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In this work the biocompatible molecules — metronidazole and fampridine — were successfully hyperpolarized
using parahydrogen via the signal amplification by reversible exchange approach. The nuclear magnetic
resonance (NMR) signals from both molecules were detected at zero- to ultralow magnetic field (ZULF) using
commercially available rubidium vapor magnetometer from QuSpin.
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1. INTRODUCTION

Nuclear magnetic resonance spectroscopy is a pow-
erful analytical tool to ascertain structure, dynamics
and chemical environment of molecules. NMR is ex-
tensively used in chemistry, physics and related fields
in both industrial and academic settings. Magnetic res-
onance imaging (MRI), a modality of NMR with spatial
resolution, is also routinely used for diagnostic visual-
ization in medicine.

In conventional NMR, the signal is detected us-
ing inductive coupling, whereby the sample of inter-
est is placed in a static magnetic field (By) and the
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Larmor precession of nuclear spins induces an electro-
motive force (EMF) in a detection coil, which is part
of a resonant circuit. In general, NMR is a relatively
low-sensitivity spectroscopic technique due to an inher-
ently low degree of nuclear spin polarization (P) with
respect to the applied magnetic field. For the most sen-
sitive stable nucleus, proton 'H, the spin polarization
in thermal equilibrium is on the order of 10=% — 10~°
in the magnets of modern NMR instruments at room
temperature; for other nuclei with smaller gyromag-
netic ratio () the polarization is even lower. Both the
EMF and the thermal nuclear spin polarization are pro-
portional to the magnetic field; thus, standard NMR
typically operates at high magnetic fields (up to 28 T)
to benefit from higher sensitivity and higher chemical
shift dispersion. This makes NMR beyond a special-
ized laboratory environment an uncommon practice.
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At the same time, in addition to the continuing trend in
induction-detected NMR toward higher sensitivity and
instrumentation complexity, relatively low-field (down
to the Earth’s field) implementations of NMR are of
significant interest beyond laboratory settings [1], in
industry [2], petrophysics and logging [3].

Meanwhile, non-inductive schemes for NMR, detec-
tion are being developed that do not require high mag-
netic fields. These techniques operate at low and ul-
tralow field enabling the direct detection of the oscil-
lations of sample magnetization. Several approaches
have been implemented for NMR detection using su-
perconducting quantum interference devices (SQUIDs)
[4], single nitrogen vacancy (NV) centers in diamond
[5], and atomic magnetometers [6]. Optically-pumped
magnetometers are highly sensitive NMR sensors that
can operate at near-zero field within magnetic shield-
ing. The intramolecular spin-spin interactions are pre-
dominant in such magnetic fields, while the Zeeman in-
teraction can be considered as a perturbation. Comple-
mentary to classical high-field NMR, zero- to ultralow-
field (ZULF) NMR offers several advantages. In par-
ticular, the setup can be relatively inexpensive and
portable as no superconducting magnet and no cryo-
genics are required. Such low-frequency NMR detec-
tion approaches attract significant attention as a plat-
form for developing compact NMR devices [7]. Fur-
thermore, ZULF NMR is free from susceptibility effects
and chemical fingerprinting is available even for hetero-
geneous or multiphasic samples (e.g., with gas-liquid,
gas-liquid-solid interfaces) inside electrically conduc-
tive materials such as metal containers [8]. In ZULF
NMR the sensitivity issues are often solved via field-
cycling techniques, e.g., preliminary magnetization of
the sample in a magnetic field of 1-2 T (typically pro-
duced with permanent magnets) with the subsequent
transfer of the sample to ZULF for detection. However,
nuclear spin hyperpolarization [9] methods can be al-
ternatively used for this purpose, and both dissolution
dynamic nuclear polarization [10] and parahydrogen-
based hyperpolarization techniques [11] have been al-
ready demonstrated in the context of ZULF NMR.

Parahydrogen-induced polarization (PHIP) [12]
technique utilizes parahydrogen (p-Hs; the nuclear
spin isomer of molecular hydrogen with the total spin
of 0) as a versatile source of hyperpolarization. The
correlated state of the nuclear spins of p-Hy can be in-
herited by p-Ha-derived protons in a product molecule
produced via catalytic hydrogenation of a suitable
precursor. Alternatively, the singlet state of p-Hs can
be used to hyperpolarize a molecule of interest by
reversible exchange of p-Hs and the target molecule on
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a catalyst (usually, a metal complex of Ir) by means of
spin-polarization transfer from p-Hs-derived hydrides
to the target nuclei. This phenomenon is named signal
amplification by reversible exchange (SABRE) [13].
The SABRE method opened the door to a new class of
molecules to be hyperpolarized; the main requirement
is the ability of a polarizable molecule to bind with
a polarization-transfer catalyst. This requirement
is typically fulfilled for heterocycles containing an
electron-donating heteroatom, such as nitrogen [14].
Importantly, N-heterocyclic structures are a com-
mon building block for drugs and biomolecules.
A number of biocompatible molecules including
nicotinamide [15, 16], pyrazinamide [17]|, pyridazine
derivatives [18], nitroimidazoles [19, 20] have been
successfully hyperpolarized. SABRE arouses much
interest as a promising hyperpolarization method for
ultrafast and inexpensive production of hyperpolarized
contrast agents for biomedical magnetic resonance
imaging [21,22]. In turn, ZULF NMR offers a unique
modality for in situ NMR detection and monitoring
SABRE response during the process optimization since
such setup is portable and free from hyperpolarization
losses associated with sample transfer. From the
first ZULF NMR detection of SABRE-hyperpolarized
signals [23] this field is expanding and far reaching;
using ZULF NMR it became possible to elucidate
the SABRE magnetic field profiles [24], monitor the
catalyst activation [25], and optimize further relay
of SABRE hyperpolarization to other molecules [26].
Thus, the combination of SABRE and ZULF NMR
has shown itself to be a practically convenient and
productive experimental modality.

In this work, we demonstrate the feasibility of detec-
tion of metronidazole and fampridine (another nonpro-
prietary name is dalfampridine; the chemical name is
4-aminopyridine) by NMR at zero- and ultralow mag-
netic fields. !°N-labeled substrates were used in or-
der to increase the sensitivity. [!N3]Metronidazole
and ['5N]fampridine were obtained using previously
described synthetic procedures (see the Experimental
Section for details). Their chemical structures are pre-
sented in Fig. 1 a. Both molecules were hyperpolarized
using the SABRE procedure. During the SABRE pro-
cess the substrate of interest remains chemically unal-
tered and its hyperpolarization builds up due to the
following steps: 1) activation of Ir complex under Hs
atmosphere and an excess of the substrate. 2) The sub-
strate and the p-Hs-derived hydrides come into tempo-
rary contact on the iridium metal center. 3) Polar-
ization transfer occurs in the formed active SABRE
complex through the J-coupling network. 4) The re-
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Fig. 1. a — The chemical structures of the studied
molecules. b — The scheme illustrating SABRE ap-
proach. ~ The SABRE precatalyst is [Ir(IMes)(COD)CI],

where COD is 1,5-cyclooctadiene and IMes is 1,3-bis(2,4,6-

trimethylphenyl)imidazol-2-ylidene. The SABRE precatalyst

converts into the active complex in the presence of molecular
hydrogen and an excess of substrate

versible exchange of substrate and p-Hs with their free
counterparts in the solution leads to hyperpolarization
buildup on the free substrate. The SABRE process is
schematically depicted in Fig. 1 b.

Both molecules are FDA-approved drugs. Fam-
pridine is a specific blocker of potassium ion chan-
nels and a clinically approved drug for the symp-
tomatic treatment of patients with multiple sclerosis
[27]. Metronidazole is an important and widely used
antiprotozoal drug [28]. Both molecules can be po-
tentially used as hyperpolarized MRI tracers for de-
tection of altered metabolic conditions: metronidazole
can be used as an MRI sensor of hypoxia conditions
based on its metabolic transformation in Os-starved
tissues [19,29,30]; fampridine, in turn, can be poten-
tially used for the MRI detection of demyelinated le-
sions [31]. The fast production of long-lived hyper-
polarized metronidazole and fampridine in large quan-
tities is of interest for the development of new test
assays in biological research and MRI monitoring of
metabolism in vivo, and ZULF NMR is a promising
platform for inline monitoring of the SABRE process.
As mentioned above, under ZULF conditions, the Zee-
man interactions (which dominate in the classical NMR
experiment) can be considered as a perturbation with
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Fig. 2. The low-frequency NMR signals detected at ul-
tralow field (<40 nT) from (a) [*’N]fampridine and (b)
[**N3]metronidazole hyperpolarized via signal amplification by
reversible exchange with parahydrogen. Each spectrum is the
result of 200 averages. Insets show the chemical structures
of corresponding substrates. The signal at 27 Hz arises due
to electronic noise from the QuSpin zero-field atomic mag-
netometer. The dotted lines show corresponding simulated
spectra

respect to the J-coupling interactions between the nu-
clei of the studied molecules and dipole-dipole inter-
actions. In this case, the so-called J-spectrum is ob-
tained, which can be complex and sensitive to changes
in the geometry, conformation and electronic state of
the molecule under study.

In this work, the J-spectra from SABRE-
hyperpolarized metronidazole and fampridine were
acquired using commercially available QuSpin zero-
field atomic magnetometer [32], the principle of which
is based on optical pumping and probing atomic ru-
bidium [33]. The experimentally detected ZULF NMR
spectra of ['5Nj]metronidazole and [*’N|fampridine
are shown in Fig.2. Both the NMR sample tube and
the magnetometer were placed inside the four-layer
magnetic shield and the sensor was positioned near
the side of the NMR tube [34].

The obtained J-spectra are directly related to
the J-coupling interactions in the studied molecules.
For ["’N]fampridine (or 4-amino['*N]pyridine), the
strongest J-coupling is 2/xy between '°N in the pyri-
dine ring and the two ortho-protons, and the N
nucleus (in the amino group) can be disregarded
due to self-decoupling via fast quadrupolar relaxation.
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Thus, the main peak for [!N|fampridine appears at
3/2 x2Jxu |35], which corresponds to 15 Hz. The long-
range couplings to other protons result in the appear-
ance of additional sidebands signals. The signal-to-
noise ratio of the peak at 15 Hz after 200 averages
is 2000. For ["’Nz|metronidazole the J-spectrum is
more complex due to a lower molecular symmetry and a
larger spin system (11-spin system). The 2/xp between
the N nucleus and one 'H in the imidazole ring is 9
Hz resulting in the signal appearing at 1 x%/xg = 9 Hz.
However, the other J-couplings in the molecule pro-
duce a number of additional sidebands and a shift of
the largest peak to 10.5 Hz. It should be mentioned
that all spectra were acquired during continuous p-Hs
bubbling through the solution which did not delete-
riously affect the spectral resolution. The linewidths
in the spectra are Fourier-transform limited by a 3 s
signal-acquisition time.

In conclusion, ZULF NMR offers a unique modal-
ity for in situ NMR detection and monitoring of
SABRE response during the process optimization. In
this work, two '°N-labeled biocompatible molecules,
namely ['Njs|metronidazole and ['*N|fampridine (also
known as 4-amino['®N|pyridine), were hyperpolarized
using parahydrogen via signal amplification by re-
versible exchange. We demonstrate the possibility
to acquire ZULF NMR spectra from hyperpolarized
metronidazole and fampridine using the setup equipped
with a commercially available QuSpin zero-field magne-
tometer. The J-spectra were acquired while p-Hs was
constantly bubbled through the solution, highlighting
the robustness of ZULF-NMR detection.

2. EXPERIMENTAL

15N-labeled metronidazole and fampridine were ob-
tained using previously described synthetic proce-
dures: the synthesis of ['°N3|metronidazole is de-
scribed in Ref. [19]; the synthesis of ['*N|fampridine
(or 4-amino[*®N]pyridine) is described in Ref. [36].
Methanol was used as received. The iridium complex
[Ir(IMes)(COD)CI] (where COD is 1,5-cyclooctadiene
and IMes is 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-
ylidene) was obtained using the preparation proce-
dure described elsewhere [37]. The initial solution
was b mM [Ir(IMes)(COD)CI] and 25 mM substrate
(|*>N]fampridine or [!*Njs]Jmetronidazole) in 300 uL
methanol. The activation of the SABRE complex took
30 min.

Parahydrogen at >96 % enrichment was generated
by passing hydrogen gas over hydrated iron(III) ox-
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ide catalyst (30-50 mesh, Sigma-Aldrich) in a closed-
cycle cryostat operating at 30 K (Advanced Research
Systems). For all NMR experiments, parahydrogen-
enriched gas was continuously bubbled through the
sample at 5 bar and the signal was acquired for 3 s
after applying a magnetic field pulse centered at zero
frequency. The magnetic field pulse was applied along
the detection axis using a Helmholtz coil, with a dura-
tion of 50 us and amplitude of 117 T, corresponding
to the condition

|v'"H — v N|Bpt = 7/2,

where Bp is the pulse field amplitude. A detailed de-
scription of the ZULF NMR experimental apparatus is
given in Ref. [34].

This manuscript is based on the work done prior to
February 2022.
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