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A Redox-Activated MRI Contrast Agent that Switches Between
Paramagnetic and Diamagnetic States™*

Pavel B. Tsitovich, Joseph A. Spernyak, and Janet R. Morrow*

The design of molecular switches for the production of
responsive or “smart” imaging agents is a major challenge. Of
particular interest are agents that respond to a biological
redox environment to map those disease states that involve
redox imbalances.!! Redox imbalances may be triggered in
many ways, including very low oxygen pressure or hypoxia in
the case of solid tumors.”! Importantly, the development of
probes to map oxygen levels and corresponding redox status
of tumor tissue may guide the development of tumor-selective
drugs.”

There are several types of imaging agents that report on
biological redox status."! Radiodiagnostic probes include "“F-
fluoromisonidazole and *Cu complexes for imaging hypoxic
tumor tissue by positron emission tomography (PET). Nitro-
xide spin labels are used to map oxygen levels by ESR. One
type of magnetic resonance imaging (MRI) method is based
on the oxygen dependence of the "F signal in fluorinated
hydrocarbons. Alternatively, blood oxygenation level depen-
dent MRI (BOLD-MRI) tracks changes in paramagnetic
deoxyhemoglobin concentration. Metal-based MRI contrast
agents that are redox-responsive include Ln™ contrast agents
that feature ligand-based redox switches.! An elegant
approach employs contrast agents that undergo a metal-
based redox reaction with the Mn"/Mn™ couple to give
a change in T, relaxivity.”] One of the challenges with the
latter approach is that relatively small differences in the
magnetic properties modulate MRI contrast. A metal redox
couple that undergoes large changes in magnetic properties
and is eminently tunable in the biologically relevant range is
Co"/Co™. Here we present, to the best of our knowledge, the
first example of a redox-active MRI contrast agent that
switches between paramagnetic and diamagnetic states to
produce MRI-active and MRI-silent complexes, respectively.

In its active form, our metal complex is a PARACEST
MRI agent that produces paramagnetically shifted protons
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that are in exchange with bulk water (PARACEST = para-
magnetic chemical exchange saturation transfer).” Irradia-
tion at the resonant frequency of the exchangeable proton of
the contrast agent partially saturates the magnetization.
Exchange with bulk water protons then leads to a reduction
in the water signal. Our complexes contain Co", one of the
premier metal ion shift agents for paramagnetic NMR
spectroscopy.l’! The exchangeable pyrazole NH protons of
[Co(TPT)]** give narrow, highly shifted resonances that are
suitable for PARACEST contrast, whereas Co™ is diamag-
netic and silent as a paraCEST MRI contrast agent. Our
complexes cycle between Co™ and Co™ (Scheme 1) based on
oxygen pressure or reductant concentration. The triaza-
macrocycle confers stability, and the pyrazole NH protons
are a new addition to the repertoire of exchangeable protons
for transition-metal PARACEST agents.®
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Scheme 1. Structures of Co"/Co" complexes.

The blue, air sensitive [Co(TPT)]*" complex has an
effective magnetic moment of 5.7+£0.2BM in aqueous
solution, characteristic of high-spin octahedral Co™."”) The
"H NMR spectrum of the complex in D,O has eight highly
dispersed proton resonances, consistent with a C;-symmetric
complex with a single diastereomeric form at 25°C (see
Figure S1 in the Supporting Information). The proton reso-
nances of the pyrazole ring at 14.4 and 82.6 ppm (25°C) are
sharp with full width at half maximum (FWHM) of 54 Hz and
45 Hz, respectively, while the remaining macrocycle proton
resonances are relatively broad with FWHM ranging from
820 Hz up to about 2000 Hz. Variable-temperature '"H NMR
studies from 10 to 55°C show further broadening of the
macrocycle proton resonances, consistent with a dynamic
process (Figure S2). 'H NMR spectra collected in H,O at
pH 5.0 show the presence of an additional signal at 149 ppm,
which is not present in D,0O at 25°C (Figure S1). This
resonance shifts to 140 ppm at 37°C because of the strong
temperature dependence of the hyperfine shift (Figure S2).
Notably, as described below, the CEST signal position
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matches the chemical shift of the exchangeable protons. Thus,
the resonance at 140 ppm at 37°C is tentatively assigned to
the pyrazole protons of [Co(TPT)]*" (Figure S3). In contrast
to the temperature, the pH value does not have any detect-
able effect on the proton chemical shifts of [Co(TPT)]*" in the
pD 5.2-8.9 range (Figure S4), consistent with a single Co'-
complex species over this pH range.

The [Co(TPT)]** complex oxidizes in air to produce the
Co™ complex. Proton resonances in the diamagnetic region of
the NMR spectrum of an oxidized sample are characteristic of
[Co(TPT)]*" with no discernible impurities (Figure S5A).
Addition of dithionite again restores the proton NMR
spectrum characteristic of the Co™ complex (Figure S5B-D).

Both the Co™ and Co™ complexes were kinetically inert
toward dissociation under biologically relevant conditions.
"H NMR studies in a buffer containing 0.40 mmM phosphate,
25.0 mm carbonate, and 100 mm NaCl at pH 7.0 showed
resonances for the divalent Co" complex, and slightly
increased amounts of the trivalent complex upon incubation
for 24 hours at 37°C under argon (Figure S6). No other
proton resonances were detected that could be assigned to
either the free ligand or any form of decomposed complex.
Incubation of [Co(TPT)]*" or [Co(TPT)]*" with one equiv-
alent of Ca*" or Zn*" for 24 hours showed little dissociation
(Table S1).

CEST spectra were obtained for [Co(TPT)]*" by applying
a presaturation pulse in 1 ppm increments, and were plotted
as normalized intensity of the water signal (M,/M,) against
frequency offset (Figure 1). The CEST signal at 135 ppm
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Figure 1. CEST spectrum recorded at 11.7 T of a solution containing
8.0 mm [Co(TPT)]*", 100 mm NaCl, and 20.0 mm HEPES buffer

(pH 7.0), 37°C, radio frequency (RF) presaturation pulse applied for
3's, By=24 puT. The large signal arises from direct irradiation of water
protons, set to 0 ppm. HEPES =4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid.

(versus the proton resonance of water set at zero) is close to
the frequency for the exchangeable proton NMR resonance,
which is attributed to the NH proton of the pyrazole. Other
options, such as exchangeable protons from the water ligand,
are unlikely, given that the [Co(TPT)]*" complex is presum-
ably six-coordinate, and coordinatively saturated based on
comparison to related complexes.") The CEST signal at
135 ppm is quite remarkable in that it is highly shifted from
the bulk water signal. This will minimize interference from
magnetization transfer (MT) effects present in tissue and thus
may enable higher MRI contrast-to-noise ratios in vivo.["!
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Figure 2. a) CEST spectra recorded at 11.7 T of solutions containing
8.0 mm [Co(TPT)]*", 200 mm NaCl, and 40.0 mm MES, HEPES, or
CHES buffer at 37°C and different pH values, RF presaturation pulse
applied for 3 s, B, =24 pT. b) Dependence of [Co(TPT)]** CEST inten-
sity at 135 ppm and 37°C on the pH value of the solution. CHES =
N-cyclohexyl-2-aminoethanesulfonic acid, MES = 2-(N-morpholino-
)ethanesulfonic acid.

The CEST effect was pH-dependent over the pH range of
6-8 with an optimum at pH 6.9 (Figure 2). The increase in the
rate constants for proton exchange as a function of the
pH value, as determined by using Omega plots,"! is consistent
with base-catalyzed proton exchange. Rate constants are
6200, 9200s', and 12400s™' at pH 6.4, 6.9, and 7.5,
respectively, at 37°C (Figure S7). These rate constants led to
an increase in the intensity of the CEST signal as the pH value
increased from 5.4 to 6.9 and then to a decrease in the CEST
signal at pH values greater than 6.9 as a result of rapid proton
exchange that leads to CEST signal broadening. The oxidized
form of the complex, [Co(TPT)]*", did not produce a CEST
signal at pH 7.1 over the expected chemical shift range for the
pyrazole NH of a diamagnetic complex (+15ppm to
—15 ppm, Figure S8). However, addition of either of the
reductants dithionite or cysteine reproduced the 135 ppm
CEST signal (Figure S9). Reduction by cysteine is significant,
given that the cysteine/cystine couple is the primary redox
buffer in extracellular space.!'”! Notably, the CEST spectrum
of [Co(TPT)J*! in serum under argon was similar to that in
buffered solution (Figure S10), and no change was observed
in the spectrum over 24 hours.

MRI experiments on phantoms showed that the magni-
tude of CEST contrast correlates with the extent of reduction
of [Co(TPT)]** to the PARACEST-active form of the
complex, [Co(TPT)]*". CEST images were taken on a 4.7 T
scanner using a phantom array (Figure 3). A pair of gradient
echo images were acquired with a presaturation pulse either
on-resonance or off-resonance of the exchangeable protons
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Figure 3. CEST images of phantoms at 37°C on an MRI 4.7 T scanner
with a pulse train comprised of five Gauss pulses at 12 uT for 1's,
interpulse delay of 200 ps at +/—135 ppm. All solutions contain
40.0 mm HEPES buffer (pH 7.0), 200 mm NaCl, 8.0 mm Co"/Co"
complex. a) 1) [Co(TPT)**; 2) [Co(TPT)]** and 0.25 equiv Na,S,0,;
3) [Co(TPT)J*" and 0.38 equiv Na,S,0,; 4) [Co(TPT)]** and 0.50 equiv
Na,S,0,; 5) [Co(TPT)]*" and 0.75 equiv Na,S,0,; 6) [Co(TPT)*" and
1.0 equiv Na,S,0,; 7) [Co(TPT)]** and 1.25 equiv Na,S,0,; 8) [Co-
(TPT)]*". Scale represents the percent loss of signal because of CEST.
b) Phantom image intensities (average of three experiments).

(135 ppm or —135 ppm). The ratio between these two images
was subtracted from 100% to generate a CEST image.
Solutions contained 8.0 mM cobalt complex, 200 mm NaCl,
and 40.0 mm buffer, pH 7.0 at 37 °C, with 0 to 1.25 equivalents
of dithionite (Na,S,0,). Reference solutions contained buffer,
oxidized complex, and the divalent [Co(TPT)]*" complex
isolated under argon. The data show that the CEST image
increases linearly as dithionate is added and plateaus at
1.0 molar equivalent (Figure 3). In comparison, the slightly
lower CESTeffect of [Co(TPT)]*" (Sample 8) prepared under
anaerobic conditions is consistent with slight oxidation of the
Co'" sample prior to imaging experiments.

The T, and T, relaxivities of [Co(TPT)]*" were 0.093 and
0.50 mm's™!, respectively, as measured on the 4.7 T MRI
scanner (Figure S11). Similar values were obtained for the
complex in serum. These low relaxivities demonstrate that the
paramagnetic properties of Co*' are well-suited for their
development as PARACEST agents.

To further characterize the cobalt complex, cyclic voltam-
metry experiments were carried out in water to determine the
reduction potential. [Co(TPT)]*" exhibited a reversible oxi-
dation signal with a reduction potential of —107 £11 mV
versus normal hydrogen electrode (NHE; Figure S12). This
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moderately negative potential is similar to those reported for
Co™ amino cages and macrocyclic complexes that react with
oxygen to form superoxide or peroxide.'”! Reduction of
[Co(TPT)]** by dithionate or cysteine is supported by these
electrochemical measurements.

The reaction kinetics of the redox-activated MRI probe is
also important. UV/Vis spectroscopy provided a convenient
means of measuring conversion between Co' and Co™
(Figure S13) by monitoring the increase or decrease of the
485 nm signal characteristic of [Co(TPT)]*". Using this
method, pseudo-first-order rate constants for reduction of
[Co(TPT)J*" by excess dithionite were obtained (Figure S14).
A plot of pseudo-first-order rate constant as a function of
dithionate gave a second-order rate constant of 0.32m 's™!
(Figure S15). Reactions were also conducted under pseudo-
first-order conditions for oxidation of [Co(TPT)]** by excess
oxygen (Figure S16). A plot of pseudo-first-order rate con-
stants as a function of oxygen concentration gave a second-
order rate constant of 0.43m 's™' (Figure 4). This second-
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Figure 4. a) Plot of pseudo-first-order rate constants for the reaction of
70 pum [Co(TPT)J*" with oxygen. Solid line represents a linear fit giving
ky=0.43M7's™". b) Change in absorbance in aerated solutions,
recorded at 10 min intervals. Conditions: 200 mm NacCl, 40.0 mm
HEPES buffer (pH 7.1) at 25°C.

order rate constant is similar to rigid Co™ cages based on
triazacyclononane that react with oxygen through outer-
sphere mechanisms.®) Extrapolation to oxygen levels!'! of
100 mm Hg (0.17 mm O,), representative of arterial blood,
gives a rate constant of 7.3 x 107" s™! (half-life of 2.6 h). Very
low oxygen levels in hypoxic conditions (10 mm Hg, 17 um
0,) would give a rate constant of 7.3 x 10° s™! or a half-life of
the complex of 26 hours. Notably, electron self-exchange rate
constants for Co™ complexes vary by nine orders of
magnitude, suggesting that it is feasible to kinetically tune
the redox reactions of our CoCEST agents.["!
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In summary, we have shown that Co" complexes are
promising candidates for the development of redox-activated
MRI contrast agents. Notably, the complexes produce large
paramagnetic proton shifts and low proton relaxation
enhancements suitable for PARACEST agents. The CEST
signal at 135 ppm (37°C) is shifted further than any of those
reported to date for transition-metal-ion PARACEST agents,
including those containing Ni" and Fe'"®!°! A highly shifted
CEST signal is an important feature in overcoming back-
ground from magnetization transfer (MT) effects.’! Further-
more, the Co"/Co™ redox couple is readily tunable over the
biologically relevant range of —80 to —280 mV.""”! Challenges
for the implementation of these complexes as redox-activated
contrast agents include methods for overcoming the depend-
ence of contrast on probe distribution in tissue and decreasing
probe concentrations. These challenges may be addressed by
incorporating ratiometric properties into the PARACEST
agent to account for the tissue concentration dependence, and
by using reported approaches to lower the required concen-
tration of the contrast agent.[®!
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