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Abstract

The presence of multiple oxidation and spin-states of first-row transition metal
complexes facilitates the development of switchable MRI probes. Redox-responsive probes
capitalize on a change in magnetic properties of the different oxidation states of the
paramagnetic metal ion center upon exposure to biological oxidants and reductants. Transition
metal complexes that are useful for MRI can be categorized according to whether they
accelerate water proton relaxation (T; or T>agents), induce paramagnetic shifts of *H or 1°F
resonances (paraSHIFT agents), or are chemical exchange saturation transfer (CEST) agents. The
various oxidation state couples and their properties as MRI probes are summarized with a focus
on Co(Il)/Co(lll) or Fe(ll)/Fe(lll) complexes as small molecules or as liposomal agents. Solution
studies of these MRI probes are reviewed with an emphasis on redox changes upon treatment
with oxidants or with enzymes that are physiologically important in inflammation and disease.
Finally, we outline the challenges of developing these probes further for in vivo MRI
applications.

l. Introduction

Magnetic Resonance Imaging (MRI) Contrast agents are paramagnetic metal complexes
that are administered to enhance the images produced in diagnostic procedures.* Contrast
agents modulate the proton resonances of water in soft tissue and are used to image blood
flow, characterize tumors and lesions, and map heart function for augmenting the high-
resolution images that characterize MRI.> However, interest in determining disease prognosis
and monitoring therapeutic response has given rise to a demand for a newer type of contrast
agent which is called a molecular or responsive magnetic resonance imaging agent.>’ These
agents produce signals in response to biological environment including changes in pH, redox
status, metal ion concentrations, or protein targets.®® Such molecular agents (or probes) are
challenging to produce, but present a great opportunity for synthetic inorganic chemists.

The development of paramagnetic first-row transition metal complexes as MRI probes
or contrast agents is based on a strategy to employ metal ions that are naturally present in the
body.1%1* One goal is to prepare transition metal complexes that may serve as alternatives to
the clinically-important Gd(lIIl) based contrast agents. In addition to the advantage of being



essential elements that are also earth abundant, transition metal complexes have certain
advantages in the development of responsive probes. One of the most obvious is the existence
of multiple stable metal-based oxidation and spin states, something which is lacking for Gd(lll)
complexes.® # The ability to switch between oxidation and corresponding spin states in
response to redox-related changes in biological environment is a powerful tool for molecular
imaging.® 1> 1% For example, diseases such as cancer, stroke, and atherosclerosis are
characterized by chronic inflammation which involves a perturbed biological redox
environment.17 18,19

In this viewpoint, we focus on the coordination chemistry of first-row transition metal
complexes and their use as redox-responsive probes with an emphasis on iron and cobalt
complexes that undergo oxidation state changes at the metal center. We demonstrate the
richness of the coordination chemistry of mononuclear and multinuclear complexes for tuning
oxidation state and highlight current developments. We present several types of MRI probes
including those that affect water proton relaxation, proton shift, and chemical exchange
saturation transfer (CEST).% 420,21 Transition metal coordination complexes as small molecule
probes and as complexes loaded into liposomes will be discussed. This viewpoint is not meant
to be a comprehensive review of first-row transition metal MRI probes which have recently
been reviewed,® but rather to summarize approaches to redox-responsive transition metal MRI
probes'® 22 and to highlight the many challenges that remain in this budding area of research.

Il. Categorization of first-row transition metal MRI probes

Table 1. Common oxidation and spin states of transition metal-based MRI probes

Mn(Il) high-spin Mn(111) high-spin
(T7 agent) (T7 agent)
Fe(ll) low-spin  Fe(ll) high-spin Fe(lll) high-spin Fe(lll) low- Fe(ll)-Fe(lll)
(diamagnetic) (paraSHIFT/paraCEST) (T; agent) spin magnetically
(paraCEST) coupled
(paraCEST)
Co(ll)-Co(ll) high-spin  Co(ll) high-spin Co(lll) low-
(paraCEST) (paraSHIFT/paraCEST) spin
(diamagnetic)
Ni(ll) high-spin Ni(ll) low-spin
(paraCEST/paraSHIFT)  (diamagnetic)
Cu(l) Cu(l) Cu(11)-Cu(11)
(diamagnetic) (T7 agent) magnetically
coupled
(paraCEST)



Shown in Table 1 are several first-row transition metal ions in common oxidation and
spin states that are used for MRI probe development. Given in parentheses is the MRI probe
category that is commonly found in the literature for the spin and oxidation state shown in the
table. MRI probes can be divided into two broad categories.”32° Metal complexes that
promote the relaxation of water protons through either longitudinal (T1) or transverse (T2)
relaxation processes are known as relaxation agents. Metal complexes that produce large
paramagnetically-induced (hyperfine) shifts in the nuclear magnetic resonances of the probe
ligand or surrounding water yet produce only moderate resonance broadening are known as
shift agents. The key electronic properties of the paramagnetic complex which determine the
MRI probe behavior are the number of unpaired electrons, their distribution in orbitals, and
their electronic relaxation times.?3> Metal ions with electronic relaxation times on the order of
the proton Larmor frequency of 10 to 10°s such as Mn(ll), Fe(lll), or Gd(IIl) are relaxation
probes, whereas metal ions with shorter electronic relaxation times (<10 s) such as Co(ll) or
Fe(ll) are typically shift agents.?* It is important to emphasize that the geometry of the metal
center may have a large effect on magnetic properties of transition metal ions which may
change the MRI probe category. Moreover, if there are multiple metal ion centers, magnetic
coupling interactions may modulate spin and electronic relaxation properties as discussed in
the examples below and shown in Table 1.

Relaxivity agents shorten the T; and T proton relaxation times of water.>2> Notably, T
is always shortened more than T;; common T; agents feature T1/T; ratios that are typically
about a factor of two or less. Contrast agents that are used clinically are T; agents that contain
Gd(Ill) with polydentate or macrocyclic ligands.?® Administration of the contrast agent
produces positive contrast in the tissue where the contrast agents localize and are mapped
through Ti:-weighted imaging. The T; agents are characterized by their relaxivity, r1, which is
obtained from a plot of the proton relaxation rate constant as a function of contrast agent
concentration and has the units of mM1s?,

ri=rus+riss+riwos Eq.1

Paramagnetic metal centers promote the relaxation of protons and other neighboring
nuclei largely through dipolar interactions of unpaired electrons and nuclei.?® The water
molecules that undergo proton relaxation may bind directly to the metal center (inner-sphere,
rus), indirectly through the coordination sphere (second-sphere, riss) or through closely
diffusing waters (outer-sphere, rigs). There are many studies of Gd(lll) and Mn(ll) complexes
that have focused on optimizing inner-sphere interactions such as water exchange.'>?> By
contrast, many studies of six-coordinate Fe(lll) complexes have focused on second-sphere



interactions given the slow rates of water
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@ o e exchange for these complexes.!! However,
4 ~, .
s ‘Second-Sphere "N several seven-coordinate Fe(lll) complexes
’ ; 27-29
7 have an exchangeable inner-sphere water.

Relaxivity increases with the total electron
spin quantum number of the complex, which
at S =5/2 for Mn(ll) or Fe(lll) is less than that
of Gd(Ill) at S =7/2. Relaxivity is dependent on
magnetic field strength and temperature, so
comparisons should be made at comparable
field strengths and temperatures, and

Figure 1. Parameters important for water proton  preferably at those most commonly used in
relaxivity in high spin Fe(lll) complexes human scanners (1.5 T or 3T) and at 37 °C.4

As shown in Figure 1, inner-sphere contributions to relaxivity depend on the rate
constant for exchange of water (kex), the tumbling of the complex (rotational correlation time,
(tv) and the electronic relaxation time (T1e).2 Water exchange rate constants and the number
of inner-sphere waters are varied by strategic ligand design. Rotational correlation times can
be modulated by increasing molecular weight through adding rigid linkers between metal
centers, or by inducing binding to proteins and detailed analyses are reported for Gd(lll) and
Mn(ll) complexes.'®2>30 Much less work has been reported to date for Fe(lll) complexes on
optimizing these parameters.’? It has been noted that electronic relaxation times may limit the
relaxivity of Fe(lll) complexes at low magnetic field strengths. There remains much to learn
about the role of the coordination sphere including donor groups and geometry for optimizing
the relaxivity of Fe(lll) contrast agents.% 12
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Figure 2. Proton NMR spectra of [Fe(HINO)]** (A) and [Co(HINO)]?** (B) and [Ni(HINO)]** (C) in ds-
acetonitrile. Asterisk marks the exchangeable imidazole proton. Structure of the complex cations.
HINO is N,N’-bis(imidazole-2-ylmethyl)-4,10-diaza-15-crown-5. Reprinted from ref. 30 with
permission. Copyright 2017 American Chemical Society.

Metal ion complexes that are shift agents, such as high-spin Co(ll), Fe(ll), or Ni(ll)
complexes, show relatively sharp but highly dispersed proton resonances (Figure 2).3 In this
case, the Co(ll) complex shows sharper proton resonances than the Fe(ll) complex in part due
to oxidization of the complex to high-spin Fe(lll) over time, which results in broadening of the
resonances due to the enhanced proton relaxation promoted by the Fe(lll) center. The chemical
shift change from that of the free ligand is attributed to diamagnetic and paramagnetic
contributions with paramagnetic or hyperfine contributions dominating these shifts (eq. 2).2*
The hyperfine shift is produced by a combination of dipolar (84, through space) and contact (.,
through bond) contributions with a smaller contribution from the diamagnetic shift (84). For
lanthanide complexes that lack substantial covalency in bonds, the hyperfine shifts are largely
dipolar in nature for nuclei that are not directly bound to the metal ion.?! By contrast, transition
metal shift agents may have large contact contributions to their hyperfine shifted resonances as
shown by theoretical calculations.3? 33

5=084+08.+3, Eq.2

There are several classes of MRI probe that contain a paramagnetic shift agent. For
example, transition metal paraSHIFT agents show highly shifted ligand proton resonances that
are temperature and pH dependent.3*3” When proton resonances of the ligands are
monitored, the procedure is a Magnetic Resonance Spectroscopy (MRS) technique as compared



to measuring the proton resonance of water as in MRI.38 Alternatively, paraSHIFT agents may
contain fluorinated ligands for studies using '°F NMR spectroscopy. Various paramagnetic
metal ions are used to shift the °F resonance and to modulate the relaxation times of the °F
nuclei.??> The paramagnetic shift can be modulated by changes in pH, temperature, and spin
state as shown for Fe(ll), Co(ll) and Ni(Il).33 394042 Finally, if the metal complex produces
hyperfine shifted protons of water ligands or of exchangeable protons on NH or OH groups of
ligands, then a MRI probe based on paramagnetic chemical exchange saturation transfer
(paraCEST) is created.?>*3 Transition metal paraCEST agents have an OH or NH proton that can
chemically exchange with water protons.4 44
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Figure 3. Left: schematic of CEST. Right: Z spectrum recorded at 11.7 T of 8 mM [Co(HINO)]* (blue) or
[Ni(HINO)]?** (green), in solution containing 100 mM NaCl, 20 mM HEPES, pH 7.0. Radiofrequency pulse
of 4s applied at 37 °C, By = 24 uT. Z spectrum reprinted from ref. 30 with permission. Copyright 2017
American Chemical Society.

In the CEST experiment, a presaturation pulse at the frequency of the exchangeable
proton (NH or OH) magnetically saturates the proton. Exchange of the magnetically saturated
ligand proton with water protons gives a reduction in the water proton signal. A plot of the
normalized water signal intensity (M./Mo) against frequency offset (ppm) gives the Z-
spectrum.?**3 The paramagnetic center serves to shift the ligand proton resonances far away
from the bulk water and the broad resonance from the magnetization transfer of protons in
solid tissue (Figure 3). A CEST probe can be turned on or off based on the frequency and power
of the radiofrequency pulse. A CEST phantom image on the MRI scanner is acquired by using a
presaturation pulse either on-resonance or off-resonance of the exchangeable protons. The
ratio between these two images is subtracted from 100% to give the CEST image as shown in
Figure 7 for the Co(ll) paraCEST agent described below.

CEST agents have the advantage of being “multicolor”. In other words, each paraCEST
agent may produce a CEST peak at a distinct frequency so that multiple CEST agents can be
monitored and distinguished simultaneously.?! CEST agents are extremely sensitive to pH,
which is attributed to acid- or base-catalyzed proton exchange.'* > 4¢ The shift of the
exchangeable proton and the corresponding CEST peak are temperature dependent.3® 4’ One
drawback of transition metal ion paraCEST agents is that even in simple solution (phantoms),
low millimolar concentrations are required. This concentration is at least 10-fold higher than



that for T1 agents.** %8 Under conditions in vivo, the heterogeneity of environments coupled
with the extreme sensitivity to environment makes it challenging to obtain contrast.**> One way
to increase sensitivity is to add the paraCEST agents to supramolecular structures such as silica
nanoparticles®® or liposomes.>* Another variation of CEST involves a fluorinated chelate that
binds weakly to a metal shift agent, such as Fe(ll). If the rate of exchange is optimized, a CEST
signal can be generated based on the *°F resonance intensity.>?

Paramagnetic shift agents loaded into liposomes, which are vesicles with lipid bilayers,
interact with the water molecules in the interior of the liposome to shift their resonances away
from those of bulk water (Figure 4).°! If the liposome constituents are chosen to optimize
water exchange between intraliposomal and bulk water pools, irradiation at the frequency of
the intraliposomal water protons produces a CEST peak.>* Such agents are called “lipoCEST”
probes. These experiments were elegantly pioneered for lanthanide shift agents,3 and have
recently been carried out with Co(ll) agents.”* Amphiphilic Co(ll) complexes embedded in the
bilayer lead to an additional contribution to the shift of the interior water protons. Finally,
shrinking of the liposome to give oblong-shaped liposomes produces even larger intraliposomal
water proton shifts through the addition of a bulk magnetic susceptibility contribution.> The
advantage of lipoCEST is that the probes can be used in nanomolar concentrations. A
disadvantage is that the CEST peak is much less shifted than that of typical paraCEST agents.
Further, disruption of the liposome structure in the biological environment leads to destruction
of the CEST signal.>®

i gnwc DSPE-PEG2000 Liposomes loaded with paramagnetic

relaxivity agents shorten water proton T; or
T, relaxation times.>’->° For example,
liposomes with Fe(l11)%° or Mn(11)®* relaxivity
agents incorporated into the bilayer are
effective T; agents, as the complex on the
exterior of the liposome may interact
directly with the bulk water. Complexes
loaded into the interior show quenched
proton relaxation effects by slowed water
exchange across the bilayer.®° Iron-based
Figure 4. Co(ll)-based liposomal CEST agents liposomes® show increased r; relaxivity at
containing intraliposomal and amphiphilic high field strengths (>7 T), analogous to
compl.exes. Adapt.ed with permission from ref. 53. lanthanide-based liposomes.” Studies of
Copyright 2020 Wiley . .

lanthanide(lll)-loaded liposomes showed

additional susceptibility contributions to T, that increase with magnetic field strength, making
them candidates for T.-based imaging procedures.>’




lll. Design of redox-responsive transition metal MRI probes

Transition metal MRI probes must be highly kinetically resistant to metal ion release
under physiological conditions. Thermodynamic stability is also important. Complexes that
have large formation constants and are thus thermodynamically stable are desirable; however,
kinetic inertness is also quite important as the resistance to dissociation can prevent
equilibration with ligands found in the blood, such as transferrin for Fe(lll).?” Transition metal
complexes of macrocycles,** self-assembled cages,®? or other types of rigid ligands®® 64 may
offer a high degree of kinetic inertness towards release of the metal ion which is advantageous
in probe development.

Other general considerations include the concentrations of MRI probes that are
required for detection. Relaxivity (T:) MRI probes are typically used in high micromolar
concentrations.® For example, if the tissue background proton relaxation time is 1 second,
reduction of the signal by 10% would require 50 uM contrast agent with a relaxivity 2.0 mM-s™,
Relaxivity values for mononuclear Fe(lll) probes are often close to 2.0 mM-1s and are higher
for multinuclear probes at 5.3 mM st and 8.7 mM1s for dinuclear and tetranuclear Fe(lll)
complexes, respectively at 4.7 T and 37 °C in buffered solution.!! By contrast, paraCEST agents
require higher concentrations and are detectable in low millimolar concentrations in solution.®®
LipoCEST agents produce signal in nanomolar vesicle concentrations, but are loaded with high
millimolar concentrations of complex.>® The paraSHIFT agents are typically used in millimolar
concentrations, although an optimized study with a lanthanide-based proton paraSHIFT probe
reported imaging with probe injected by tail vein at 0.1 mmol/kg.?® This dose is similar to that
given for T; agents. Injections into animals with MRI contrast agents typically require good
aqueous solubility to prepare stock solutions of 10-100 mM.%’

The electrode potential of the metal ion center can be modulated over a nearly 2V
range through modification of the ligand donor groups and resulting coordination environment.
For example, as shown in Figures 5 and 6, macrocyclic complexes of Co and Fe have electrode
potentials for the Il/Ill couple that are tuned over a range of 1.2 to 2.1 volts, respectively. (All
potentials are given versus NHE unless otherwise specified). Macrocyclic complexes of TACN
(1,4,7-triazacyclonone) are featured here, although many other macrocyclic ligands have been
reported for transition metal probes.'# In general, complexes that remain in the divalent state
in the biological environment are characterized by positive redox potentials (> 500 mV versus
NHE) and complexes that remain in the trivalent state in a biological environment have
negative redox potentials. The redox potentials of common biological oxidants and reductants
that affect metal ion oxidation states are elaborated on further below. Ligands based on TACN
with its small cavity size and favored six-coordination stabilize the trivalent state of iron*! for
pendants such as hydroxypropyl,®® phosphonate®” or phenolate.®® For cobalt-based TACN
complexes, pyrazole,’ carboxylate pendants*® 7! or ternary complexes containing
acetylacetonate’? tend to stabilize the trivalent state. Amide pendant groups stabilize Co(l1)* or
Fe(l1)”® in TACN complexes or in dinuclear complexes with linear chelates.®® % Larger



macrocyclic backbones such as CYCLEN (1,4,7,10-tetraazacyclododecane) form eight- or seven-
coordinate complexes and stabilize the divalent state in both cobalt and iron.**# 4’ CYCLAM
(1,4,8,11-tetraazacyclotetradecane) ligands with four pendants typically form six-coordinate
complexes with Co(Il)/Co(lll) or Fe(ll) with intermediate redox potentials,*” 74 as shown in
Figures 5 and 6. Complexes that have mid-range redox potentials are complexes that are not
strongly stabilized as either M(ll) or M(lll) may be useful in applications for redox sensing such
as [Co(CMP)]3* # or [Fe(PyC3A)].>’

Finally, what is the desired redox potential of the MRI probe and what type of reactions
are important for molecular imaging of redox imbalance? Redox imbalance characterizes many
inflammatory diseases such as cancer, cardiovascular and bowel diseases, diabetes and
arthritis.’® 7> Inflammation typically involves oxidative stress which is defined as an imbalance
between the production of oxidants and antioxidant defenses that may lead to damage in
tissue. There are different approaches to develop probes for oxidative stress. Small molecules
may buffer the redox status of tissue, especially in the intracellular environment, and such
levels may vary for normal tissue compared to diseased states.?? 76 The probe might be
designed to sense this redox state by reaction with one component of the buffer, for example
glutathione (GSH) or its oxidized form, glutathione disulfide (GSSG). The concentration and ratio
of the redox buffer pairs are, however, controlled enzymatically in a complex and well-
integrated system that is not always fully equilibrated.”” A second approach is to consider the
production of reactive oxygen (ROS) and reactive nitrogen species (RNS) that are present in
elevated levels under inflammatory conditions. In this approach, probes are designed to
undergo redox changes upon interaction with these reactive species based on considerations of
the potentials of appropriate one electron redox reactions.”® Redox biology is an extensively
researched topic, and the reader is directed to recent reviews of these approaches.'” %75 77.79
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Figure 5. Electrode potentials for cobalt (Co*/Co?*) complexes taken in aqueous solution at near
neutral pH values. Charges are shown for the trivalent cobalt complexes.
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Figure 6. Electrode potentials for iron (Fe*/Fe?") complexes taken in aqueous solution at near neutral
pH values. *The electrode potential of Fe(TBT) was reported in CHsCN. Charges are shown for trivalent
iron complexes.

It is important to note that the majority of contrast agents are extracellular fluid agents
that extravasate from the vasculature into extracellular space and do not experience the
intracellular environment.! This is important because the extracellular redox environment is
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not as tightly controlled nor as well-defined as the intracellular environment.”” For example,
whereas the intracellular environment is set by several important redox couples including
NAD*/NADH, the extracellular space lacks these thermodynamically equilibrated couples.
Moreover, the intracellular environment is more reducing than the extracellular environment.
Within the cytosol, the redox poise arises from the NAD*/NADH couple set at -240 mV, whereas
the NADP*/NADPH system is set at -393 mV. In this case, both systems are thought to operate
near equilibrium through enzyme-catalyzed reactions.”” By contrast, the thiol/disulfide redox
system operates at low flux and is not at equilibrium, but is more accurately considered to be
part of a system of kinetically controlled sulfur switches. Such thiol switches include couples
such as glutathione (GSH/GSSG), cysteine/cystine and proteins with multiple thiol groups as
part of the redox-dependent thiol proteome.”® A discussion of reaction kinetic restraints in
redox reactions versus thermodynamically dictated redox regulation makes this point.® In other
words, a description of redox biology as a system whereby molecules serve as redox buffers
and that the concentrations and electrode potential of the couple contribute to the overall
redox potential according to the Nernst equation is not a complete picture, as in some cases
kinetics may be the limiting factor.””- 8

Molecules that act as signaling agents such as superoxide (Oz’) and peroxide (H203)
enable the integration of redox systems and may serve as targets for detection, which we will
consider here.””- 818 These small molecule messengers along with their target membrane
proteins coordinate intracellular with extracellular events and thus influence the extracellular
environment.* H,0; is formed in mitochondrial respiration and by NADPH oxidase (NOX)
enzymes that are found in the plasma membrane of phagocytes and endothelial cells that
become upregulated during inflammatory processes.” NADP oxidases activate O for
generation of superoxide (or in some cases, hydrogen peroxide) for phagocytic killing of
pathogens in the extracellular space during inflammation.>* Superoxide reacts to form
hydrogen peroxide and oxygen through spontaneous dismutation or by SOD enzymes.'’ During
inflammation, macrophages and other phagocytotic cells that are part of the immune system
response are recruited to create oxidative stress through a rise in superoxide and hydrogen
peroxide levels as reactive oxygen species (ROS).Y” Superoxide can also react with NO radical to
produce peroxynitrite, (ONOO-), an example of a reactive nitrogen species. Extracellular
enzymes that play key roles in inflammation include myeloperoxidases, as enzymes that are
released by macrophages and neutrophils of the immune system, and glutathione peroxidase
as protective enzymes which reduces peroxide to water and lipid hydroperoxide to alcohols.”

Hydrogen peroxide is one of the primary molecules of interest for detection with
chemical probes given its role as a signaling molecule that increases during inflammatory
processes.®! While it is difficult to accurately measure concentrations of H,O; in humans,
concentrations of peroxide in the blood are likely in the range of 1-5 UM and may increase to
30-50 uM during chronic inflammation.®> These levels may potentially be assessed by using
relaxivity-based MRI probes that produce signal at micromolar concentrations. Transition metal
complexes (Fe(ll), Co(ll), Ni(ll), Cu(ll)) with redox potentials between 100 to 300 mV versus NHE
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are oxidized by hydrogen peroxide and in the presence of ascorbate as reductant produce ROS
as monitored by biomolecule cleavage.®® One electron potentials are used here to describe
hydrogen peroxide acting as an oxidant of the reduced divalent state of the metal complex
(H202, H*/ HOe, OH; Eo = 0.39 V, pH 7, 298 K versus NHE).”® Given that hydrogen peroxide is a
relatively weak oxidant, some of the probes described below are only oxidized in the presence
of peroxidases and H,0, which produce more reactive ROS such as hypochlorous acid.** 87 High
levels of myeloperoxidases in sites of inflammation support this approach.®

Another molecule of interest which is critical to metabolic processes within cells and as
a precursor to superoxide is molecular O,. Oxygen is dissolved in the blood in low millimolar
amounts with arterial blood levels of 0.17 mM O, and lower levels in hypoxic regions of 17
UM.& Hypoxia is prevalent in tumors as the vasculature tends to be chaotic and
underdeveloped due to the rapid growth of the tumor.*® Hypoxia is connected to increased
oxidative stress and proliferation through effects on the upregulation of the transcription factor
hypoxia-inducible factors (HIF).8® For this reason, there is renewed interest in the design of
probes for O; levels including for MRI as well as other imaging modalities.* Given the 0,/0,
potential of -0.19 V, complexes that are oxidized by molecular oxygen typically have M™1/M"™
redox potentials that are negative, in the range of -0.19 V or less. For example, a Co(ll)
complex’® and a dinuclear Fe(ll) complex®® with negative redox potentials are both oxidized by
0, to provide a redox responsive agent as discussed below.

Other ROS species are poorer targets for probes. The hydroxy radical which may be
produced by reaction of peroxide with reducing metal ions in the Fenton reaction is a much
stronger oxidant than peroxide, but is very reactive and has a short lifetime in solution.”®
Similarly, the superoxide radical requires two protons and an electron to be an oxidant and this
kinetically slow reaction contributes to the importance of the enzymatic dismutation of
superoxide. Instead, the superoxide radical may behave as a weak reductant. Other reductants
that are important in extracellular space include ascorbate with an electrode potential of 0.28
mV versus NHE.”®

IV. Transition metal complexes for redox-responsive probe development

Coordination complexes of Co(ll)/Co(lll). The Co(Il)/(Ill) redox couple is tunable over
greater than 1.2 V (Figure 5). Bioinorganic researchers have long utilized this couple to
capitalize on the marked difference in lability of the two oxidation states.®> For example, Co(lll)
complexes have a large degree of kinetic inertness and are used for the delivery of drugs or to
function as warheads, and are complemented by the lability of Co(ll) complexes formed under
reducing conditions inside of the cell.”? ®3 For MRI probes, the shift properties of the Co(ll)
center are useful to prepare paraCEST, paraSHIFT, or lipoCEST agents.'# 3> 4494 High-spin Co(ll)
complexes produce large hyperfine shifts and give highly dispersed proton resonances with
relatively narrow line widths (Figure 2).
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Our initial foray into Co(ll) paraCEST agents featured complexes with amide pendants, such
as [Co(TCMT)]?* and other analogs that were stabilized in the divalent form for paraCEST
applications (Figure 5).*¢ Co(Il) complexes with the CYCLAM ligand and four amide pendant
groups were studied as pH-sensitive probes by following the intensity of multiple CEST peaks
due to amide NH proton exchange.*® Similarly, dinuclear Co(Il) complexes (LCoz(HL’)) are
stabilized in the divalent form and have applications as pH- based ratiometric probes.®* To
lower the redox potential to create responsive agents based on macrocyclic complexes,
pyrazole pendants were used to produce the [Co(TPT)]?** complex.”® The Co(ll) form of this
complex produced a sharp CEST peak at 135 ppm versus bulk water. This complex had a
negative electrode potential (Eo =-107 mV) and reacted readily with O3 to give the diamagnetic
Co(lll) complex which could be reduced back to Co(ll) with dithionite or cysteine. A second-
order rate constant for oxidation of the complex was determined and used to calculate the half-
life of the complex at different O, pressures in the absence of other oxidants. These calculations
showed that the reduced [Co(TPT)]?* complex had a half-life of 2.6 hours in arterial blood, but a
half-life of 26 hours in hypoxic tumors. Shorter half-lives upon reaction with O; are desirable for
in vivo measurements of hypoxia. Another drawback of this probe is that other oxidants such as
hydrogen peroxide also catalyze oxidation, so that the probe is not specific for O, registration.
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H——/\./}N\\ 0, RN/ SN N
Wt ot
“i_/ L-Cys or \_,.' -/

_N Na,S,0, _N

WH NH
~ ~
ParaCEST agent Diamagnetic:

loss of signal

Figure 7. A paraCEST switch based on Co(ll)/Co(lll). MRI phantoms from CEST at -135 ppm,37°Cat4.7 T:
[Co(TPT)]** and the following equiv of dithionite: none (1), 0.25 equiv (2), 0.38 equiv. (3); 0.50 equiv. (4);
0.75 equiv. (5); 1.0 equiv. (6) 1.25 equiv. (7); [Co(TPT)]* (8). Adapted from ref. 69 with permission.
Copyright 2013 Wiley

Co(ll) complexes of derivatives of TACN with positive electrode potentials (150-200 mV)
were reported by the Que group for 1°F paraSHIFT studies.®* These complexes had fluorine tails
in close proximity to the Co(ll) center for producing a shift in the °F resonance and an increase
in 19F relaxation rates. While both complexes reacted with H,0,, the complex with two
pyrazole pendants [(Co(CMP))]?* reacted more readily with peroxide, whereas the probe with
two carboxylate groups ([Co(CMA)]) oxidizes only when treated with peroxide and
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peroxidases.*? A second way to create Co(ll) complexes with electrode potentials in the 200-
400 mV range is to use the cyclam backbone. For example, [Co(3-CCRM)]?** has a redox
potential of 290 mV versus NHE (Figure 5).74

Co(Il) complexes show only a small effect on water proton relaxation (r1 < 0.1 mM1s?),72
yet a switch between Co(lll)/Co(ll) in a derivative of the [Co(TPA)(acac)]** complex was
successfully used to probe tumor spheroid hypoxia by monitoring changes in relaxivity.®> A
series of Co(lll) complexes were taken up in the tumor cells upon reduction to the Co(ll) form of
the complex under hypoxic conditions. Differences in uptake into necrotic regions were
observed and the proton relaxation times were modulated in the heterogeneous environment
of the tumor.

Co(ll) complexes of CYCLAM with hydroxypropyl pendants produce lipoCEST agents.>*
Liposomes containing complexes loaded into the interior of the liposome and in the bilayer
produced a lipoCEST peak at physiologically relevant osmolality (300 mOs/L). The position of
the CEST peak is dependent on the complex and its concentration inside of the liposome and
the presence of amphiphilic Co(ll) complexes in the bilayer. The tunability of the redox potential
of the Co(ll)/(lIll) center and our report on Co(ll)-based lipoCEST agents suggests that redox-
responsive liposomes are ripe for development. Recently, liposome-based photoacoustic
probes have been reported that are responsive to H,0; produced in inflammatory processes
including tumors and sites of bacterial infection.®®

Coordination complexes of Fe(ll)/Fe(lll). Iron has much promise as a redox-responsive
MRI probe given that both Fe(ll) and Fe(lll) have paramagnetic spin states. High spin Fe(ll) is a
paraCEST agent in macrocyclic complexes with pendants such as amide or amino-pyridine
groups (Figure 6).3% 4797 These complexes are stabilized as Fe(ll). Interestingly, Fe(ll) paraCEST
and paraSHIFT agents that capitalize on spin-state crossover as a function of temperature have
been reported.3” 42 As the Fe(ll) complexes go from low to high spin, the paraCEST peaks shift
and increase in intensity to give some of the best temperature dependent probes reported to
date. Similarly, the *°F resonance changes with temperature for the paraSHIFT agent as the high
spin state of Fe(ll) is populated.*? Aside from the temperature dependent spin-crossover, the
paraCEST properties of Fe(ll) are often similar to those observed for the Co(ll) analogs.

Low-spin Fe(lll) paraCEST agents are of interest as they may lead to a paraCEST redox-
responsive ratiometric couple (high spin Fe(ll)/low spin Fe(lll)). One such low- spin Fe(lll)
complex had three imidazole pendants, Fe(TIM), and a redox potential of 315 mV at pH 6.5.%% %9
As the imidazole pendants deprotonate, the electrode potential of the complex becomes more
negative (-270 mV at pH 12), signifying stabilization of Fe(lll) with increasing the number of
anionic pendant groups.?® This complex, as a low-spin Fe(lll) probe has sharp proton resonances
which are not as highly dispersed as those of high spin Fe(ll) as expected from the lower
magnetic susceptibility of Fe(lll). Thus, the CEST peak of the imidazole of the Fe(lll) complex of
TIM is not very highly shifted from the water peak (8 ppm).%® The Fe(ll) form of the TIM
complex oxidizes slowly with O, in the air,*® suggesting further applications as an oxygen or
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peroxide responsive probe. Other pendants such as phosphinates or hydroxyalkyl groups on the
TACN macrocycle form complexes of [Fe(NOPH)]?** or [Fe(NOTP)]? that are stabilized in the
trivalent, high-spin state and are not candidates for development as redox-responsive MRI
probes.57, 100

Dinuclear Fe complexes have been studied as redox probes in a system that produces an
unusual ratiometric couple.®® The Fe,(L)(etidronate) series has Fe(ll)/Fe(ll), Fe(ll)/Fe(Ill), and
Fe(lll)/Fe(lll) oxidation states. In this case, both Fe(ll) centers are high spin and the Fe(ll)/Fe(lll)
complex features magnetically coupled iron centers that result in shortened electronic
relaxation times to produce a paraCEST agent. These are rare examples of ratiometric MRI
probes that produce distinct CEST peaks for both oxidation states. Electrochemical methods
were used to produce the various oxidation state combinations, but the Fe(ll)/Fe(ll) complex
could also be converted to the Fe(ll)/Fe(lll) complex by air oxidation.

A remarkable study lead by Gale featured conversion
of high-spin Fe(ll) to high-spin Fe(lll) upon oxidation
of [(Fe(PyC3A)] with hydrogen peroxide.?” This
complex has an electrode potential of 230 mV versus
NHE and the Fe(ll) form was rapidly oxidized by
H.0,. Both Fe(ll) and Fe(lll) complexes shorten
proton relaxation times, but the Fe(lll) center was
approximately 10-fold more active as a T; agent. This
article demonstrated one of the few in vivo
applications with a transition metal coordination
complex as a redox-responsive probe. The iron
complexes were used to image inflammation in the
pancreas (pancreatitis), which was induced
artificially by addition of lipopolysaccharide (LPS).
Gale’s group has used analogous Fe(lll) complexes
with mixed acetate and nitrogen heterocycle
pendants to switch between mononuclear Fe(lll)
complexes with an inner-sphere water and p-
hydroxy-bridged dinuclear Fe(lll) complexes of
lowered relaxivity through either enzymatic'°! or

pre 1 min post

Fe2*-PyC3A

Figure 8. Fe(ll)/Fe(lll) MRI probes

employed for detecting pancreatitis by T,
weighted imaging. Reprinted from ref. 26
with permission. Copyright 2019 American PH- driven?® reactions.

Chemical Society. .
¥ Iron macrocyclic complexes have been

incorporated into liposomes to produce nanoparticle-based CEST, T; and T agents.®° The iron
complexes in the interior and bilayer of these liposomes were high-spin Fe(lll) complexes. The
r1 relaxivity of the iron loaded liposomes was used to track the probes in T;-weighted mice MRI
studies. The CEST effect was modest even in shrunken liposomes which was expected because
high-spin Fe(lll) complexes, unlike Co(ll) complexes, are not shift agents. While liposomal
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systems with Fe(ll)/Fe(lll) switches are not yet reported, one could imagine using the change in
T:1 or T, proton relaxation times to track oxidation state changes. Liposomes may be useful in
other ways to transport responsive agents. For example, studies with Eu(ll)/Eu(lll) liposomal
systems highlight the promise of protecting the easily oxidized divalent complexes from the
environment by using liposomal nanoparticles as carriers.10?

Additional first-row transition metal probes. Other first-row transition metal ion
complexes from Table 1 that have been used as redox-responsive MRI probes include
Mn(I1)/Mn(l11) and Cu(ll)/Cu(l) and will be discussed briefly here. Notably, Ni(ll) has been used
for its paramagnetic shift properties both as a paraCEST agent and a paraSHIFT agent,*0 47,103
but is only present in the divalent state under physiological conditions. However, it is worth
noting that spin-state changes produced upon going from low-spin square planar to high-spin
octahedral geometry can be triggered by association/dissociation of ligands through light or pH-
induced changes.1%*

Some of the earliest reported MRI redox-responsive probes contained the Mn(Il)/Mn(lll)
couple in complexes with porphyrin ligands.'®> Since then, several other probes have been
reported including an interesting example of a Janus switched probe wherein the ligand donor
groups change with oxidation state change.'%® 107 These probes showed a decrease in proton
relaxivity by a factor of about three-fold upon oxidation to the Mn(lll) state. Mn(ll) probes that
react with hydrogen peroxide at a ligand group or at the metal center have been recently
reviewed.'> Mn(l1)/(lll) complexes have also been studied as NO responsive probes through
changes in relaxivity in the two oxidation states.108

Redox activated Cu(ll)/Cu(l) agents have been reported for MRI probe development.
One study measured water proton relaxation in solution and showed that oxidation of a Cu(l)
complex gave a Cu(ll) complex with modest relaxivity values.’®® A second set of studies
followed the change in the °F NMR signal of fluorinated Cu(ll) probes to show that the reduced
Cu(l) species is produced under hypoxic conditions in cell culture studies.'® A third study
demonstrated that a dinuclear Cu(ll) complex with magnetic exchanging coupling between the
two copper centers has relatively sharp proton resonances and a CEST peak from NH proton
exchange.!!!

V. Outlook for in vivo studies

First-row transition metal complexes show promise as redox-responsive MRI probes.
Their electrode potentials are modulated by choice of donor ligands and coordination geometry
and are easily varied over a large range. In solution, oxidation state changes of the MRI probe
are readily detected through changes in probe signal, but there are additional considerations
for more challenging in vivo applications. To optimize the response, a large difference in signal
for the two states of the responsive probe is desirable.®® Some of the probes described here
have more favorable properties than others. For relaxivity probes, conversion of Mn(ll) to
Mn(Ill) complexes results in reduced relaxivity upon oxidation with hydrogen peroxide, with
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relaxivity changes of typically about three-fold.1°® Moreover, a decrease in signal upon
treatment with the oxidant of interest is not desirable for a responsive probe. In contrast, the
high-spin Fe(ll) to high-spin Fe(lll) switch produced a ten-fold difference in signal with increased
relaxivity upon oxidation.?’ This probe was successfully used for in vivo imaging of
inflammation in mice.?” For relaxivity probes based on Co(ll) or Cu(ll), compared to the
diamagnetic analogs (Co(lll) or Cu(l)), the signal change is not large based on the already poor
water proton T; shortening of these divalent ions compared to background.®> 1% A general
disadvantage of the redox-responsive relaxivity probes that rely on T1 changes is that it is
difficult to prepare a ratiometric probe. Ratiometric probes enable the separation of the
concentration effects from the responsive nature of the probe. One promising approach
involves monitoring the ratio of T:to T, relaxation times as a means of distinguishing probe
concentration and response.!!?

For responsive probes that contain paramagnetic shift agents, it is more straightforward
to produce ratiometric probes if the two oxidation states of the probe produce distinct signals
so that both species can be tracked. For example, the high-spin Fe(ll)/ low-spin Fe(lll) couple
presents an opportunity for a ratiometric paraCEST agent, as both are shift agents.®% %8
However, paraCEST probes of Co(ll) suffer from the Co(lll) state being diamagnetic and silent so
that it cannot be monitored by MRI as a paraCEST probe, although technically it may be a
diamagnetic CEST probe.”® Alternatively, paraSHIFT agents based on 'H or °F NMR resonances
may potentially be ratiometric if both oxidation states of the metal ion complex produce
distinct resonances.3* 113 LipoCEST probes may also be ratiometric because the position and
intensity of the CEST peak will depend on the concentration and nature of paramagnetic
species in the interior and in the bilayer.>! Notably, relaxivity agents tend to destroy the CEST or
paraSHIFT signal through broadening of nuclear resonances, making it challenging to include
both contrast mechanisms in a probe. A responsive probe that shows a switched on CEST effect
upon changing the T; relaxation of bulk water protons has been reported.!*

To date, there are few studies that use redox-responsive transition metal coordination
complexes as MRI probes in vivo. We attribute this fact to several key challenges to address
including probe sensitivity that needs to correspond to the low concentration of oxidant, the
need to target the probes to the site of interest and to control pharmacokinetic distribution and
clearance. For example, the high concentrations required for paraCEST agents limits their use
in vivo, whereas nanoparticle CEST agents and relaxivity agents require lower concentrations.*?
Hydrogen peroxide is available in the extracellular matrix in micromolar concentrations and so a
probe needs to produce signal in this concentration range to monitor physiological or
pathological conditions though MRI methods. Also, animal models for diseases that involve
inflammatory processes should be pursued in future applications, in preference to artificially
induced inflammation such as injection of LPS into mice.?’ Various photoacoustic, fluorescent,
or radioisotope probes have been shown to register ROS derived inflammation in mouse
models including tumors,® bacterial infections,®® or atherosclerosis.'® 11> A recently reported
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Gd(lll)-based MRI probe for myeloperoxidase activity showed improved contrast of unstable
atherosclerotic plaque in mice.!®

Once the animal model is chosen, the reactive probe must distribute to the site of
inflammation. Small molecule hydrophilic coordination complexes generally behave as
extracellular fluid agents and clear the body rapidly. The kinetics of distribution and clearance
needs to be balanced with the kinetics for oxidation or reduction. Most small molecules clear
mice within 30 minutes and are not retained in tumors or other sites of inflammation for
extended times. For greater retention in tumors, the enhanced permeability and retention
effect for extravasation of 50-100 nm-sized nanoparticles into tumors suggests that MRI probes
based on liposomes would be effective.'’” For example, Gd(lIll)-based liposomal contrast agents
have been shown to be taken up and retained in tumor tissue.® For stroke or atherosclerosis,
cancer or liver injury, attachment of the MRI probe to a peptide that recognizes fibrin has used
for Gd(lll)-based probes.® Other targeting strategies such as using contrast agents with
hydrazine groups that can cross-link to aldehydes on inflammation damaged extracellular
matrix proteins might be pursued.'*® Thus, modifications of the transition metal complex to
distribute the probe to the site of interest may be important. These targeting approaches have
been used successfully with Gd(l11) agents that are always on®; first-row transition metal agents
that are responsive by producing a modified signal in a site of inflammation may be especially
powerful as responsive probes.
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