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Abstract: Metronidazole and nimorazole are antibiotics of a nitroimidazole group originally designed for acting on
anaerobic bacteria. These antibiotics may be potentially utilized as hypoxia radiosensitizers for the treatment of
cancerous tumors. Hyperpolarization of **N nuclei in these compounds using SABRE-SHEATH (Signal Amplification
By Reversible Exchange in SHield Enables Alignment Transfer to Heteronuclei) approach provides dramatic
enhancement of detection sensitivity of these analytes using magnetic resonance spectroscopy and imaging. Methanol-
d4 is conventionally employed as a solvent in SABRE hyperpolarization process. Herein, we investigate SABRE-
SHEATH hyperpolarization of isotopically labeled [**Ns]Jmetronidazole and [**Ns]nimorazole in nondeuterated
methanol-h, and ethanol-hg solvents (with the latter one being more preferable for biomedical applications due to its
significantly lower toxicity). Optimization of hyperpolarization parameters, such as polarization transfer magnetic field,
temperature, parahydrogen flow rate and pressure, allowed us to obtain an average **N polarization of up to ca. 7.6% for
both substrates. The highest >N polarizations were observed in methanol-d, for [**Ns]metronidazole and in ethanol-hg
for [**Ns]nimorazole. At a clinically relevant magnetic field of 1.4 T the N nuclei of these substrates possess long
characteristic hyperpolarization lifetimes (T;) in the range from ca. 1 to ca. 7 min, with the longest relaxation observed
for °NO, sites. This study represents a major step toward SABRE in more biocompatible solvents, such as ethanol, and
also paves the way for future utilization of these hyperpolarized nitroimidazoles as molecular contrast agents for MRI
visualization of tumors.

of NMR signal up to several orders of magnitude.l**

Today, the main driver behind the development of
hyperpolarization techniques is their possible application
in a clinical setting for diagnostics of diseases with
aberrant metabolism (especially in cancer).®® In this
context, hyperpolarization of heteronuclei is especially
advantageous because of their longer relaxation times
compared to protons, providing larger time window for
administration of a hyperpolarized (HP) compound bolus
to a patient, its uptake and MR sensing. Moreover,
heteronuclei also exhibit greater chemical shift dispersion,
allowing for easier discrimination of the introduced HP
analyte and its downstream metabolites. Finally, in
contrast to protons, there is virtuall¥ no background
heteronuclear MR signal from tissues.

Arguably, the most widespread technique suitable
for hyperpolarization of heteronuclei is dissolution
dynamic nuclear polarization (d-DNP),°! based on the
transfer of thermal polarization of a paramagnetic radical
electron spins at low temperature and high magnetic field
to nearby nuclear spins using microwave irradiation.!>*!

Introduction

Nuclear magnetic resonance (NMR) spectroscopy and
magnetic resonance imaging (MRI) are widely used in a
broad range of applications in chemistry, biology and
medicine. However, both these techniques possess a
significant limitation of intrinsically low sensitivity
caused by small population difference of nuclear spin
energy levels (i.e., small degree of nuclear spin
polarization) at thermal equilibrium.!™! For example, at a
clinically relevant magnetic field of 3 T and room
temperature only a single *H nucleus out of every 100000
contributes to the observable NMR signal. For
heteronuclei (e.g., *C or **N) the Boltzmann statistics is
even less favorable considering the 4- and 10-times lower
gyromagnetic ratio of these nuclei respectively compared
to that of proton. Hyperpolarization techniques provide
an efficient way to overcome this problem of low
sensitivity by transiently creating non-equilibrium
polarization of nuclear spins, allowing for enhancement
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D-DNP allows to hyperpolarize a wide range of
metabolites,*>*® for example, pyruvate,**! glucose,™®
acetate,™® fumarate,*") o-ketoglutarate™*® etc. In spite of
the successful translation of d-DNP from laboratory
animal™ ¥ to human®? studies, its widespread clinical
use is limited by the requirement of expensive (~$2M)
and complex equipment and long polarization cycles (~1
h for producing a single dose of HP contrast agent).
Parahydrogen-induced polarization (PHIP)?*?? and
signal  amplification by  reversible  exchange
(SABRE)?*#! techniques offer more affordable and
high-throughput alternative to d-DNP.[?! Both of them
employ singlet spin order of a parahydrogen (p-H,)
molecule as a source of hyperpolarization. Both
techniques enable fast polarization time: generally, a
bolus of HP contrast agent is prepared in ~1 min. In
PHIP, p-H,-derived H atoms are directly incorporated
into the target HP molecule in a pairwise manner, i.e. two
atoms from the same p-H, molecule end up in the same
molecule of reaction product. SABRE relies on reversible
binding of both p-H, and substrate molecules to an Ir
complex accompanied by polarization transfer from p-
H,-derived hydrides to a coordinated target molecule via
spin-spin couplings?"?® (Figure 1). As a result of
simultaneous chemical exchange, hyperpolarization is
gradually accumulated on the free (i.e., uncoordinated)
substrate.® SABRE enables hyperpolarization of a
broad range of compounds,?” e.g. various N-

heterocycles,”>#31 nitriles,*  amines,*  and
carboxylates.!***!
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Figure 1. Scheme of the SABRE process. In the activated
SABRE complex, polarization is transferred from p-H,-derived
hydrides to the substrate (S) molecule through a spin-relayed
mechanism. Then normal (i.e., thermally polarized) hydrogen
molecule (n-H,) and hyperpolarized substrate are exchanged
with p-H, and thermally polarized substrate, respectively, on
the metal center.

Originally, SABRE approach was developed for
hyperpolarization of protons,’?®! and here it can provide
impressive polarization levels of up to 50%.2* However,
as it was mentioned above, for prospective biomedical
applications hyperpolarization of heteronuclei is needed.
Transfer of SABRE polarization to heteronuclei is
typically accomplished via one of the two

approaches.?*?" The first approach is based on the use of
dedicated radiofrequency (RF) pulse sequences inside an
NMR spectrometer at a high magnetic field, such as
LIGHT-SABRER™ or SLIC-SABRE.P® The second
approach called SABRE-SHEATH (SABRE in SHield
Enables Alignment Transfer to Heteronuclei)**”
exploits bringing the system to an ultralow magnetic
field in the range from hundreds of nanotesla to several
microtesla. In this regime, level anti-crossing (LAC)
conditions are fulfilled for the p-H,-derived protons and
to-be-hyperpolarized heteronuclei leading to polarization
transfer between them.*” To obtain microtesla fields,
efficient shielding from the ambient magnetic field is
required. Typically, SABRE-SHEATH allows to achieve
greater polarization levels compared to high-field RF-
based approaches, e.g. N polarization (Pysy) of up to
9.8% for [**N]pyridine using SABRE-SHEATH 4! ys,
Pisn < 1% using SLIC-SABRE.®*! Another advantage
of SABRE-SHEATH is its capability to hyperpolarize a
wide range of substrates without the necessity to match
experimental ~ parameters  for each  compound
individually.!*2*!

From the broad list of substrates amenable to
SABRE-SHEATH polarization, the derivatives of
nitroimidazole such as metronidazole,™**! nimorazole, ™!
and ornidazole* are of particular interest. Because of
their ability to be reduced in hypoxic conditions, these
compounds are successfully utilized as antibiotics™*”! or
radiotracers in positron emission tomography (PET)
imaging,'*®! and have prospects for clinical utilization as
hypoxia radiosensitizers,***”  (especially nimorazole
which was under Phase 3 clinical study for the treatment
of head and neck cancer)."™* Thus, hyperpolarized
nitroimidazoles potentially can serve as molecular MRI
contrast agents for hypoxic tumor visualization. Indeed,
N chemical shift dispersion of [**Ns]nimorazole and
[*°*N;]metronidazole and their putative metabolic
products in hypoxic tissues is sufficient for the in vivo
differentiation of these analytes to enable sensing of their
uptake and metabolic transformation.®*® Thus, HP
[*°N;z]nimorazole and [**Ns]metronidazole have the
potential to emerge as non-radioactive HP contrast agents
of hypoxia sensing in vivo, in a manner similar to that of
PET tracers, but with the advantages of employing no
ionizing radiation and fast examination time (minutes
versus hours). From the list of nitroimidazole antibiotics,
metronidazole is the most well-studied as a target of
SABRE hyperpolarization.”**** An impressive *N
polarization level of 24% was achieved for
metronidazole with natural abundance of *N isotope
using SABRE-SHEATH,™ with a further boost to P;sy
= 54% via fine-tuning of Ir catalyst structure.®”
Isotopically labeled [**Ns]metronidazole was efficiently
hyperpolarized to Psy of 10-16% for all three N sites
via spin-relayed polarization transfer mechanism.®*>°!
Later, SABRE-SHEATH hyperpolarization  of
[*°N;]nimorazole was also demonstrated albeit with
lower Py levels of ca. 2-3%.1! Importantly, the
hyperpolarized state of ®NO, site in these compounds
persisted for up to 20 minutes at 1.4 T field, with
corresponding T relaxation times of ca. 6-10 min.! 5%+

In these previous SABRE-SHEATH studies of
isotopically  enriched  [**Ns]metronidazole  and
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[**N;]nimorazole, methanol-d, was used as a
solvent.[*****1 However, this it is a poor media choice
for biomedical applications due to its toxicity and higher
cost compared to nondeuterated solvents. Although
previously Kiryutin et al. studied SABRE-SHEATH
polarization of metronidazole in deuterated and
nondeuterated methanol, ethanol, acetone and DMSO
solvents,®® in that work the substrate with natural
abundance of N nuclei was utilized, limiting the study
mostly to metronidazole '°N-3 site. Moreover, non-
labeled metronidazole is not suitable for biomedical
applications due to substantially reduced *°N content.

Herein, we systematically investigate the impact of
solvent nature and its deuteration on SABRE-SHEATH
performance and hyperpolarization lifetimes of
[*°*N;]metronidazole and [*Nj]nimorazole. We utilize
three alcohol solvents: CD;0D, CH3;OH, and C,HsOH
(the latter one being the most biocompatible). The use of
isotopically labeled substrates enables tracking of all
three N sites in these compounds. Importantly, we were
able to significantly improve the attainable Pi5y levels
for [*°Ns]nimorazole compared to previously published
data,'*! and we show that both [**Ns]metronidazole and
[**N;]nimorazole can be polarized to the similar
polarization levels (here — ca. 7.5% for each of the N
sites) provided that all experimental conditions are
properly optimized.

Results and Discussion

SABRE-SHEATH experiments were performed
using the MATRESHCA hyperpolarizer setup®
allowing for wvariation of multiple experimental
parameters (magnetic field, temperature, pressure, p-H,
bubbling rate) in a reproducible way. The sample
comprised a medium-wall 5 mm NMR tube containing
200 mM  substrate  ([**Nj]metronidazole  or
[**Ns]nimorazole) and 2 mM Ir precatalyst
[Ir(IMes)(COD)CI] in 0.5 mL of chosen solvent (CD;0D,
CH3;OH or C,HsOH). As the hours-long SABRE
experiments lead to a gradual solvent evaporation, the
additional saturator NMR tube with pure solvent was
introduced in the fluid path before the sample tube.
N NMR spectra were acquired on a 1.4 T SpinSolve
Nitrogen 60 Ultra benchtop NMR spectrometer
(Magritek). The example N NMR spectra of SABRE-
SHEATH-hyperpolarized  [**Ns]metronidazole  and
[**Ns]nimorazole are presented in Figure 2.

First, the samples were activated via a continuous
bubbling of p-H, through the solution at 20 standard
cubic centimeters (sccm) gas flow rate until the attainable
SABRE-SHEATH polarization approached a plateau.
The SABRE-SHEATH activation process took from one
to four hours depending on the substrate (Figure S3). The
activation kinetics for [*°*NjJnimorazole in methanol-d,
was in good agreement with the previously published
data.™! The slowest activation for both substrates was
observed in CH3;OH, although the explanation of this fact
demands further studies. Typically, SABRE activation
process involves replacement of Cl and COD ligands by
the substrate (S) molecules along with an oxidative
addition of H,, glielding [Ir(IMes)(H)2(S)s] SABRE-
active complex.®™ Separately performed 'H NMR

studies showed that in the case of nimorazole substrate
[Ir(IMes)(H)2(S)3] is indeed the major hydride species in
solution (although NMR signal enhancement provided by
high-field SABRE™®Y revealed the presence of a number
of minor hydride complexes, Figure S2). However, in the
case of metronidazole a mixture of hydride complexes is
formed, the major species likely  being®?
[Ir(IMes)(H)2(S)3], [Ir(IMes)(H),(S),Cl], and
[Ir(IMes)(H)x(S),(CD5;0D)] (Figure S1). The difference
between metronidazole and nimorazole in terms of the
formed hydride complexes is likely attributed to steric
constraints introduced by the presence of methyl group in
metronidazole making [Ir(IMes)(H),(S)s] complex less
favorable compared to nimorazole and various pyridine
derivatives.
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Figure 2. (@) **N NMR spectrum of HP [**Ns]metronidazole in
methanol-d, (SABRE-SHEATH  hyperpolarization  was
performed at 23 °C and 0.70 puT). (b) **N NMR spectrum of HP
[*®*NgJnimorazole  in  ethanol-hg  (SABRE-SHEATH
hyperpolarization was performed at 33 °C and 0.62 uT). (c) ©*N
NMR spectrum of neat thermally polarized [N]pyridine
acquired with 4 signal accumulations and multiplied by a factor
of 8.

The key parameters of SABRE-SHEATH
experiments are the polarization transfer field and the
temperature. The effects of these parameters are strongly
connected with each other, as explained in detail
elsewhere.®® In brief, the position of the maximum in
magnetic field profile is determined by the width of the
LAC rather than the position of the LAC itself. At the
same time the width of the LAC depends on the active
SABRE complex lifetime which is affected by
temperature-controlled chemical exchange rates. Thus,
the polarization transfer field and the temperature should
be ideally optimized simultaneously. As the
measurement of a full 2D map of °N SABRE-SHEATH
polarization vs. these two parameters is time-consuming,
here we started with the measurement of magnetic field
profiles at four different temperatures with a 10 °C
increment (from 13 to 43 °C for [**Ns]metronidazole and
from 23 to 53 °C for [*°*Nj]nimorazole; the choice of
temperature ranges was motivated by the previous
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studies in methanol-d,“**). This allowed us to roughly
identify the optimal temperature and precisely identify
the corresponding optimized magnetic field which was
then utilized for a precise measurement of the
temperature profile. The obtained polarization transfer
field and temperature profiles for [**Nj]metronidazole
and [**Nz]nimorazole in methanol-h, and ethanol-h, are
presented in Figure 3. For [“Ns]metronidazole, the
maximal N polarization was observed at ~22 °C and
0.70 uT in methanol-h, (Figure 3a,b) and at ~20 °C and
0.70 uT in ethanol-hg (Figure 3c,d). The optimal
parameters for [*°*N]nimorazole were 43 °C and 0.55 uT
in methanol-h, (Figure 3e,f) and 34 °C and 0.62 uT in
ethanol-hg (Figure 3g,h).
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Figure 3. Magnetic field and temperature profiles of SABRE-
SHEATH N hyperpolarization of [**N3]metronidazole and
[*®*N;]nimorazole in nondeuterated solvents: (a) Magnetic field
profiles of Pysy of free [**N]metronidazole **NO, nuclei at four
different temperatures in methanol-h,. (b) Temperature profiles
of Pysy Of free [®°N;]metronidazole *N nuclei in methanol-h,
hyperpolarized at 0.70 uT. (c) Magnetic field profiles of Py of
free  [**Ng]metronidazole *NO, nuclei at four different

temperatures in ethanol-hg. (d) Temperature profiles of P5y of
free  [®Ng]metronidazole N nuclei in  ethanol-hg
hyperpolarized at 0.70 uT. (e) Magnetic field profiles of Py of
free [*°NjJnimorazole 'NO, nuclei at four different
temperatures in methanol-h,. (f) Temperature profiles of Pysy of
free [**N5]nimorazole **N nuclei in methanol-h, hyperpolarized
at 0.55 uT. (g) Magnetic field profiles of Pi5y of free
[**N5]nimorazole **NO, nuclei at four different temperatures in
ethanol-hg. (h) Temperature profiles of Py of free
[**Ns]nimorazole *N nuclei in ethanol-hs hyperpolarized at
0.62 uT. All measurements were performed at 70 sccm gas
flow rate and 7.8 bar p-H, pressure.

The maxima in magnetic field profiles for solutions
in methanol-d, were at the same positions as in the case
of other solvents (in particular, 0.70 uT for
[**N3]metronidazole and 0.58 uT for [**Ns]nimorazole,
Figure S4). Each combination of substrate and solvent
provided approximately the same positions of the
maxima in the magnetic field profiles for all *°N sites for
the free substrates and for the substrates coordinated in
equatorial and axial positions (Figure S4), proving the
spin-relayed mechanism of polarization transfer.®! The
obtained optimal temperatures of ca. 20-23 °C for
[*°*N;]metronidazole are in excellent agreement with the
previously published data for methanol-d, solutions.®
As for [*Ns]nimorazole, the previous study by some of
us established the optimal temperature for SABRE-
SHEATH in methanol-d, as 54 °C,™ while here the
maxima were observed at lower temperatures of 43 °C
for methanol-h, and 34 °C for ethanol-hg. This difference
is likely attributed not to the change of solvent but rather
to the use of lower concentrations (2.5 times lower
catalyst concentration and 5 times lower substrate
concentration were used here compared to the earlier
study™). Also we note that the MATRESHCA setup®®
used here allowed for more accurate temperature sweep
measurements compared to the protocol used in the
previous study.™! Interestingly, the temperature profile
for [*°*Ns]nimorazole in ethanol revealed the second local
maximum at ca. 66 °C. This result may be explained by
the fact that there are two simultaneous chemical
exchange processes undergoing in SABRE, namely
substrate exchange and p-H, exchange. Each of them
may be optimized at different temperatures leading to the
observation of two maxima in the SABRE-SHEATH
temperature profile. This hypothesis is additionally
confirmed by the fact that hyperpolarization of axial
[*°*N;]metronidazole and [*Nj]nimorazole substrates is
optimized at higher temperatures compared to free and
equatorial substrates (Figure S5). As the axial substrates
typically do not dissociate,®! their polarization is likely
governed by p-H, exchange only (besides the spin
dynamics factors). Unfortunately, the measurement of
exchange kinetics was found to be problematic for both
substrates due to an overlap of corresponding 'H NMR
signals (see Figure S11). For metronidazole, *H chemical
shifts of the aromatic proton of free and equatorial
substrate are separated only by 0.02 ppm at —30 °C and
are totally indistinguishable at room temperature, making
it impossible to use EXSY apg)roach to measure the
exchange rates. For nimorazole, "H NMR signals of two
non-equivalent aromatic protons at C-2 and C-4 atoms
overlap with each other, despite a better separation of
signals of free and equatorial substrate (by ca. 0.1 and ca.
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0.5 ppm for these two aromatic protons). Moreover, the
signal of the o-CH, group of nimorazole sidearm
overlaps with the signal of orthohydrogen. As a result,
the standard EXSY approach is not suitable to measure
the substrate and hydrogen exchange rates for the Ir
complexes with these two nitroimidazole compounds.

Next, the dependences of SABRE-SHEATH N
polarization on p-H, flow rate were investigated.
Typically, Py increased monotonously, eventually
reaching a plateau at the flow rates of ca. 70 sccm
(Figure S6). However, for [**Ns]nimorazole in methanol-
h, the polarization dependence on the p-H, flow rate
showed a maximum at approximately 80 sccm followed
by polarization decrease at higher flow rates. This
anomalous behavior may be tentatively related to the fact
that in methanol-h, [*°*Ns]nimorazole was hyperpolarized
at the higher temperature of 43 °C, which may affect
gas/liquid diffusion, bubble sizes, capillary effects etc.,
finally affecting the rate of p-H, refreshment in solution.
Polarization dependence on the p-H, pressure typically
showed a monotonous growth rationalized by higher
solubility of hydrogen at higher pressures (Figure S7).
However, in the case of [*°Ns]metronidazole in ethanol-
he polarization reached a maximum at ca. 3.5 bar with a
subsequent slight decline. This result may be tentatively
explained by the assumption that at high pressure the
hydrogen exchange becomes too fast to ensure efficient
polarization transfer from the hydrides to the **N nuclei
for this substrate/solvent system (although it should be
noted that pressure also affects the volumetric flow rate
because these measurements were performed under a
constant mass flow rate; thus, the impact of pressure and
p-H, bubbling rate cannot be easily rationalized).

Next, **N polarization buildup and decay kinetics in
microtesla  magnetic  fields were investigated.
Polarization buildup was measured by varying p-H,
bubbling duration, while polarization decay was
measured by keeping the sample inside the magnetic
shield for a variable time after cessation of gas bubbling.

These measurements were performed under previously
optimized polarization transfer fields and temperatures:
0.70 uT and 23 °C for [**Ns]metronidazole in all solvents,
0.55 uT and 43 °C for [*°*Ns]nimorazole in methanol-d,
and methanol-h; and 0.62 pT and 33 °C for
[**Ns]nimorazole in ethanol-hs. The corresponding
polarization buildup and decay curves are presented in
Figures S8 and S9, while the fitted polarization buildup
(Ty) and decay (T;) exponential time constants are
presented in Table 1. In SABRE-SHEATH experiments,
polarization is accumulated in the pool of free substrate
molecules during p-H, bubbling until the rates of
polarization buildup (resulting from supply of fresh p-H,
in the solution, polarization transfer and ligands
exchange) and decay (resulting from relaxation effects)
become equal to each other, establishing a plateau. The
obtained results demonstrate that T, and T, values for a
chosen set of substrate, solvent and N site are
comparable, confirming the trend observed in earlier
studies.[**** This fact can be rationalized using a simple
kinetic analysis in the case when relaxation rate constant
is  significantly  greater  than  the  apparent
hyperpolarization rate constant (see Sl). Faster relaxation
of the >N-3 sites compared to >NO, and '°N-1 sites is
clearly due to the fact that °N-3 sites coordinate to Ir
center of the polarization transfer catalyst. As for the
solvent effects on relaxation kinetics at microtesla fields,
the longest T, times for [“*Ns]metronidazole were
observed in methanol-h,. In the case of [*Ns]nimorazole,
both nondeuterated solvents provided similar relaxation
times which were greater than those in methanol-d,. The
Ty and T, values for free and equatorial substrate
molecules were close to each other, reflecting an efficient
averaging of these values due to substrate exchange
(Tables S7 and S8). On the other hand, °N nuclei of non-
exchangeable axial substrates clearly showed longer
buildup and relaxation times compared to those of free
and equatorial substrates.

Table 1. N SABRE-SHEATH polarization buildup (T,) and decay (T,) times for *N nuclei of free [**N;]metronidazole and
[*®*N;]nimorazole in methanol-d,, methanol-h, and ethanol-hg at optimized microtesla fields and temperatures.

Ty (5) Ti(s)
Substrate Solvent ENO, N3 BN BNO, BN-3 V]

CD;0D 14+ 1 69+04 | 11.6+0.7 | 163+03 | 11.7+0.6 | 152+0.2

[**Nz]metronidazole | CHsOH | 27.0+0.7 | 16.6+0.9 | 23.8+0.4 25+ 1 175+08 | 23.1+0.7
C,Hs0OH 13.7+0.7 10.2+0.8 13.0+£0.6 99+0.1 8.2+0.5 95+0.2

CDOD | 94+04 | 52403 | 69+02 | 82+0.1 59+03 | 7.0+0.2

[*°Ns]nimorazole CHOH | 128+0.6 | 7.0+0.7 | 9.6+0.5 | 13.1£05 | 95+0.3 | 11.3+0.1
C,HsOH | 15.6+09 | 94+0.6 | 129+04 | 13.1+06 | 88+0.1 | 11.3+02

The hyperpolarized states of nitroimidazoles *°N
nuclei are known to persist for relatively long time of
several minutes at a high magnetic field in the range
from hundreds millitesla to several tesla.l***>% In this
work we used the 1.4 T magnetic field of a benchtop
NMR  spectrometer  for  high-field  relaxation
measurements. Importantly, 1.4 T is close to the typical
magnetic fields of clinical MRI scanners. The obtained
decay curves along with the corresponding T, relaxation
times are shown in Figure 4. In agreement with previous
studies,>***° the longest relaxation was observed for
the ®NO, sites. For the [*°*Ns]metronidazole *NO, and

N-1 sites, the longest decay times were observed in
methanol-h, (413 = 7 s and 196 + 2 s, respectively),
while for the N-3 site the longest decay was obtained in
methanol-d, (220 + 8 s). For [°Ns]nimorazole the **NO,
site showed the highest T, in methanol-d, (349 <+ 8) while
for the ®N-3 and °N-1 sites the longest relaxation was
observed in methanol-h, (101 + 1 s and 122 + 2 s,
respectively). The measured relaxation times for
[*°*N;]nimorazole in methanol-d, at 1.4 T were in
excellent agreement with previously published results.[*!
Because the nitro ?roup of nitroimidazoles is subjected to
reduction in vivo,® the lifetime of HP **N-3 and *N-1
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sites may eventually be more important for prospective
biomedical applications of these compounds than the
hyperpolarization lifetime of the '°NO, group. The
previousl¥ calculated N chemical shifts of three °N
sites in [°Ns]metronidazole, [**Ns]nimorazole and their
putative metabolic products in hypoxic tissues indicate
that any of these sites may be suitable for tracking

nitroimidazoles metabolism in vivo.">%
Decayat1.4T

a ['*N,]metronidazole b ['*N,]nimorazole
TR T(Noj=2287s ]| T(("NO)=349:8s
6 T,(°N-3)=22048 s . TH°N-3)=53%1s
8 a’gi T,("*N-1) = 151145 I3 Ti(*N-1)=105225
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Figure 4. ®N SABRE-SHEATH polarization decay kinetics at
14 T for: (a) [**Nslmetronidazole in methanol-d,, (b)
[**Ns]nimorazole in methanol-d,, (c) [**Ns]metronidazole in
methanol-h,, (d) [*Ns]nimorazole in methanol-h, ()
[*®*Nz]metronidazole in ethanol-hg, (f) [**Ns]nimorazole in
ethanol-hg. All measurements were performed for the samples
hyperpolarized at 70 sccm gas flow rate and 7.8 bar p-H,
pressure at the optimized temperature and polarization transfer
field.

Time (s)

The highest polarization levels obtained for °N
nuclei of [®Ns]metronidazole and [*Ns]nimorazole in
the three solvents used in this study are shown in Figure
5. For [**Nz]metronidazole, the maximal attainable
polarization decreased from CD30D (Pisnmax = 7.6%) to
CH30H (P15N,max: 61%) and then to C2H5OH (P15N,max:
4.7%) (the values averaged across the three °N sites are
presented here). For [“Ns]nimorazole, the highest
polarizations were observed in ethanol-hg (Pisnmex =
7.65%), while methanol-h, and methanol-d, provided
similar polarization levels (Pisnmax OF 6.1% and 5.8%,
respectively). Thus, we show that careful optimization of
experimental conditions allows one to achieve similar
polarization levels for both [**Nj]metronidazole and
[*°*Ns]nimorazole substrates. Moreover, the 7.65% N
polarization of [**Ns]nimorazole demonstrated here is ca.
3 times greater than the previously reported values.!*!

I NO, free
I N-3 free
I N-1 free

P15N max (%)

w B~ O

| CDOD  CHiOH  C;HsOH | CD,OD

CH,OH  CpH:OH |

['*Nj]metronidazole ["®Ng]nimorazole

Figure 5. The histogram of maximum N polarization values
for free [**Nj]metronidazole (left panel) and [**Ns]nimorazole
(right panel) at optimized conditions in methanol-d,, methanol-
h, and ethanol-hg.

Conclusions

In this work, SABRE-SHEATH hyperpolarization of
[*°*Nz]metronidazole and [**Ns]nimorazole in three
alcohol solvents (methanol-d,, methanol-h, and ethanol-
hg) was investigated. Magnetic field profiles at variable
temperatures and temperature profiles at a fixed magnetic
field were measured, allowing to identify the optimal
conditions for SABRE-SHEATH hyperpolarization.
While for [*Ng]metronidazole N polarization was
maximized at ca. 23 °C and 0.70 uT in all three solvents,
for [**Nz]nimorazole the optimal conditions were
achieved at higher temperatures and lower magnetic
fields (43 °C and 0.55 pT for methanol-h, and 33 °C and
0.62 uT for ethanol-hg). The effects of p-H, flow rate and
pressure on the attainable polarizations were also studied.
At the clinically relevant magnetic field of 1.4 T, °NO,
sites showed long T, relaxation times of several minutes,
allowing to detect the HP *N signal even 20 minutes
after the SABRE-SHEATH hyperpolarization process. In
particular, [**Ns]metronidazole nitro group exhibited T,
of 6.9 + 0.1 min in CH;OH, and [**N3]nimorazole nitro
group had T; of 5.8 + 0.1 min in CD3;0D. The two other
N-3 and °N-1 sites relaxed faster, but nevertheless the
corresponding T, values were rather high (from ca. 1 to
ca. 3.5 min). Comparing polarization levels in the three
solvents under study, the greatest values for
[*°*N3]metronidazole were observed in methanol-d, and
for [°Ng]nimorazole in ethanol-hg (Pisnmax ~ 7.6% for
both compounds). Optimization of SABRE-SHEATH
hyperpolarization in nondeuterated solvents is an
important step for possible in vivo applications of
hyperpolarized metronidazole and nimorazole. The
obtained high polarization levels and fairly long
hyperpolarization lifetimes of these compounds
demonstrate great prospects for their possible application
as molecular MRI contrast agents reporting on hypoxia
status of cancerous tumors.

Experimental Section
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[**Ns]metronidazole and [**N]nimorazole were
synthesized according to the procedures described
earlier.[***1 The SABRE precatalyst [Ir(IMes)(COD)CI]
(IMes = 1,3-dimesitylimidazol-2-ylidene, COD = 1,5-
cyclooctadiene) was synthesized according to the
previously published procedure.’®® Ethanol and methanol
were stored over 4 A molecular sieves. Methanol-d,
(Zeotope, 99.8% D) was handled in a glove box under
argon atmosphere (molecular sieves were not used here
because they promote H/D exchange in the solvent
molecules). Ultrapure hydrogen gas was enriched with p-
H, using parahydrogen generator based on a closed-cycle
helium cryostat (CryoPribor, CFA-200-H2CELL) and a
cryocompressor (Sumitomo, Zephyr HC-4A). Hydrated
iron oxide FeO(OH) (Sigma-Aldrich, 371254) was used
in a cell as a spin conversion catalyst. The enrichment of
p-H, was 94% according to gas phase NMR spectra
quantification. For SABRE-SHEATH experiments, the
MATRESHCA hyperpolarizer setup was employed
which was described in detail elsewhere.®® A benchtop
SpinSolve Nitrogen 60 Ultra NMR spectrometer
(Magritek, New Zealand) with 1.4 T field was utilized
for NMR spectra acquisition.

A 0.5 mL of solution containing 2 mM Ir precatalyst
and 20 mM nitroimidazole substrate was transferred into
a 5 mm medium-wall NMR tube tightly connected with a
1/4 in. outer diameter (OD) PTFE tube. Approximately 1
mL of pure solvent (methanol-d4, methanol-h, or ethanol-
he) was places in a 5 mm high-throughput NMR tube
(“saturator tube”) also tightly connected with a 1/4 in.
OD PTFE tube. All p-H, supply lines before the sample
NMR tube were made from 1/8 in. OD PEEK tubing
except the 0.6 mm OD (0.3 mm inner diameter) PTFE
catheter used to bubble p-H, into the solution in the
sample tube. This thin catheter was chosen to minimize
the magnetic field inhomogeneities inside the sample.
The fluid path of the MATRESHCA hyperpolarizer setup
(see Figure S12) was purged with p-H, for several
minutes. Next, both the saturator and the sample NMR
tubes were connected to the setup. After the fluid path
was pressurized with p-H, to 7.8 bar, the activation of the
sample was initiated via bubbling p-H, through both
NMR tubes at 20 standard cubic centimeters per minute
(sccm) flow rate and room temperature (23 °C). The gas
flow rate was regulated using a mass flow controller
(SmartTrak 50, Sierra Instruments, Monterey, CA, USA).
During activation the sample was kept in a degaussed
three-layered MUMETAL shield (Magnetic Shield Corp.,
Bensenville, IL, USA, P/N ZG-203) with a solenoid
magnet inside allowing for precise control of the
microtesla magnetic field inside the shield (0.70 uT for
[**N3]metronidazole and 0.60 uT for [**Ns]nimorazole).
A resistor bank (Global Specialties, RDB-10) was
employed to attenuate the DC current of the power
supply unit to achieve the desirable value of the magnetic
field inside the shield. SABRE-SHEATH process
activation was monitored by recording *°N NMR spectra
of hyperpolarized solutions every 5-10 minutes (for this,
p-H, bubbling through the solution was terminated by
opening the bypass valve and the sample was manually
transferred to the NMR spectrometer). After N
polarization reached a plateau, the desired measurements
were performed. When required, the sample temperature
was increased using a heating system consisting of a

water circulation circuit, a heater and a PID-controller
(described in detail elsewhere™) or decreased using an
ice-water bath. In the pressure sweep experiments, a 100-
psi safety valve (keeping the pressure at 100 psig, i.e. 7.8
bar) was replaced by a Swagelok membrane back
pressure regulator (KBP Series). The measurements of
polarization buildup Kinetics were carried out by varying
the duration of p-H, bubbling through the sample at the
microtesla magnetic field. The microtesla polarization
decay kinetics were measured by introducing a variable
delay between the cessation of p-H, bubbling and
moving the sample out of the magnetic shield.
Polarization decays at 1.4 T were measured using a
variable delay between the placement of the sample
inside the NMR spectrometer and the start of an NMR
signal acquisition. Unless stated otherwise, the
experiments were done at the following typical
conditions (polarization transfer magnetic field and
temperature): 0.70 uT and 23 °C for [*°Ns]metronidazole
in all solvents, 0.62 uT and 33 °C for [**Ns]nimorazole in
ethanol-hs, 0.55 uT and 43 °C for [*°Ns]nimorazole in
methanol-h,; and methanol-d,. The pressure of p-H, was
7.8 bar (100 psig), and its flow rate was 70 sccm.
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