials for detection of focal lesions in
liver tissue (NCT04119843). A formulation comprising paramagnetic Mn(l1) containing
monodisperse nanoparticles with average hydrodynamic radius 5-6 nm’1-72 is currently
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being evaluated in a Phase | clinical trial to assess safety, tolerability, and pharmacokinetics
in breast cancer patients (NCT04080024).

There is a proven diagnostically utility and track record of safe clinical use for Mn-based
contrast agents. However, previously used Mn2*-based agents cannot substitute for GBCASs,
which are administered as bolus injections, confine to extracellular spaces, and are rapidly
eliminated. A suitable Mn-based alternative should have pharmacokinetics that are
analogous to GBCAs, be thermodynamically stable and kinetically inert enough to be
administered as a bolus injection without inducing any cardiovascular toxicity, and have r;
comparable to or higher than GBCAs.

A number of Mn2* chelates have been evaluated in the context of GBCA alternatives. A
comprehensive review of this expanding body of work extends beyond the scope of this
Viewpoint article, but notable examples are shown in Fig 5 and their r; values are compared
in Table 2. Thermodynamic stability constants and Mn?* dissociation kinetics under
different sets of reaction conditions compared in Tables 3 and 4.

Mn2* complexes with rapidly exchanging water co-ligand(s) can achieve r, comparable to
GBCAs. The smaller Srelative to Gd is compensated for by the reduced sy (estimated
2.8A and 3.1A for Mn2* and Gd3*, respectively). Based on the S(S+1)/sy® component of
Eq 3, Mn2* generates r4!S as effectively as Gd3* for an equivalent tg value. When
comparing r1 of Mn2* and Gd3* complexes in Table 1, the values largely reflect differences
in molecular weight. Note the comparable relaxivities of Mn?* and Gd3* chelates of similar
molecular weight when recorded under identical conditions (Mn-PyC3A-3-OBn and Gd-
DOTA, for example). Like Gd3*, the r; of most Mn2* complexes can be increased by
slowing g and Mn?* agents capable of protein binding exhibit elevated r in blood plasma.
In this regard, a number of MnZ* complexes conjugated to albumin-targeting moieties have
been synthesized as high-r; contrast agents. Examples of Mn2* complexes with
exceptionally high affinity for HSA include Mn-EDTA-BOM,, Mn-LCyPh2, Mn-
C120PAADA, Mn-DPAC12A, Mn-DPAC6PHA, and Mn-mX(DPAMA)2, Figure 5; rq
values valued in Table 1.

We are unaware of any studies to aimed at improving r; through <, optimization, but recent
work has demonstrated how T, can be controlled by systematic modifications to ligands that
support high r; and kinetically inert Mn2* complexes. For example, water exchange at
MnZ*-NO2A-type complexes like Mn2*-MeNO2A and Mn?*-MeBzNO2A (Figure 5) occurs
by an associative mechanism and the process is slowed by modifications that introduce
bulky substituents that hinder access of water molecules approaching the Mn2* water
binding site.”3 The effect is illustrated by comparing the ¢, for MnZ*-MeNO2A (1.6 ns at
25 °C) and Mn2*-MeBzNO2A (38 ns at 25 °C). Water exchange of 7-coordinate ternary
complexes comprising acyclic EDTA-like ligands is believed to occur by a dissociative
mechanism which can be slowed by increasing ligand rigidity, which raises the activation
energy required to achieve the 6-coordinate water dissociated transition state. For example,
T, for Mn2*-EDTA and Mn2*-CyDTA are 2.4 ns and 7.1 ns, respectively.’4-75
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Mn2* complexes with a vacant coordination site for water co-ligand binding are inherently
less thermodynamically stable than GBCAs. The reduced stability of Mn2* complexes is
partially a function of the reduced charge-to-radius ratio compared to Gd3*. Additionally,
the smaller size of the Mn2* ijon requires penta- or hexadentate ligands to accommodate ¢=1,
whereas ¢=1 Gd3* can be accommodated by octadentate ligands. It is our view that the
lower thermodynamic stability of Mn2* complexes does not mean the complexes are
“insufficiently stable.” Several g=1 Mn?* complexes have conditional pH 7.4 stability
constants (log Keond pH 7.4) greater than 10, i.e. a dissociation constant, K < 10 pM.

Of more serious concern is the perceived kinetic lability of Mn2* chelates compared to
GBCA:s. Even for thermodynamically stable complexes, substantial exposure to dissociated
metal ions can occur if the complex is kinetically labile with respect to metal ion
dissociation. However, recent work has shown that using rigid acyclic or macrocyclic
ligands, it is indeed possible to develop high-relaxivity Mn2* complexes that appear to be
comparably or more inert than some GBCAs based on functional assays of kinetic inertness.
76-79 Comparison of Mn and Gd dissociation rates under four different sets of reaction
conditions (Dissociation Challenges 1-4) are listed in Table 4. For example, the q=1 chelate
MnZ*-PyC3A is comparably inert to Gd-DTPA under assay conditions used to compare
dissociation kinetics of GBCAs (Dissociation Challenge 1).8%-81 Under these conditions, 2.5
mM contrast agent is incubated with 2.5 mM ZnZ* in 50 mM pH 7.0 phosphate buffer at 37
°C, and Kinetic inertness is compared by measuring the time required to achieve 20% release
of the paramagnetic ion (&gy). In a side-by-side comparison, 1.8 h and 2.8 min were
required for 20% dissociation of Mn-PyC3A and Gd-DTPA, respectively.”® Under
conditions of Dissociation Challenge 2 (1 mM contrast agent, 25 mM Zn%*, pH 6.0 MES
buffer), Mn-PyC3A was found to be 20-fold more inert than Gd-DTPA. The complex Mn-
PC2A-EA, which appears to be the most kinetically inert MnZ* complex of g > 0 reported to
date,’8 appears to be over one and two orders of magnitude more inert than Gd-DTPA when
evaluated according to Dissociation Challenge 3 ([contrast agent] = [Zn2*] or [Cu?*] = 0.01
mM, pH 7.4) and Dissociation Challenge 4 ([contrast agent] = [Zn2*] or [Cu?*] = 1.0 mM,
pH 7.4), respectively, which estimate the rates of trans-chelation in the presence of Cu?* or
Zn2* based on quantitative thermodynamic and rate law data.

Side by side comparisons of Mn2* and Gd3* dissociation kinetics highlight the inertness of
the Mn complexes, but the relative rates of Mn vs. Gd dissociation are not consistent across
all reaction conditions. Different complexes may undergo dissociation via different reactions
mechanisms. For many of the Mn2* complexes listed in Table 4, dissociation in the presence
of competing metal ions like Cu?* and Zn?* is rate limited by spontaneous dissociation of
the mono-protonated Mn2* complex, exhibiting effectively zero-order kinetics with respect
to concentration of the challenging metal ion. For example, the rates of Mn2* dissociation
from Mn-CyDTA, Mn-12-PyN4A, Mn-15-PyN5, Mn-PC2A and Mn-DO2A derivatives are
either unaffected or modestly inhibited by increasing challenging ion concentration.8: 82-84
On the other hand, dissociation of Gd-DTPA exhibits a first order dependence on challenger
metal ion concentration.8° Side by side comparisons of Mn-CyDTA vs. Gd-DTPA kinetic
inertness under Dissociation Challenges 3 and 4 exemplifies the challenge in comparing
kinetic inertness of complexes that dissociate by different reaction mechanisms. Mn-CyDTA
appears to be over an order of magnitude less inert than Gd-DTPA under Dissociation
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Challenge 3 but is estimated to be almost four-fold more inert under Dissociation Challenge
4, where the concentrations of the contrast agent and challenger metal ion are each elevated
by 100-fold. Although GBCA inertness seems to correlate with Gd retention, it is unclear
whether there is any in vitro assay to accurately predict the degree to which Mn?* is
dissociated or retained in vivo. It is our view that thermodynamic stability and kinetic
inertness should be prioritized when developing complexes of MnZ* or other metal ions as
GBCA alternatives. However, given the paucity of in vivo data related to metal ion retention
from Gd-free contrast agents, researchers should also be aware that in vitro assays for
stability and inertness may not necessarily predict metal exposure in vivo. As more Mn2*
complexes are evaluated as MRI contrast agents, functional assays capable of predicting
Kinetic inertness in vivo may emerge.

The complex Mn2*-PyC3A was rationally designed as a GBCA alternative.”® The PyC3A
chelate imparts high thermodynamic stability and kinetic inertness, as described above,
while simultaneously leaving a vacant coordination site for a rapidly exchanging water co-
ligand.” The , of Mn-PyC3A, Gd-DTPA, and Gd-DOTA in human blood plasma are 3.5,
4.1, and 3.6 mM~1s71 respectively at 1.5T and 37 °C.86-87 The blood clearance
pharmacokinetics of Mn-PyC3A were quantified in a baboon model and shown to be
analogous to Gd-DTPA.88 Like Gd-DTPA, the hydrophilic character and anionic overall
charge limit distribution to the extracellular spaces. Although hydrophilic overall, the
hydrophobic #rans-1,2-diaminocyclohexyl backbone and pyridyl segments of the chelate
impart a degree of amphiphilicity (octanol:water partition coefficient,’® 8 logP = 0.595)
which is believed to promote partial hepatobiliary excretion. Partial hepatobiliary clearance
has been demonstrated in mouse and baboon imaging studies.”® 88 Quantification of
fractional excretion in rats demonstrated roughly 85% renal and 15% hepatobiliary
elimination of Mn-PyC3A.89

The comparable 7, values and pharmacokinetics of Mn-PyC3A to GBCAs result in
comparable MRI contrast enhancement in vivo. Mn-PyC3A demonstrated angiographic
contrast that was not significantly different from an equal dose of Gd-DTPA in a baboon
model.88 Mn-PyC3A was also demonstrated to be highly effective for tumor visualization.
Figure 6 shows a side by side comparison of axial T1-weighted images of an orthotopic
mouse model of breast cancer acquired prior to and 3 min after injection of 0.1 mmol/kg Gd-
DOTA and 0.1 mmol/kg Mn-PyC3A. The tumor is located in the upper left thoracic
mammary pad and denoted by the yellow arrow. Prior to contrast injection, the tumor is
isointense relative to adjacent muscle tissue but is rendered similarly hyperintense after
injection of either agent. Quantitation of post-injection — pre-injection tumor vs. muscle

contrast-to-noise ratios demonstrated no significant difference using the Gd and Mn agents.
89

The in vivo stability of Mn-PyC3A was demonstrated by tandem HPLC-ICP-MS analysis of
blood plasma and urine collected from baboons following Mn-PyC3A injection. The
chromatography traces provide sensitive detection of Mn-containing species and revealed
little evidence of metabolism or Mn de-chelation.88
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A side by side comparison of whole body Mn vs. Gd elimination in rats receiving equal
doses of 2.0 mmol/kg Mn-PyC3A or Gd-DOTA demonstrated that significantly lower
quantities of Mn than Gd were retained in the rats 1 day and 7 days after injection.8% By 7
days, Mn levels were either significantly lower or not significantly different than Gd levels
in each of the 20 tissues analyzed during the study. Tables 3 and 4 show that Gd-DOTA is
orders of magnitude more stable than Mn-PyC3A, and is extremely kinetically inert
compared to MnZ* chelates, but the in vivo biodistribution data highlights how Mn2* and
Gd3* are processed by distinctly different biochemistry and underscores how in vitro assays
of stability and inertness are inadequate measures of long term metal exposure.

Mn-based alternatives to liver specific GBCAS have also been explored. Mn-EDTA
functionalized with lipophilic ethoxybenzyl (Mn-EOB-DTPA) and benzothiazole aniline
moieties (Mn-BTA-EDTA) have been reported, and it was demonstrated that a 0.05 mmol/kg
dose of either agent provided delayed phase liver enhancement that improves visualization
of liver tumors in mice.9%-91 The transient liver uptake of Mn-PyC3A has also been
capitalized on for liver specific imaging.89 A more amphiphilic derivative of Mn-PyC3A-3-
OBn (logP = 1.15) was recently reported for liver specific imaging and provides
substantially greater liver-to-tumor CNR than Mn-PyC3A.86

Mn3* porphyrins have also been considered as GBCA alternatives, Figure 7, Table 2. The r;
of Mn3*-porphyrins are substantially larger than GBCAs and has been described as
“anomalously’ high.92 Magnetic relaxation in the presence of Mn3* is underexplored
compared to Gd3* and Mn2*, but the unexpectedly high relaxivity has been attributed in part
to the presence of two rapidly exchanging water co-ligands, close ryy interations, and
longer than expected 77, considering the asymmetrically occupied ¢* ground state electronic
configuration. The long 73, has been attributed to a large Jahn-Teller distortion, resulting in
a large energy separation and reduced admixture between the vacant x2-y? orbitals and four
half-filled d-orbitals, effectively minimizing spin-orbit coupling interactions. It has also been
proposed that interactions between water-1H and electron spin exceed what is predicted by
the 1/r\n® approximation due to an anisotropic electronic wavefunction that is elongated
along the @,2 orbital axis pointing at the water co-ligands.%2

Preliminary in vivo evaluation of Mn3* porphyrins as MRI contrast agents has yielded
promising results. Strong tumor enhancement was achieved between 2 and 4 hours following
a 0.09 mmol/kg dose of Mn-TPPS, in murine xenograft models of human carcinoma,
lymphoma, and fibrosarcoma.®3 In another study, Mn-TPPS, provided strong contrast
enhancement of human breast cancer and colorectal xenografts in mice.%* Mn-TPPS,, Mn-
TPPS3, Mn-cis-TPPS 5, and Mn-trans-TPPS 5 were all shown to be effective contrast agents
for visualizing tumors in an orthotopic mouse model of breast cancer.2> Mn-TPPS, and Mn-
mesoporphoryin provide delayed liver enhancement than has used for detection of liver
metastases in rats.?6-97 The anionic chelate Mn-TCP and neutral dimeric chelate Mn-P2
have been evaluated evaluated as GBCA alternatives?®-101 Dynamic MRI measurements
demonstrated that Mn-TCP has comparable pharmacokinetics, and biodistribution to Gd-
DTPA and provided stronger tumor enhancement that Gd-DTPA in a rat xenograft model of
breast cancer.190-101 Mn-P2 provided prolonged blood pool enhancement that could be
potentially useful for MR angiography applications.%?
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The thermodynamic stability and kinetic inertness of Mn3*-porphyrins are underexplored.
The increased charge-to-radius ratio compared with Mn2* and ligand field stabilization
energy associated with the ¢# configuration suggest that Mn3*-porphyrins should be
thermodynamically stable. However, the thermodynamic stability of Mn3* chelates is
difficult to assess, as the free Mn3* ion rapidly disproportionates to Mn** and Mn2*,
rendering pH-potentiometric titration experiments challenging. We are unaware of any
reported experiments to interrogate the kinetic inertness of Mn3* porphyrins. One study
demonstrated that incubation of 0.5 mg/mL Mn-TPPS, in blood plasma at 37 °C did not
result in detectable amounts of free TPPS, ligand over 9 days.102 Given the high relaxivity
and in vivo imaging efficacy of Mn3*-porphyrin complexes, studies to further evaluate the in
vivo efficacy and safety are certainly merited.

Mn3* complexes of 1,2-phenylenediamine bisamidate ligands shown in Fig 7 have also been
synthesized as MRI contrast agents. Studies with these complexes have focused on
molecular imaging applications,193-104 put this class of compounds could also be considered
for evaluation as GBCA alternatives.

Fe-based relaxation agents.—High-spin S=5/2 complexes of Fe3* represent another
potential alternative to GBCAs. Endogenous levels of Fe are high, ranging 3—4 g total Fe in
human adults, with highly regulated systems for transport and storage.19> Nonetheless, free
Fe3* exhibits acute toxicity at high doses and Fe3* solubility is exceedingly low at neutral
pH. In this regard, high-relaxivity Fe3* complexes are subject to the same thermodynamic
stability and kinetic inertness considerations as complexes of other metal ions.

The 1, values for Fe3* chelates that have been evaluated as MRI contrast agents are tabulated
in Table 2. Magnetic relaxation in the presence of Fe3* has not been explored as thoroughly
as for Mn2* and Gd3* but nuclear magnetic relaxation dispersion (NMRD) measurements
performed on Fe-EDTA and relaxometric evaluation of free vs. protein bound Fe3*-EHPG
indicate that rq is controlled predominantly by tg.196-107 Fe3* is a stronger Lewis acid
compared to Gd3* or Mn2* and care must be taken to ensure that water co-ligand pKa is
high enough to avoid formation of Fe-hydroxide or Fe-oxo ligands, which may substantially
reduce inner sphere contributions to r1. The water co-ligand pKj values of four structurally
related acyclic chelates are compared in Table 5, and demonstrate how for Fe3* complexes
the water co-ligand pKa is strongly influenced by changes ligand environment.108-110 For
example, swapping the #rans-1,2-cyclohexylene backbone of Fe-CyDTA for a 1,2-phenylene
backbone (Fe-PhDTA) can alter the acidity of the water co-ligand by >5 pKa units. Care
must be also taken to ensure stabilization of high-spin Fe3*, as the increased charge-to-
radius ratio results in chelates with greater crystal field splitting energy compared to
corresponding Mn?* chelates. For example, the TACN-derived ligands L1-L4, Fig 8, support
complexes of high-spin Fe3*, but swapping the 2-hydroybenzyl or acetate pendant donor
arms for more strong field 2-methylimidazole (Fe-Tim) or 1-methyl-2-methylimidazole (Fe-
Mim) donors results in complexes of low-spin Fe3+ 111112

Because Fe3* has a substantially larger charge-to-radius ratio than Mn2* or Gd3*, Fe3* tends
to form complexes which are more thermodynamically stable.113 For example, the log KuL
values of the Fe3*, Mn2* and Gd3* complexes of DTPA are 28.0, 14.1 and 22.5, respectively.
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114-115 The Kinetic inertness of Fe3* contrast agents are largely underexplored compared to
Mn2* and Gd3* contrast agents. There is also paucity of data pertaining to in vivo Fe
retention following Fe3* contrast agent injection, although one study demonstrated 95%
recovery of 54Fe labelled Fe3*-CyDTA in urine 1h after injection of a 0.1 mmol/kg dose in
mice.113 There is no excretory path for de-chelated iron and this data suggests that Fe3*-
CDTA is rapidly eliminated in vivo without undergoing substantial Fe dechelation.

In vivo imaging studies support Fe3* chelates as potentially suitable GBCA alternatives.
Fe3*-EHPG was shown to be an effective hepatobiliary agent and it was reported that doses
as high as 2.0 mmol/kg administered to rats were well tolerated without observation of any
safety signals.116 Comparison of 0.2 mmol/kg dose of Fe-CyDTA to a 0.1 mmol/kg dose of
Gd-DTPA demonstrated comparable tumor vs. adjacent muscle CNR in a murine xenograft
model of human breast cancer.11” A 0.05 mmol/kg dose of Fe-L1 showed strong
enhancement of the blood pool and kidneys that rapidly diminished in the minutes following
injection, consistent with rapid elimination via renal filtration, as well as liver enhancement
that persisted for out to 4 hours post-injection but returned to near baseline levels within
24h, consistent with hepatocellular uptake.111

Transition metal complexes as paraCEST agents.

Another way to generate MRI contrast is via the chemical exchange saturation transfer
(CEST) mechanism. CEST contrast is achieved though radiofrequency saturation of protons
capable of exchange with bulk water, resulting in MR signal loss, Figure 9.118-120 | gpjle
protons for CEST imaging are typically provided by functional groups such as amines,
amides, alcohols, or phenols, and can be from endogenous sources like amino acids or
exogenously added contrast agents. When the CEST agent is a metal complex, labile protons
can be provided via exchangeable water co-ligand(s).12! The magnitude of the CEST effect
is most commonly characterized as Magnetization Transfer asymmetry (MTRjassym), €d. 7

SI(-Aw) — SI+ Aw)

MTRassym = STo

Eq. 7

where SI(-Aw) and SI(+Aw) are the water H signal intensities acquired with RF saturation
applied on resonance with the exchangable proton pool and at the off-resonance frequency
symmetric with respect to the water signal, Sy is water IH signal intensity with no RF
saturation applied.119

The CEST effect exhibits dependencies on the magnitude of chemical shift between the 1H
of water and the proton exchanging functional group (Aw), the corresponding rate of
prototropic exchange (Kex), and radiofrequency power used to achieve magnetic saturation
(B1) of the labile protons bound to the CEST agent. Each of these parameters can be
expressed in Hz. In order for CEST to be achieved, kqx must not exceed Aw, CEST criterion
1. Within this limit the CEST effect increases with ke, provided By << Aw so as to avoid
blunting the CEST effect by direct RF saturation of bulk water protons, CEST criterion 2.
Increasing ke results in exchange broadening of the bound proton resonance and requires
greater B to achieve full magnetic saturation which can result in a violation of CEST
criterion 2 and can increases the specific absorption rate (SAR) of RF radiation, resulting in
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tissue heating. Thus, a careful balance between Aw, Az, and B; must be struck when
optimizing CEST contrast agents.121

CEST criterion 1: ks < Aw
CEST criterion 2: B1 << Aw

Under conditions where CEST criteria 1 and 2 are met, CEST contrast agent efficacy is
governed by equation 8,

SI(Aw) _ 1

SIO 1+ %(kex)(Tla)

Eq. 8

where gH is the number of exchangeable protons bound to the contrast agent, T, is the
mean residency time of the exchangeable proton, and T+, refers to the T of water.

There have been studies which suggest that CEST agents could be used in place of GBCAs.
The iodinated X-ray contrast agents iopamidol, iohexol, and iodixanol, Fig 10a, each contain
multiple labile OH groups and have been used to visualize tumors and quantify perfusion in
an orthotopic mouse model of breast cancer via CEST contrast enhancement.122-123

However, there are also substantial drawbacks to using CEST agents when compared to
GBCAs. CEST agents are detected with substantially lower sensitivity than relaxation
agents. In the murine breast cancer imaging experiment discussed in the above paragraph,
tumor contrast enhancement observed following 10 mmol/kg (7.8 to 16 g contrast agent per
kg animal, depending on the X-ray agent used) iodinated contrast agent (reported as
percentage saturation transfer) was nearly an order of magnitude lower than that observed
after injection of 0.1 mmol/kg Gd-HPDO3A (percentage signal enhancement). Essentially,
the CEST agent was detected with 1000-fold lower sensitivity.122 Another drawback is that
the CEST effect is also very sensitive to the magnetic field inhomogeneities that are present
when scanning live subjects. Moreover, the CEST effect in vivo is superimposed on a very
broad CEST-like effect called magnetization transfer.124 Together these factors introduce
additional uncertainty when analyzing CEST data.

It has been proposed that CEST detection sensitivity can be improved substantially by
expanding Aw with the assistance of a paramagnetic ion.121: 125 paramagnetically shifted
CEST agents (paraCEST agents), can in theory tolerate 4., and B4 values up to two orders
of magnitude greater than what can be achieved with diamagnetic CEST agents before
CEST criteria 1 and 2 are violated, Table 6, and as a result can be detected with much
greater sensitivity than conventional CEST agents. CEST agents that can tolerate larger By
without violating Criterion 2 are also more robust to Acw uncertainties introduced by field
inhomogeneities. However, it is in reality very challenging to fully capitalize on the
theoretical advantages of paraCEST agents because the large B4 required for full magnetic
saturation of rapidly exchangeable protons will result in substantial RF energy deposition
and tissue heating.
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A number of trivalent lanthanide complexes have been evaluated as paraCEST agents, and a
few representative examples are shown in Fig 10b The strong magnetic moment, high
magnetic anisotropy and rapid 7, of paramagnetic lanthanides are ideal for expanding Aw
while minimizing line broadening of the exchangeable *H resonance via 7, relaxation.
Complexes of Th3* and Dy3* have been shown to generate chemical shifts as large as —600
ppm and —720 ppm, respectively,121 Table 6.

On the other hand, given the consistent coordination chemistry across the lanthanide series,
metal deposition from lanthanide-based CEST agents may reflect that which occurs when
using GBCAs. For example, it was recently shown the biodistribution patterns of Gd and the
pseudo-lanthanide Y were nearly identical 48 hours after administration of equal doses of
the corresponding DTPA and DOTA chelates in rats.126 Taken together, concerns of
lanthanide retention and the substantially higher doses required of paraCEST agents
represent substantial challenges to developing lanthanide paraCEST agents as GBCA
alternatives.

Transition metal paraCEST agents are comparatively underexplored compared to lanthanide
agents. High-spin Fe2*, Co2*, and Ni2* are all capable of generating large Aw that is not
offset by strong paramagnetic relaxation effects. A few monomeric Fe2*, Co2*, and NiZ*
complexes have been evaluated as CEST agents, Figure 10c.127-137 The chemical shift in
ppm and gy of transition metal paraCEST agents are compared to representative
diamagnetic CEST and lanthanide-based paraCEST agents in Table 6.

It was recently demonstrated that dinuclear complexes of ferromagnetically coupled Cu2*
can be utilized as paraCEST agents.138 Mononuclear complexes of Cu?* typically exhibit
low magnetic anisotropy and long 7., rendering the CEST effect highly inefficient due to
relaxation line broadening.13% Ferromagnetic coupling of the otherwise well-isolated Cu2*
spins of Cu(L)(P,07), Fig 10c, simultaneously induces strong enough magnetic anisotropy
to achieve 29 ppm chemical shift for exchangeable amide-NHs and shortens 73, into the ps
regime, allowing for sharp, saturable NMR resonances. The results of these studies suggest
that paramagnetic ions typically utilized as relaxation agents may also be utilized as
paraCEST agents when incorporated into multinuclear systems that promote magnetic
superexchange coupling.

Given the low detection sensitivity of CEST agents compared to relaxation agents, it is our
view that it is challenging to develop a CEST or paraCEST contrast agents that could be
interchangebly used with GBCASs in any indication. However, there are a number of
powerful molecular imaging applications for CEST and paraCEST agents. The majority of
CEST molecular imaging to date has been performed using diamagnetic CEST agents.
Chemical exchange spin-lock imaging has been used to map glucose consumption in human
brain tumors.140 Proton exchanging functional groups exhibit a pH dependence on Agy,
which can be utilized for pH mapping of pathologic tissue. CEST agents featuring two or
more proton exchanging functional groups, each with a distinct Aw and pH dependence on
Kex, have been developed to evaluate pH via ratiometric analysis of saturation transfer
recorded at different frequency offsets.141 For example, the clinical X-ray contrast agent
iopamidol has been used for ratiometric pH measurements in human bladder and metastatic
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ovarian cancer.142-143 paraCEST agents have been utilized for pH mapping in rodent models
of acidosis.144-146 Enzymatically activated paraCEST agents, in which hydrolytic activity
liberates proton exchanging -OH or NH, groups, have also been reported in the chemistry
literature.147-153 Modulation of paraCEST via changes in paramagnetism are discussed later
in this article.

Transition metal complexes as paraSHIFT agents.—Exogenously administered
molecules detected by direct 1H or 19F NMR observation may also be considered as GBCA
alternatives. These molecules do not generate contrast between tissues and are therefore not
contrast agents - they are instead referred to as chemical shift agents or probes. Tissue
containing elevated concentrations of the shift agent (i.e. hyperpermeable lesions) would be
detected as an IH or 19F “hot spots.”

Paramagnetic metal complexes detected by direct nuclear observation are referred to as
paraSHIFT agents. Paramagnetically shifted 1H resonances can be unambiguously detected
without interference from endogenous *H of water (~4.8 ppm) and fat (~1.3 ppm).
Paramagnetically induced T-relaxation of the 1H and 1°F nuclei can enable multiple MR
acquisitions can be acquired in the time frame of a conventional acquisition, effectively
improving detection sensitivity relative to corresponding diamagnetic species by an order of
magnitude,194-155

The paramagnetic requirements of an effective paraSHIFT agent mirrors those of an
effective paraCEST agent - strong magnetic moment, high magnetic anisotropy, and low-
relaxivity. In this regard, high-spin complexes of Fe2*, Co2*, and Ni2* have also been
considered as transition-metal based 1H and 1°F paraSHIFT agents, Figures 11 and 12,
respectively,112. 127, 130,134, 156-161 The chemical shift in ppm, T relaxation time, and full-
width at half-height (directly proportional to T,*) of previously reported *H and 19F
paraSHIFT agents are summarized in Tables 7 and 8, respectively. In order to maximize
detection sensitivity paraSHFIT agents are typically designed to included several chemically
equivalent equivalent 1H or 19F nuclei.

It is also possible to optimize detection sensitivity of 1H or 19F nuclei through synthetic
modifications. The magnitude of the pseudocontact shift of the observed nuclei is governed
by both the distance from the paramagnetic ion (r=2 dependence) and positioning relative to
the metal ion’s principle magnetic axis.162-163 For transition metal complexes, contact shift
contributions may also contribute to Ac. Similarly, there is an r=® dependence on 75
contributions to line broadening. Thus, there are synthetic handles available for chemists to
increase Aw and also tune 77 and 7 relaxation rates of the observed nuclei. For paraSHIFT
19F tracers with no interfering background signal, one could envision using any
paramagnetic transition metal ion provided the metal-1°F distance is carefully optimized to
balance the signal enhancing 7;-relaxation against offsetting 7,-relaxation.

The majority of in vivo imaging using chemical shift agents has utilized diamagnetic

systems. Cell tracking via 19F imaging of cells loaded with perfluorocarbon nanoemulsions
(PFCNs) has been demonstrated.164-169 Chemical shift and paraSHIFT agents are detected
with low sensitivity compared to GBCAs and other relaxation agents, but PFCNs provide a
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tremendous 19F payload and confinement within implanted cells enables long-acquisitions to
boost 19F signal-to-noise. Pre-clinical rodent studies have been performed to quantitatively
monitor pancreatic islet implantation,168 and to monitor monocyte infiltration into multiple
sclerosis lesions and head and neck carcinoas.164-165 In a clinical trial, dendritic cells
harvested from patients with colorectal cancer were engineered to present tumor specific
antigens and for PFCN loading prior to intradermal auto-implantation.166 19F signal loss was
tracked over a 24h period, corresponding to either migration or death of the 1°F-labelled
cells. It was recently shown that that lipophilic perfluoroalkyl functionalized complexes of
high-spin Fe3* relaxation agents incorporated into PFCNs provide up to four-fold sensitivity
gain for 19F detection.170

Given the low detection sensitivity of shift and paraSHIFT agents, it is more challenging to
image using low molecular weight complexes that are rapidly eliminated. However, it has
been demonstrated that a carefully optimized Dy3* paraSHIFT agents (DyL6, Figure 11A,
Table 7) with 18 equivalent *Hs shifted —18 ppm from water could be detected in tissues of
mice following a 0.12 mmol/kg intravenous dose using MR acquisitions requiring less than
4 minutes.1”1 On the other hand, the resultant in vivo images did not yield “contrast” that
could be used to visualize tissue structures. It is our view that like CEST and paraCEST
agents, chemical shift and paraSHIFT agents will prove most useful in molecular imaging
applications to map changes in temperature change, pH, or molecular level biomarkers. The
pseudocontact shift obeys a 72 temperature dependence and is also sensitive to changes in
chemical microenvironment. For example, the 12 equivalent 1Hs of Tm-DOTMA (Figure
11) shift 0.57 ppm per °C, and a 0.6 mmol/kg dose of the complex was used generate maps
of AT vs. reference tissue in rats (it is important to note here that the rats were fully
nephrectomized to slow elimination of that Tm3* complex).172 Other lanthanide paraSHIFT
agents have been developed for magnetic thermometry, as well as for sensing changes in pH
and Zn2* concentration, and one could envision using these paraSHIFT agents in an
analogous fashion.

Transition metal complexes as biochemically responsive MRI contrast agents.

Background.—Biochemically specific MRI contrast agents generate signal specifically in
the presence of a biochemical target, enabling non-invasive detection, mapping, and in some
cases quantification of pathologic changes occurring at the molecular level. One approach to
biochemically specific MRI is to develop contrast agents that bind to a specific target,
providing delayed signal enhancement after washout of the unbound agent. Gadolinium
chelates targeted to protein targets such as fibrin,173 type I collagen,174 and elastin have been
validated in vertebrate animal models of thrombosis, 1”177 fibrosis,178-180 and
cardiovascular tissue remodeling,181-184 respectively. The fibrin-binding contrast agent
EP2104R was tested in a Phase 1l clinical trial.18°

Unfortunately, the broad utility of the target-binding approach to biochemically specific
MRI is limited by the low detection sensitivity of contrast agents. Gd-based relaxation
agents require concentrations =10 uM for in vivo detection and CEST and chemical shift
agents are detected with substantially lower sensitivity than relaxation agents. The vast
majority of imaging biomarkers are inaccessible to MR imaging via this approach. One
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approach to improving the detection sensitivity of target-binding agents is to increase the Gd
payload via multimerization.2%: 186 |n fact, the fibrin and collagen binding probes discussed
above are comprised of four and three Gd complexes conjugated to their respective target-
binding moieties. However, for most imaging targets a mere doubling or tripling of rq per
target-binding moiety is insufficient for MR conspicuity. High-molecular weight
macromolecular structures containing very high signal generator payloads can be developed,
but this will greatly alter the pharmacokinetics and time course of imaging time.

Another approach is to develop contrast agents that modulate the MR signal in the presence
of a specific biochemical signature. The biochemically stimulated signal change occurs
following a chemical reaction that alters the mechanisms governing Tq-relaxation, CEST, or
pseudo-contact shift. Biochemically responsive lanthanide-based agents have been
developed to respond to changes in pH,187-188 metal jon or neurotransmitter concentrations,
189-194 yedox potential,195-196 enzymes expressed by reporter genes, 197199 and enzyme
markers of injury or disease.148-149. 153, 200-202 A |though enzyme concentrations are well
below the threshold for direct detection with target-binding agents, catalytic action on
biochemically responsive agents can result in meaningful signal change.

There are a number of important criteria to consider when designing a biochemically
responsive agent for in vivo use. First, the “activated” or “on” form of the agent must be
detectable at concentrations that can be achieved within the tissue studied by the imaging
experiment. Second, the signal change achieved between the “off” and “on” states must be
large enough so that the biochemically triggered signal change can be interpreted
unambiguously. MR signal enhancement by relaxation and CEST agents are functions of
both agent concentration and r; or magnetization transfer efficiency, respectively. The
biochemically triggered signal change must well exceed differences in signal enhancement
that could result from variations in tissue concentration. For chemical shift agents, the
chemical shift difference between the “off” and “on” states must be large enough that signal
from the “off” state does not contaminate imaging weighted to signal from the “on” state.
Third, a biochemically triggered response must be fast relative to the pharmacokinetics of
the agent so that detectable concentrations of the activated agent can accumulate in vivo.
Additionally, the agent should be robust against degradation both prior to and after
biochemical activation. The agent should also be non-toxic. Our discussion below will focus
on chemistry to address detection sensitivity and magnitude of signal response.

Biochemically responsive relaxation agents offer a clear advantage to detection sensitivity
over agents detected by CEST or direct nuclear observation. Over the last two decades,
innovative chemistry has been applied to develop dozens of biochemically responsive Gd-
based relaxation agents, and some Gd-based agents have been advanced to successfully
image pH change,203-204 Zn2* flux,205-206 and enzyme activities99: 207-210 jn vertebrate
animal models. However, the magnitude of r; response are typically very low for Gd-based
agents. Gd chelates are strong relaxation agents even prior to biochemical activation and
only a few of the agents developed to date can achieve a =22-fold increase in the presence of
clinically relevant concentrations of biochemical stimuli. The Gd-based agents capable of
generating the largest ; change undergo reactions that result in oligomerization or protein
binding, with r; increasing resulting from longer zr. However, the r; boost conferred to Gd
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via g increase is strongest at By < 1.5 T, and the effect diminishes precipitously with
increasing field strength. For example, the myeloperoxidase sensing agent Gd-MPO, Figure
13, which is forms higher molecular weight oligomers following myeloperoxidase mediated
oxidation of the 5-hydroxytryptamine functional group, receives a 2.4-fold r; increase from
43 mM1s71t0 10.5 mM~1s71 at 0.47T , but 1 is virtually unchanged by oligomerization at
4.7T, Table 9. Similarly, the blood plasma r;, of the Zn2* sensing agent Gd-L1Zn, Fig 12,
which binds Zn?* and subsequently associates with serum albumin, increases 3.1-fold upon
Zn2* binding from 5.8 mM~1s71 to 18 mM~1s~1 at 0.50T, but the ry increase is only 10% at
9.4T. Most of the Zn2* and enzymatically activated agents used in vivo undergo stimuli
responsive protein binding or polymerization — selective tissue enhancement is due largely to
retention of the activated agent at delayed time points.

The challenge to implementing biochemically responsive agents that provide small r;
change is exemplified by imaging experiments to map pH in rat models of renal acidosis and
glioblastoma using the pH sensing agent Gd-DOTA-4AmP, Fig 13. Gd-DOTA-4AmP r;
increases by ~5% per 0.1 pH unit decrease between pH 7.4 and 6.0. Equally large signal
change could be generated by small differences in Gd-DOTA-4AmP concentration. In vivo
experimentation required a dual probe approach in which a pH-unresponsive agent with
similar pharmacokinetics was injected and washed out before injection of Gd-DOTA-4AmP.
The dynamic imaging data from the pH-unresponsive agent was used to estimate
concentration of the pH sensor agent, and the pH maps were generated from Gd-
DOTA-4AmP enhanced signal change normalized to estimated concentration.203-204 Thjs
dual probe approach provides an innovative solution to correct for variations in tissue
concentration of Gd-DOTA-4AmP, but would be very difficult to implement in a clinical
setting due to time constraints and safety concerns of doubling metal ion exposure.

Unlike Gd relaxation agents, it theoretically possible to achieve a true “off/ on” effect with
CEST or chemical shift agents. In practice, the low detection sensitivity of CEST agents
severely limits the dynamic range for biochemically mediated signal modulation.

There is a growing interest in developing transition metal complexes as biochemically
responsive MRI contrast agents. The multiple oxidation states and electron spin
configurations available to transition metals, each with unique paramagnetic properties and
disparate structural preferences, offer exciting mechanisms by which to modulate MR signal
response. Innovative examples highlighting the exciting opportunities for MRI contrast
offered by transition metal chemistry are discussed below.

Transition metal complexes as biochemically responsive relaxation agents.—
Biochemically activated Gd-based relaxation agents undergo r; change in response to
chemical reactions that alter either g, tr,, or Tr, Table 9. Using transition metals, it is
theoretically possible to impact multiple relaxation mechanisms simultaneously via
biochemical triggered change in oxidation state. For example, one could envision changing
S, g, and even modulating the influence of T simply by switching between Mn3* and Mn2*
oxidation states. The Mn3* ion has a strong preference for octahedral geometry and
complexes comprising hexadentate ligands will likely result in a g=0 system, whereas Mn2*
is a substantially larger ion that can accommodate coordination number 7, thus enabling
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hexadentate ligands to form complexes of g=1. Given the asymmetric ground state electronic
distribution of the Mn3* ion it is also expected that 73, will contribute substantially to ¢,
thus limiting the capability to improve r, by slowing tg change.?!1 On the other hand, 73-
relaxation by Mn2* complexes are typically controlled by tg, and one could envision further
amplifying the Mn3* vs Mn2* ; incorporating the Mn3*/2* complex into higher molecular
weight structures.

Initial proof of concept for MR signal modulation with a redox active Mn complex was
demonstrated using Mn3*/2*-TPPS,, Fig 14. Mn3*/2*-TPPS, was evaluated as a pO, sensor,
with MnZ* vs Mn3* composition reflecting pO, between 0 and 40 torr O,.211 Between 0.47T
and 3T at 25 °C the Mn3*-TPPS, r; ranges from 12 to 10 mM~1s71 and Mn%*- TPPS, ranges
10 to 8 mM~1s71 (remember the “anomalously” high relaxivity of Mn3* porphyrins).92
Because Mn3*/2+-TPPS, does not undergo any substantial structural change upon oxidations
state change and because the r1 of Mn3+ porphyrins exceed that predicted by the S(S+1)/
fun® component of Equation 3, switching from Mn2+-TPPS, to Mn3*-TPPS, effects only a
modest r; change. However, a substantially larger 2.5-fold rq difference was achieved by
formation of a macromolecular adduct with S-cyclodextran. Upon association with 5
cyclodextran, the 0.47T relaxivity of Mn3*- TPPS, and Mn2*- TPPS, increase to 23 mM™1s
~1and 58 mM~1s71, corresponding to 2.3-fold and 4.8-fold r1 increase, respectively. The
improved r; response achieved by association of Mn3*/2*-TPPS, with a macromlecular
system highlights how Mn3* 77, is fast relative to Mn2* 73, at 0.47T, thus rendering the
Mn3* relaxivity less responsive to changes in tg.

A series of ligands HBET-R and CyHBET-R, Fig 14, were designed to support isolable
complexes of both Mn3* and Mn2*, which are stabilized by different ligand environments.
Ligands like EDTA support stable complexes of MnZ*, but cannot stabilize Mn3*, which will
disproportionate to Mn2* and Mn**. On the other hand, Mn3* is stabilized by ligands
featuring more electron releasing donors, like TPPS, or the bis-phenolate ligands HBED and
EHPG. Both ligands stabilize Mn3* exclusively under aerobic conditions.?11-212 Based on
the Mn3* and Mn?* stabilizing preferences of HBED and EDTA, it was hypothesized that
the structurally analogous HBET-R and CyBET-R ligands featuring 3 carboxylates and 1
phenolate pendant donor would stabilize both oxidation states.213-214 |t was also
hypothesized that this class of ligands would also enable ¢ modulation upon switching
between Mn3* and Mn2*. A total of six HBET-R and CyBHET-R systems were studied (R =
-H, -OMe, -NO,), and all could be isolated in both the Mn3* and Mn?* oxidation states, with
the exception of complexes where R = -OMe, which were only isolable in Mn2* form, as
described below. The HBET-R and CyHBET-R ligands form 7-coordinate ternary Mn2*
complexes with a rapidly exchanging water co-ligand. The corresponding Mn3* complexes
are believed to be g =0, analogous to Mn3*-EHPG.21® For this series of complexes,
reduction from Mn3* to Mn2* results in r4 increase ranging from 2.5-fold to 8.2-fold, at 1.4T
and 37 °C. The effect is field independent, with a comparable turn-on effect achieved at
4.7T.

Mn3* complexes of the HBET-R and CyHBET-R series reduce to Mn?* instantaneously
upon dissolution in blood plasma. The Mn3*/2* redox potentials are >500 mV more positive
than the thiol/disulfide couples that govern biological redox, and thus favor Mn2*
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exclusively in biological milieu. Attempts to depress the redox potential via phenolate R-
substituents destabilizes the phenolate-ligands with respect to redox. For example, the Mn3*-
HBET-p-OMe can be transiently generated and observed via one electron oxidation with
potassium ferricyanide, but undergoes ligand-metal auto-redox resulting in oligomeric Mn2*
species.213 However, Mn3*-phenolate auto-redox can also be a productive mechanism for
biochemically responsive MRI contrast. For example, treatment of the complex Mn2*-
HPTP1 with H,0,, yields transiently a brown intermediate (likely the corresponding Mn3*
complex) that rapidly converts to a C-C linked dinuclear complex with a concomitant rq
change, Figure 15.216

A different approach to stabilizing both Mn3* and Mn2* has been pursued using the complex
Mn-JED, in which the ligand undergoes redox triggered isomerization between Mn2*
stabilizing “BPED-like” binding mode and Mn3* stabilizing “HBED-like” binding modes.
217 The JED ligand stabilizes both the Mn3* and Mn2* ligands in blood plasma, with little
spontaneous interconversion between oxidation states observed over the course of 24 h.
Relaxivity measurements in blood plasma demonstrate 9-fold greater ry for Mn2*-JED vs.
Mn3+-JED. Although JED stabilizes both Mn3* and Mn2*, Mn2*-JED is rapidly and cleanly
converted to Mn3*-JED in the presence of peroxidase enzyme activity. The reaction is
reversible, as L-cysteine mediates reduction of Mn3*-JED to Mn2*+-JED.

Fe3*/2* redox has also been considered as a mechanism to generate biochemically
responsive MRI contrast. As described above, high-spin complexes of Fe3* are very
effective relaxation agents. On the other hand, complexes of Fe2* are much less effective
relaxation agents. For high-spin FeZ*, r; is limited by short Ty, and low spin Fe2* is
diamagnetic.?18 The chelate Fe-PyC3A was demonstrated to be a highly effective redox
responsive MRI contrast agent.119 PyC3A forms a ternary complex with high-spin Fe3* and
a rapidly exchanging water co-ligand, resulting in a r{ ranging between 1.8 to 2.2 mM 1571
between 1.4 T and 11.7 T at 37 °C. r; for the sister Fe2*-PyC3A chelate ranges 0.15 to 0.18
mM~1s71, a full order of magnitude lower. The Fe3*-PyC3A vs. Fe2*-PyC3A relaxivity
difference is large enough to provide a virtual “turn off/ turn on” effect as demonstrated in
Figure 16, which shows MR images of phantoms containing water, 0.5 mM Fe2*-PyC3A,
and Fe3*-PyC3A. Contrast agent concentrations of 0.5 mM or greater are achieved in tissues
in vivo following a standard dose of a low-molecular weight agent. The Fe2*-Py3A
containing solution is barely contrast enhanced compared to water, whereas the Fe3*-PyC3A
containing solution is strikingly hyperintense.

Fe2*-PyC3A is rapidly oxidized by H,0,. In this regard, Fe2*-PyC3A was evaluated as a
sensor for ROS in vivo in a mouse model of pancreatic inflammation. Molecular imaging of
ROS has been proposed as biomarker for acute inflammation. Neutrophils that infiltrate
inflamed tissue secrete high levels of reactive oxygen species (ROS) via respiratory burst as
well as myeloperoxidase, which catalyzes the conversion of respiration-derived ROS into
highly deleterious sources of electrophilic oxygen, like ferryl heme and hypochlorous acid.
For the study, pancreatic vs. adjacent muscle contrast to noise ratios (CNR) were quantified
following injection of 0.2 mmol/kg Fe2*-PyC3A into either a mouse model of
pharmacologically induced pancreatic inflammation (caerulein/ lipopolysaccharide model),
219 or to control mice treated only with saline (normal pancreas). As a negative control, mice
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with pancreatic inflammation were imaged with an equal volume dose of 0.02 mmol/kg dose
of MnZ*-PyC3A (solution “T; matched” to Fe2*-PyC3A), which does not react with ROS.
The results of the imaging study are shown in Fig 17. Prior to contrast injection, the signal
arising from the pancreas and nearby tissues like liver are comparable. Little enhancement is
observed after injection of Fe2*-PyC3A to mice with normal pancreas, or after injection of
the T1-matched Mn2*-PyC3A dose to mice with inflamed pancreas. On the other hand, the
inflamed pancreatic tissue is strongly and selectively enhanced after injection of Fe2*-
PyC3A. Importantly, contrast enhancement of the pancreas correlated tightly with ex vivo
quantitation of pancreatic myeloperoxidase activity levels.

Transition metal complexes as biochemically responsive paraCEST agents.—
Structural and paramagnetic differences between transition metal oxidation states can also
be used to biochemically modulate CEST. For example, the ligand TPT supports low-spin
diamagnetic complexes of Co3* but high-spin paramagnetic complexes of Co?* that shift the
magnetically saturable pyrazole-NH protons 135 ppm from the bulk water resonance,?20 Fig
18. Oxidation state interchange enables a true “off/ on” CEST effect. The Co3*/2*-TPT
redox potential of =107 mV vs. NHE enables oxidation and reduction in the presence of O,
and L-cystine, respectively.

Oxidation state interchange resulting in distinct paramagnetically shifted resonances for
labile, magnetically saturable protons can be capitalized on for ratiometric quantitation of
biochemical properties. For example, the dinuclear complex Fe,L (etidronate), Fig 18,
supports Fe2*Fe2* and Fe3*Fe2* oxidation state configurations that exhibit CEST
enhancement at saturation frequencies of 83 ppm and 40 ppm, respectively, which enable
quantitation of microenvironment redox potential via ratiometric analysis of distinct CEST
signals.22! As with the dinuclear Cu2*:Cu2* complex Cu,(L)(P,0-) discussed above, Fe3*
Tie is substantially reduced via magnetic coupling interactions with Fe2*, In vitro proof of
concept for this ratiometric imaging approach was demonstrated through spectroscopic
measurements performed on solutions of defined L-cysteine and potassium superoxide
composition, which mediate reduction to Fe2*Fe2* and oxidation to Fe3*Fe2*, respectively.
The ratio of % CEST enhancement arising from magnetic saturation at frequencies
corresponding to oxidized and reduced agents correlated strongly with the solution open
circuit potential determined by electrode readings.22

The CEST effect can also be modulated by spin crossover phenomena. The FeZ* complexes
Fe-3-BPP and Fe-Me;NPY5Mey, Fig 18, exhibit spin crossover from low-spin to high-spin
in the 20 °C to 60 °C temperature range, which results in a 0.23 ppm per °C and 1.0 ppm per
°C shift for the 1H resonances of labile, saturable imidazole-NHs or water co-ligand,
respectively.222 This temperature dependent spin crossover behavior could potentially be
utilized in MR thermometry applications to aid in minimally invasive thermal therapy
targeted at solid tumors.

Transition metal complexes as biochemically responsive paraSHIFT agents.—
Metal ion redox has also been utilized as an activation mechanism for paraSHIFT agents.
For example, it was shown that H,O, mediated oxidation of high-spin Co?*-NODACF3 to
low-spin Co3*-NODACF3 by H,0, triggers a 4 ppm chemical shift of the -C19F5 resonance,
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Fig 19.223 The chelates Co?*-NODA-C(CF3)3 and Co2*-MSCI-C(CF3); offer a 3-fold
increase in 1°F payload and interestingly achieve a nearly 10 ppm 19F chemical shift upon
oxidation by H,0, and H,0,/peroxidase, respectively.224-225

Cu?*/Cul* redox has been used to trigger 1°F signal turn on in response to biochemical
reduction. In this regard, the hypoxia specific positron emission tomography (PET) tracer
64Cu2*+-ATSM, which is selectively reduced to Cu*-ATSM within hypoxic cells,226 has been
adapted as an 19F chemical shift agent for MRI, Fig 19. The Cu* complex undergoes facile
dissociation compared to Cu2*-ATSM, resulting in cellular retention of Cu in hypoxic
tissues. In PET scans, hypoxic regions appear as positron emitter “hot spots” during late
time points after washout of unreacted Cu2*-ATSM.227 The 19F MR tracer Cu2*-ATSM-F3
is detected via 19F signal turn on under conditions of hypoxia. The 1°F resonances of Cu2*-
ATSM are not MR visible due to strong relaxation properties of Cu?*, which results in
extreme 19F line broadening, but reduction to Cu* results in 1°F signal turn on. NMR studies
performed on MCF-7 cells incubated with CuZ*-ATSM-CF3 demonstrated a 1°F turn-on
effect that was specific to hypoxic conditions.228 The sensitivity and cell-permeability of
Cu2*-ATSM derived 19F agents was improved by increasing 19F payload and lipophilicity,
Fig 19.229 A Cu?* reduction approach was applied to the 19F labelled complexes Cu2*-LRF1
and Cu2*-LRF2, Fig 19, which are reduced from the Cu* to Cu™ oxidation state in the
presence of L-cysteine resulting in 1°F signal turn on.230

Biochemically triggered changes in d-electron spin configuration can also effect profound
changes in 1°F chemical shift. For example. Deprotonation of the 3,5-dimethyl-4-
hydroxypyridine donor groups (pKa 6 at 37 °C) in 19F labelled Fe* complex Fe-PY30H,
Fig 19, trigger a switch from low-spin to high-spin Fe2*, accompanied by a 13.5 ppm shift in
the 19F resonance per pH unit.

Summary and Outlook.

Contrast enhanced MRI is an indispensable tool for contemporary diagnostic medicine as
well as non-clinical and pre-clinical biomedical research. Contrast agent design has
traditionally centered around lanthanide complexes, but recent concerns over GBCA toxicity
have inspired chemists to consider paramagnetic transition metal complexes in the context of
MRI contrast. Simultaneously, increasingly personalized advances in patient care will
require imaging that delivers increasingly specific cellular and molecular level information.
Reaction-based manipulation of transition metal paramagnetism, enables Tq-weighted signal
modulation that exceeds what is possible using Gd-based relaxation agents, and offers a
powerful mechanism by which to turn CEST and chemical shift effects “off” and “on”. The
field of MRI contrast agents offers a number of exciting opportunities for inorganic chemists
interested in applying transition metal chemistry to biomedical imaging research.
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Figure 1.

MRI contrast agents that have been approved for use in humans. (A) Acyclic extracellular
fluid GBCAs have an FDA contraindication by for use in patients with severe renal
insufficiency or acute kidney injury and are no longer marketed in Europe due to toxicity
concerns related to retained Gd. Gd-DTPA and Gd-DTPA-BMEA were recently withdrawn
from the US market by their manufacturers. (B) Acyclic GBCAs used in liver imaging. Use
in the European Union is restricted to liver scans. (C) Macrocyclic GBCAs are considered to
be safer with respect to Gd release than acyclic GBCAs. (D) MS-325 and Mn-DPDP are
approved for angiography and liver imaging, respectively, but are no longer marketed.
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Figure 2.
Mechanisms contributing to r;. Like the generic ternary complex depicted above, most

transition metal-based relaxation agents are comprised of polydentate ligands build from
polyamine backbones. Common pendant donor groups (D) include carboxylates, pyridines,
phenolates, phosphonates.
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Figure 3.
Simulated r;'S as for a g=1 Mn2* complex of t,, = 10 ns as a function of tg and *H Larmor

frequency according to Equations 2—4.
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Simulated r1'S as a function of , for g = 1 Mn%* complex of (A) tgr = 80 ns and (B) tg = 1/
wy at0.47 T, 1.5T, and 4.7T.
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Figure 5.
Representative examples of Mn2* complexes considered as 7; relaxation agents
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Figure 6.
Contrast-enhanced MRI of an orthotopic syngeneic murine model of breast cancer using 0.1

mmol/kg Gd-DOTA and 0.1 mmol/kg Mn-PyC3A. (A) T1-weighted axial MR images
through the upper thoracic mammary fat pad and tumor (arrow) before and 3 minutes after
injection of Gd-DOTA orMn-PyC3A. Injections of Mn-PyC3A and Gd-DOTA were
performed 3 hours apart. For this set of images, Gd-DOTA was injected first. The tumors are
denoted by the yellow arrow. (B) Tumor vs. muscle contrast-to-noise ratios obtained using
Mn-PyC3A and Gd-DTPA were not significantly different, P = 0.34. Reproduced dapted
with permission from reference 114. Copyright (2019, Wolters Kluwer).
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Figure 7.
Representative examples of Mn3* complexes considered as 7; relaxation agents.
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Representative examples of Fe3* complexes considered as 7; relaxation agents.

Inorg Chem. Author manuscript; available in PMC 2021 April 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Gupta et al. Page 48

A Hzo
Signal loss
(contrast)
Exchangeable
protons Saturation
3 25 20 15 10 5 0 -5 -10 -15 -20 30 25 20 15 10 5 0 -5 -10 -15 -20
8 (ppm) 5 (ppm)
Figure 9.

CEST contrast is achieved though radiofrequency saturation of protons capable of exchange
with bulk water, resulting in MR signal loss.
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Figure 10.
Representative X-ray contrast agents used as diamagnetic CEST agents, (A), lanthanide-

based paraCEST agents (B), and transition metal based paraCEST agents (C) discussed in
this manuscript.
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Figure 11.
Representative lanthanide-based *H paraSHIFT agents (A), and transition metal based 1H

paraSHIFT agents (B) discussed in this manuscript.
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Figure 12.
Representative transition metal based 1°H paraSHIFT agents discussed in this manuscript.
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Representative examples of biochemically responsive Gd-based relaxation agents.
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Redox active transition metal complexes (Mn3*/2* and Fe3*/2+) complexes studied as

biochemically responsive relaxation agents.
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Figure 15.
Oxidation of Mn-HPTP1 by H,0; results in a unstable Mn3* complex that undergoes

ligand-metal auto-redox and dimerization, resulting in 20% r; change.
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Figure 16.
T1-weighted 2D gradient echo images (TR = 125 ms, TE = 2.96 ms, FA = 60°) of phantoms

containing neat water, 0.5 mM Fe2+-PyC3A, and 0.5 mM Fe3+-PyC3A at pH 7.4, room
temperature and 4.7 T, demonstrate virtual “off/ on” effect. Reproduced/ adapted with
permission from reference 101. Copyright (2019, American Chemical Society).
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Figure 17.
T1-weighted 2D coronal images of saline and caerulein/LPS treated mice recorded prior to

and 10 min after injection of Fe2*-PyC3A or Mn2*-PyC3A. Organs are labelled as follows:
P = pancreas, L = Liver, Sp =spleen, St = stomach, K = kidney, M = muscle, B = bowel. Bl =
Bladder. Note that pancreas, and liver are isointense prior to contrast injection (A-C), after
injection of Fe2*-PyC3A to saline treated mice (D), or after injection of MnZ*-PyC3A to
caerulein/ LPS treated mice (F), but that the pancreas is strongly and selectively enhanced
after injection of Fe2*-PyC3A to caerulein/ LPS treated mice (E). The bowel and stomach
are strongly enhanced at all times because of high levels of metals including Mn present in
the mouse chow. Reproduced/ adapted with permission from reference 101. Copyright
(2019, American Chemical Society).
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Redox active and spin crossover transition metal complexes studied as biochemically or

temperature responsive paraCEST agents.
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Redox active transition metal complexes complexes studied as biochemically responsive 1°F
paraSHIFT agents, Fe-Py30OH undergoes low-spin to high-spin in response to

hydroxypyridine deprotonation.
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Binding affinity for human serum albumin (HSA) and rq in water, blood plasma, or 660 uM HSA solution for

selected Mn2* complexes at different field strengths. Protein binding provides a large ry increase for Mn2*

Table 1.

complexes at 0.47T and 1.5T, but the effect is much more modest at higher field strengths.

HSA binding affinity

ry in water/ ry in blood plasmab or 660 uM HsAC

(mM1s7h), 37 °C,

Ko (MM) | o, pinging® [ 47T (20MH2) 1.4T (60 MHz) | 3.0T (128 MHz) | 4.7T (200 MHz)
Mn-EDTA-BOM 0.67231 48% 3.6%31 ) 26 0€0m N/D N/D N/D
Mn-EDTA-BOM, 0.053%3t 92% 4 3d231/41aa{e,231 N/D N/D N/D
- 232 0,
Mn-LCyPh, 0.011 98% 5.8202 / 460232 5.3/ 27560 N/D 4.5/5.6560
Mn-PyC3A-3-OBn 0.49 55% N/D 2.6/9.9 N/D N/D
Mn-C120PAADA | 0.0182%3 97% 5 30233 | 39C. 0233 N/D N/D N/D
Mn-DPAC12A 0.007723 99% 857233 15 560€23 N/D N/D N/D
Mn-DPAC6PhA 0.1423 80% 41923 ) 3760803 N/D N/D N/D
Mn-mX(DPAMA), | 0.8923 41% 6.10235 | 9P €235 N/D N/D N/D
Mn-1,4-DO2AM 0.8277 43% 2597 3 g6der N/D N/D N/D
Mn-1,4-DO2AMBz | 0.5177 54% 35077 1 166067 N/D N/D N/D
Mn-1,4-BzDO2AM |  0.2677 70% 38977 1469677 N/D N/D N/D

aPercentage protein binding under conditions of 0.1 mM contrast agent, 0.66 mM HSA

brecorded in bovine blood plasma

c .
recorded under conditions of 0.1 mM contrast agent, 0.66 mM HSA

drecorded at 25 °C

Erl estimated from weighted average of r1 for independently reported free and bound complex under protein binding conditions.
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Comparison of physicochemical properties of representative transition metal-based 7;-relaxation agents

discussed as GBCA alternatives.

Table 2.

MW r, in water or buffer, 37 °C (mM~s71) | r, in blood plasma, 37 °C (mM~1s71)
GBCAs
Gd-DTPA 546 1 33887 3 107 41351 3.70Jen
Gd-DTPA-BMA 574 1 33887 3 o087 438087 4 oD
GD-DTPA-BMEA 662 1 3886736087 472087 4 507
Gd-BOPTA 666 1 0?6740 e 6.3% 57550/ w
Gd-EOB-DTPA 680 1 4788743087 6.0 M87 60 bl 61
MS-325 904 1 R 108 579w
Gd-DOTA 558 1 2076758 D7 36 o735 i
Gd-HP-DO3A 559 1 5 g% D7 429 55,7 bJ 57
Gd-DO3A-butrol 605 1 3378739 bgs 5'251'/:37 50 b g7
MnZ* complexes
Mn-EDTA 343 1 296231
Mn-EDTA-BOM 481 1 3.6”*231 28d'k’/'231
Mn-EDTA-BOM, 601 1 23921 4%kl
Mn-EDTA-Tyr-OH | 449 1 326236
Mn-BTA-EDTA 596 1 3581 151651
Mn-EOB-EDTA 506 1 2369 6.3 &Ms0
Mn-LCyPh, 686 157 5.8"'232 46"(”'232
Mn-CyDTA 397 1 51C70
Mn-PyC3A 433 ! 2167 350K 3,40Kss 38670
Mn-PyC3A-3-OBn | 537 1 2656 9.0Kes
Mn-DPAAA 397 1 2.7f234
Mn-PAADA 320 2 3.3)‘:234
Mn-DPAMA 354 2 ol o 6%k 237
Mn-12-PyN,A 317 1 Lofes
Mn-12-PyN,P 352 1 22375
Mn-15-PyNsg 306 2 3.6f84
Mn-15-PyN30, 304 2 317e
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MW q r, in water or buffer, 37 °C (mM~s71) | r, in blood plasma, 37 °C (mM~1s71)
Mn-PC2A-EA 361 0<q<l |, ol
Mn-1,4-DO2A 341 1 17 P
Mn-1,7-DO2A 341 0<g<L | 4 5723
Mn-1,4-DO2AM 241 1 20 06917
Mn-MeNO2A 328 1 5 oT20
Mn3* complexes
MnTPPS, 984 2 1961
Mn-TCP 839 2 -
Mn-PDA-1 399 2 419108
Mn-PDA-2 499 2 5 49108
Mn-PDA-3 435 2 5 19100
Mn-P2 1808 2 28.2%8 14.1/Mn 32.4299 16.21Mn
Fe3* complexes
Fe-CyDTA 398 1 5 0/7417 2.2 hpiiz
Fe-L1 390 ND 2.2[111 2'5[I7{111 38 ’:‘7,111
Fe-L2 471 ND 0.811:111 l.ll:m'lll
Fe-L3 433 ND 17 f111 22, myy 18 19111
Fe-L4 514 ND 042 I 096 fmyqq
45T
b3.0T
‘141

%.47T and 25 °C
e

15T and 25 °C
foart
9701, 22 °C.
P

0.94T, 37 °C. RT

‘a7T

/bovine blood plasma

k .
human serum albumin

/estimated r1 for 0.1 mmol complex in 0.66 mM HSA based of r1 values reported for free and HSA-bound complex

m0.67 mM human serum albumin
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"human blood plasma
o

0.75 mM HSA
P fetal calf serum
qhuman blood serum

’rabbit blood plasma.
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Table 3.

Page 63

Thermodynamic stability constants for GBCAs and Mn2* and Fe3* complexes considered as 7;-relaxation

agents.
IogKab 109K cond pH 7.4
Gd-DTPA! 22.5 18.4
Gd-DTPA-BMA! 16.9 14.8
GD-DTPA-BMEA! 16.6 15.0
Gd-BOPTA! 22.6 18.4
Gd-EOB-DTPA! 235 18.7
MS-3251 22.1 18.9
Gd-DOTA! 24.7 17.2
Gd-HP-DO3A! 23.8 17.1
Gd-DO3A-butrol! 21.8 14.7

Mn-EDTA 12.6,21313.9%%1 | 10.7,21311.0%1
Mn-EDTA-BOMZ! | 135 10.6
Mn-EDTA-BOM,23 | 13.9 11.0
Mn-CyDTA?13 14.3 12.3
Mn-PyC3A"® 13.9 11.3
Mn-DPAAAZ3 13.19 13.0
Mn-PAADAZ33 9.59 8.8
Mn-DPAMAZ? 10.13 10.1
Mn-PMPA240 14.3 111
Mn-12-PyN,A8 115 7.1
Mn-12-PyN,P83 14.1 7.4
Mn-15-PyN5 10.9 7.7
Mn-15-PyN30,8 7.2 5.2
Mn-PC2A-EA™ 19.0 12.7
Mn-1,4-DO2A24 16.1 10.1
Mn-1,7-DO2A24 145 8.2
Mn-1,4-DO2AM77 12.64 8.9
Fe-CyDTA 30.1 28.0
Fe-PyC3A110 N/D 23.2
Fe-EHPG212 >30 N/D

aK = [metal-ligand complex]/[metal][ligand].

blogKmay vary depending on measurement conditions (typically within logK +/- 1).

Inorg Chem. Author manuscript; available in PMC 2021 April 15.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Gupta et al.

Kinetic inertness data for GBCAs and Mn2* complexes recorded under different experimental conditions.
Dissociation Challenge 1: 2.5 mM contrast agent is incubated with 2.5 mM Zn?* in 50 mM pH 7.0 phosphate

buffer at 37 °C, and kinetic inertness is compared by measuring the time required to achieve 20% release of
the paramagnetic ion (o). Dissociation Challenge 2: 1 mM contrast agent, 25 mM Zn2*, pH 6.0 MES buffer.

Dissociation Challenge 3. [contrast agents] = [Zn?* or Cu?*] = 0.01 mM, pH 7.4,. Dissociation Challenge 4.

Table 4.

[contrast agents] = [Zn2* or Cu2*] = 1.0 mM.

too, ZN?* challenge 1 (h)

t1, Zn2* challenge 2 (h)

ty2 Zn?* challenge 3 (h)

typ Zn2* challenge 4 (h)

Gd-DTPA 4.4242 2870 0.0137 330 485 3548
Gd-DTPA-BMA 1.0242

Gd-BOPTA 10242

Gd-EOB-DTPA | 25242

MS-325 60242

Gd-DOTA >83%42 3.8x105476 3.8x105 276
Gd-HP-DO3A >80242

Gd-DO3A-butrol | >80242

Mn-EDTA 0762 114 4.3%10-3% 114
Mn-CyDTA 0.187° 128114 124 114
Mn-PhCDTA 197 243 0.86% 243
Mn-PyC3A 1.87 0.297°

Mn-12-PyN4A 2638 26283
Mn-15-PyN5 118 84 11884
Mn-PC2A-EA 5478 8100% 78 8100% 78
Mn-1,4-DO2A 49277 249277
Mn-1,7-DO2A 58477 58477
Mn-1,4-DO2AM 560477 5604 77

a . .
Denotes t1/2 estimated from empirical rate law data.
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Table 5.

Page 65

Comparison of pKa values for water co-ligand of representative Fe3* complexes shown in Fig 8 demonstrates

that water co-ligand pKa is very sensitive to changes in ligand structure and electronics.

pKa — water co-ligand
Fe-CyDTAL0® 9.6
Fe-PyC3A110 8.5
Fe-EDTAL9 7.6
Fe-PhDTAL08 <4.0
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Chemical shift in ppm and Az for CEST active protons of X-ray contrast agents, lanthanide-based and
transition metal-based paraCEST agents shown in Figure 10.

Table 6.

Functional group 8 (PPM) | Keyx (571
lopamidol23 amide NH 4.10 25607
244 i
lomeprol amide NH 4.30 1,8305
244 i
lohexol Amide NH 4.30 1,6103
244 i
loversol Amide NH 4.30 1,6303
i 244 i
lodixanol Amide NH 4.30 1’2105
Tb-DOTA-4AmMCE!2! | Water co-ligand -600 32,300
Dy-DOTA-4AmCE!21 | Water co-ligand =720 58,800
245
Yb-HPDO3A Alcohol OH 71[7’ ggb N/D
Tm—DOTAM—GIy246 Amide NH _510 3,450
Ho- DOTAM-Gly?46 Amide NH 39¢ 2,500
246 i
Dy- DOTAM-Gly Amide NH 77€ 2,500
Eu-DOTAM-EB247 Amide NH 53 12,300
Fe-TCMT?248 Amide NH 69 240
Fe-AMPT?248 Aminopyridine NH, 6.5 N/D
Fe-BZT248 Benzothiazole -NH 53 N/D
Fe-STHP248 Alcohol OH 54 3,000
Fe-DOTAM?248 Amide NH 50 400
131 i idi _
Fe-TAPC Aminopyridine NH, 79 1'7000’
- 133 i
Fe-NOPE Amide NH 92, 24€ 500
Co-TCMT248 Amide NH 32 890
Co-DOTAMZ48 Amide NH 45 300
Co-CCRM#48 Amide NH 112 510
Co-TPT248 Pyrazole NH 135 9,200
. 127
Co-HINO Imdazole NH 32 10202
Co-TAPC!3L Aminopyridine NH, -118 N/D
. 133 i
Co-NOPE Amide NH 59, ~19° 240
136
Co-L5 Alcohol OH 140 5,000f
Ni-TCMT248 Amide NH 76 364
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Functional group 8y (PPM) | Koy (571
Ni-CCRM?48 Amide NH 72 328
i 127
Ni-HINO Imdazole NH 55 10202
i 133 i
Ni-NOPE Amide NH 72, 118 240
Ni-DOTAM?4 Amide NH 73 330
i 250 i
Ni- chxdedpam Amide NH 91589 6,100
Cuy(L)(P,07)138 Amide NH 29 ppm 420
PH7.4

bThe two -OH resonances observed have been tentatively assigned to R and S form of Yb-HP-DO3A.

SH 8.1, 312K

de 77

emagnetically inequivalent NH from amide NH2.

H70

GoH 7.2
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Table 7.

Page 68

Chemical shift in ppm, 77, and full-width at half max (FWHM) of observed *H for representative lanthanide-
based and transition metal-based paraSHIFT agents.

Dy-L217
Tm-DOTMAL7-172

Dy|_2251

Fe-MPT158
Fe-TMPC158
Fe-BMPC157

Fe-2MPC157

Co-MPT 158
Co-TMPC158
Co-BMPCLS7

Co-2MPC*"

1H resonance

—-tBu
—CHjs

—-tBu

~CHs
~CHs
~CH,
~CHs (uyridine)
=CH3 (amine)
~CHs
~CH,
~CHg
~CHs (uyridine)

—CHs (amine)

Equiv. protons

18
24

18

Ty (ms)
5.7¢
414534

.07

2.4¢
1.1€
0.62¢
1.0€
1.1¢
5.7€
0.37¢
0.30¢
0.44€

0.18¢

84 (ppm)
-17.84-29.99
-1074, -66.57
-60.1. —63.8
21.2

-52.3

-225

-455

105

8.03

-120

-80.4

-112.5

164.4

FWHM (H2)
78b.cf
103467 gadcf
N/D

207¢
458¢
480¢
393¢
359¢
66.5€
909€
1150¢
848¢

1982¢

FWHM (ppm)
0.20 bcf

0.2646f 0.2180F

0.41¢
0.92¢
0.96¢
0.79¢
0.72¢
0.13¢
1.86
2.3¢
1.7¢

4.0°¢

a .
two isomers

bcorresponds to major isomer with & = 17.8ppm

.41

d7.0T

él17T

fcalculated from 72, assuming T2 ~ 1/(Av1/2*T).
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Table 8.

71 and full-width at half max (FWHM) of observed 1°F resonance for representative ligands and
corresponding transition metal-based complexes.

19 resonance  Equiv. protons Ty (ms) FWHM (Hz) FWHM (ppm)
DOTAmM-F12156 -CF3 12 880a 0 59‘7-17 0 0017a.b
Fe- DOTAmM-F121%6  -CF3 12 5.7a 1033,17 0 Zoa,b
Ni-L 7160 -CF3 3 0.03a 13a,b 0.0 47ab
H 160 —
Ni-L8 CF3 6 0.01a 4051,17 0114a,b
%ot

bcalculated from 72, assuming T2 ~ 1/(Av1/2* ™).
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Table 9.

Page 70

Comparison of biochemically mediated rq change achieved with representative Gd and transition metal
complexes studied as biochemically responsive contrast agents.

EgadMel97

Gd-MPO

Gd-Lzn?%?

Gd-4AmPp203-204

Mn-TPPS,2
Mn-TPPS,2

Mn-HBET213

Mn-HBET-NO,213
Mn-CyHBET2L3

Mn-CyHBET-
N02213

Mn-JED?Y

Mn-HPTP1

Fe-PyC3A10

r, change triggered
by:
B-galactosidase

H,0,/myeloperoxidase

Zn2* binding and
subsequent HSA
association

pH change

0,
Oy, in presence of B-

cyclodextrin

Redox (H,0,, L-Cys)

Redox
Redox

Redox

Redox (H,0,/
peroxidase, L-Cys)

H,0,
H,0,, L-cys

mechanism of r, change

gincrease

TR increase by
oligomerization

R increase from Zn?*
triggered albumin binding

Prototropic exchange,
second sphere

Oxidation from Mn2* to
Mn3+

Oxidation from Mn?* to
Mn3+

MnZ*/Mn®* interchange

Mn2*/Mn3* interchange
Mn2*/Mn3* interchange

Mn2*/Mn3* interchange

Mn2*/Mn3* interchange

Dimerization, tg increase

FeZ*/Fe3* interchange

“off” ry/ “on” ry (MM1s71), magnitude r, change.

0.47T

N/D?

4.3/10.5, 2.4-
fold207

5.8/18, 3.1-fold

N/D

10/12, ~20%

23/58, ~2.5
fold

N/D

N/D

N/D

N/D

N/D

N/D
N/D

14T

n/D¢

N/D

N/D

N/D

N/D

N/D

1.1/2.8, 2.5-fold

0.50/2.3, 5.8-
fold

0.40/3.3, 8.3-
fold

0.50/2.3, 5.6-
fold

0.5/3.3, 6.6-fold
0.9/8.0, 8.9-fold

N/D
0.18/1.8, 10-fold

>3.0T
0.9/ 2.77 3-f0ld
4.9/4.80, no change!10

6.0/6.8d, ~10%

6.0 (pH 6)/ 4.0 (pH
4), ~50%, or ~5% per

0.1 pH unitd
N/D

N/D
1.1/3.9% 3.5-fold

0.73.1% 4.4-fold

QU

0.9/4.3", 4.8-fold
1.1/3.67, 4.6-fold
0.5/2.5", 5.0-fold
0.5/ 1.9, 3.8-fold

4.4-3.6e, ~ -20%

>- s

0.18/2.40’, 13-fold

0.15/2.2%. 15-old

arl change from ¢ modulation is field independent.

bll.7T

ey

d9.4T

.01
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