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ABSTRACT: We demonstrate that enzyme-catalyzed reactions
can be observed in zero- and low-field NMR experiments by
combining recent advances in parahydrogen-based hyperpolariza-
tion methods with state-of-the-art magnetometry. Specifically, we
investigated two model biological processes: the conversion of
fumarate into malate, which is used in vivo as a marker of cell
necrosis, and the conversion of pyruvate into lactate, which is the
most widely studied metabolic process in hyperpolarization-
enhanced imaging. In addition to this, we constructed a
microfluidic zero-field NMR setup to perform experiments on
microliter-scale samples of [1-'*C]fumarate in a lab-on-a-chip
device. Zero- to ultralow-field (ZULF) NMR has two key
advantages over high-field NMR: the signals can pass through
conductive materials (e.g, metals), and line broadening from sample heterogeneity is negligible. To date, the use of ZULF NMR for
process monitoring has been limited to studying hydrogenation reactions. In this work, we demonstrate this emerging analytical
technique for more general reaction monitoring and compare zero- vs low-field detection.

Article Recommendations |

@

[l Metrics & More | e Supporting Information

Zero- and Low-Field NMR

Q .

H p=0
e
o= M o

ol o= on *t u )

o /H
O=X_OH
o

k_,[L “\_ /\J‘ku‘ﬁl p/ A
5 10 15 20
Frequency (Hz)

1. INTRODUCTION

Nuclear magnetic resonance (NMR) is among the most
important spectroscopic techniques for chemical analysis and
biochemical structure elucidation, and the imaging modality
(MRI) is an invaluable diagnostic tool for noninvasive medical
imaging. NMR has the potential to be even more widely
applicable if the nuclear-spin polarization could be boosted
beyond its thermal equilibrium value of ~107> for samples at
room temperature in experimentally achievable magnetic fields.
In recent years, nuclear-spin hyperpolarization techniques—
physical and chemical methods to increase NMR signals by 4—

These disadvantages can be circumvented through the use of
an alternative modality, zero- to ultralow-field (ZULF) NMR,
in which measurements are performed in the absence of a
strong magnetic field.”® In this field regime, chemical shifts are
negligible, and the dominant nuclear-spin interactions are
spin—spin (J) couplings, which are typically on the order of Hz
to hundreds of Hz. At these low frequencies, conductive
materials have a negligible effect on signals, and because
susceptibility-induced magnetic-field gradients are proportional
to the applied field strength, resolution is unaffected even in
complex heterogeneous samples.”'® Even though ZULF
spectra do not contain chemical-shift information, individual

5 orders of magnitude' —have enabled a new application:
hyperpolarized metabolic imaging.* Small molecules can be
hyperpolarized and injected in vivo, and tracking their
metabolism can yield diagnostic information about disease
progression and treatment response.”® Even with enhanced
signals, conventional high-field magnetic resonance has some
drawbacks: (1) high-resolution spectroscopy is generally only
achievable in homogeneous samples; (2) the high-frequency
signals are distorted by and do not readily penetrate
conductive materials, due to the skin effect; and (3) high-
field magnets are somewhat bulky, expensive, and are generally
designed for studying samples in NMR tubes, and they cannot
be deployed easily for certain in-field applications, such as
point-of-care diagnostics.
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molecules can still be identified with high specificity, since the
J-couplings provide a means of chemical fingerprinting.'' ="
This is especially simple for hyperpolarized systems in which
only selected chemical species are initially hyperpolarized and
only these molecules and their downstream products
contribute to the observable signal.
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Figure 1. Measurement of hyperpolarized [1-"*C]fumarate. (a) Experimental apparatus, with cutaways from the shield and coils for clarity. (b)
Schematic of the QZFM OPM placement around the sample, showing the sensitive axes of the OPMs and the magnetic field lines of a magnetic
sample polarized along the z axis. (c) The hyperpolarization process for [1-'*C]fumarate. The [1-'*C]fumarate J-couplings are shown in the inset.
(d) Magnetic field “pulse” sequence used for the zero-field experiments. (e) Zero-field time-domain signal measured along the x- and z-axes of the
OPMs generated from a sample of '*C polarized [1-'*C]fumarate. (f) Zero-field spectrum (black) resulting from the Fourier transform of the z-axis
signal. A simulated spectrum is shown beneath in magenta. (g) Magnetic field “pulse” sequence used for the low-field experiments. (h) Low-field
time-domain signal measured along the x- and z-axes of the OPMS generated from a sample of *C polarized [1-'*C]fumarate. (i) Low-field
spectrum (black) resulting from the Fourier transform of the z-axis signal. A simulated spectrum is shown beneath in magenta.

Nevertheless, at such low frequencies of the electromagnetic
signals, inductive detection is inefficient, and ZULF NMR has
relied on highly sensitive superconducting quantum interfer-
ence devices (SQUIDs), and more recently on optically
pumped magnetometers (OPMs), that are able to detect
magnetic signals with sensitivities on the order of fT/~/Hz
415 The primary use of OPMs is for magnetoencephalog-
raphy (MEG), which is a separate technique for mapping out
brain activity based on the magnetic fields produced by
neuronal currents.'®'” Despite the exquisite sensitivity offered
by the OPMs, detection of zero-field NMR signals is
approximately 2 to 3 orders of magnitude less sensitive than
inductive detection at ca. 7 T, assuming the same spin
polarization and the same sample/detector geometry. The
lower sensitivity of ZULF NMR has so far generally precluded
applications, especially in a biomedical context, given the
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intrinsically low concentrations of metabolites in biological
systems.

In this work, we combine recent advances in parahydrogen-
based hyperpolarization methods with state-of-the-art magne-
tometry to demonstrate that enzymatic transformations can be
observed using a portable zero- and low-field NMR
spectrometer. We study two model processes: the conversion
of fumarate into malate, which is used in vivo as a marker of
cell necrosis,"® and the conversion of pyruvate into lactate,
which is by far the most widely studied metabolic process in
hyperpolarization-enhanced imaging.'” Hyperpolarized '*C-
labeled metabolites were prepared via parahydrogen-induced
polarization (PHIP),”>*" which involves chemically reacting a
precursor molecule with molecular hydrogen in the nuclear-
spin singlet state (parahydrogen) to yield a hyperpolarized
product molecule. The entangled state of the 'H nuclear-spin
pair can be converted into a magnetic state of the '*C spin via a
magnetic field sweep.””** Preparing the molecules in a '>C-
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polarized state facilitates detection, since as long as a magnetic
field of 21 uT is applied to the sample, the *C nuclei will
remain polarized during chemical transformations. We
compare zero- and low-field NMR for these experiments and
in the context of reaction monitoring and discuss the
advantages and disadvantages of the two approaches.

2. MATERIALS AND METHODS

2.1. Zero and Low-Field NMR Spectrometer. A
simplified rendering of the zero- and low-field NMR
spectrometer is shown in Figure la. To achieve close to zero
magnetic field (<2 nT) inside the spectrometer, it was built a
four-layer magnetic shield, with built-in B,, B, and B, shim
coils (Twinleaf LLC). A set of three orthogonal Helmholtz
coils were present inside the shield to generate pulsed
magnetic flelds for control of the spin states and their
dynamics. Finally, a long solenoid coil pierced through the
magnetic shield (a “piercing solenoid”) along the y axis, to
allow for a magnetic field to be applied locally at the position
of the sample but not the detectors.”* The ratio of the internal
and stray fields at the sample and detector, respectively, was
500.

The sample to be measured was loaded in a 5 mm glass
NMR tube, which was passed through the piercing solenoid
into the magnetic shield, and measured with two QuSpin
QZFM Gen-2 OPMs.”> Each QZFM was sensitive to the x-axis
(B,(t)) and z-axis (B,(t)) magnetic fields produced by the
sample. The standoft distance from the center of the QZFM
atomic vapor cell to the outside of the housing was 6.5 mm,
and the piercing solenoid had a radius of 7 mm, giving a
sensor-to-sample standoff distance of 13.5 mm. The staggered
arrangement of the magnetometers was chosen to reduce
common-mode noise while maximizing the signal from the
sample, a gradiometric detection scheme.”® As illustrated in
Figure 1b, the magnetic field produced by the nuclear spins in
the sample has opposite signs at the locations of the two
sensors. In contrast, many noise sources that are centered
further from the detectors (e.g, Johnson noise from the
magnetic shielding or magnetic fluctuations in the room)
produce magnetic fields that are more homogeneous at the
positions of the OPMs. By measuring the difference in the
outputs from the two sensors, signals from the sample are
combined constructively, and common-mode noise is canceled.
Because the sensors have two sensitive axes, it was possible to
independently measure magnetic fields corresponding to
magnetization along x and z.

2.2. Hyperpolarization of Fumarate and Pyruvate.
Parahydrogen at >95% enrichment was generated by passing
hydrogen gas (>99.999% purity) over a hydrated iron oxide
catalyst in a cryostat operating at 30 K. All chemicals used in
this work were purchased from Sigma-Aldrich.

To generate solutions of hyperpolarized [1-'>C]fumarate, we
bubbled parahydrogen gas through a precursor solution (250
mM sodium potassium acetylene dicarboxylate, 250 mM
sodium sulfite, and 7 mM [RuCp*(CH;CN);]PF, in D,0) at
8.5 bar and 85 °C for 60 s. A magnetic field cycle was applied
to transform the parahydrogen-derived proton singlet order
into '*C magnetization.”” Using this method, we produced
solutions of approximately 80 mM [1-"*C]fumarate at ~30%
BC polarization. Unless otherwise stated, experiments were
performed at a natural *C abundance. The reaction scheme is
shown in Figure lc, and further details are provided in the
Supporting Information.

To generate solutions of hyperpolarized [1-"*C]pyruvate, we
used the side arm hydrogenation method.”® We prepared a
precursor solution of 400 mM propargyl pyruvate and 20 mM
[Rh(dppb)(COD)]BF, in a solvent of 95:5 (v/v) CDCly/
ethanol-d4 by dissolving the catalyst in the solvent and adding
the propargyl pyruvate immediately (tens of seconds) before
each experiment. The sample was heated to 120 °C and
hydrogenated for 4 s with parahydrogen at 7 bar. A magnetic
field cycle was applied to convert the proton singlet order to
BC polarization. After this, the [1-"*C]pyruvate was mixed
with 300 yL 400 mM NaOH at 80 °C to cleave the allyl side
arm. The aqueous phase containing pyruvate was extracted
into a phosphate buffer solution to yield a solution of
approximately 80 mM [1-"*Clpyruvate at ~ 3.5% "“C
polarization. All experiments were performed with [1-'*C]-
pyruvate (100% '*C-enriched). Further details are given in the
Supporting Information.

2.3. Zero- and Low-Field NMR Experiments. For the
zero- and low-field NMR experiments to observe [1-"*C]-
fumarate or [1-'*C]pyruvate, the molecules were hyper-
polarized as described above and then injected into a 5 mm
NMR tube. This was placed in the zero-field spectrometer for
signal acquisition.

For the experiments to observe fumarate to malate
conversion, 150 uL of the hyperpolarized fumarate sample
was injected into a S mm NMR tube containing the enzyme
fumarase in 450 yL 500 mM phosphate buffer solution at pH
7. The NMR tube was shaken for 5 s and then placed in the
zero-field spectrometer for signal acquisition $ s later, allowing
a total of 10 s for the reaction.

For the experiments to observe pyruvate to lactate
conversion, the syringe used to extract the aqueous phase
from the 10 mm NMR tube contained 200 uL of acidified
phosphate buffer solution such that, after mixing, the solution
ended at pH 7. Another 100 uL of phosphate buffer solution
contained 50 mg NADH and 25 uL of lactate dehydrogenase,
and this solution was held in the 5 mm NMR tube. The
pyruvate solution was injected into the 5 mm NMR tube and
mixed with the enzyme solution by vigorous shaking for 5 s,
before being placed into the zero-field spectrometer for signal
acquisition S s later, allowing a total of 10 s for the reaction.

A modified experimental procedure from the established
protocol reported in ref 29 was adopted to increase the volume
of the solution and maximize pyruvate concentration (and
hence signal) for this proof-of-concept demonstration.

2.4. Data Processing. All signal processing for zero- and
low-field experiments was performed using Wolfram Mathe-
matica.’® The reported x- and z-axis signals were taken as the
difference in the measured B,(t) and B,(t) fields from the two
QZFM sensors. Slow background drifts in the magnetic-field
signal were removed by subtracting the moving average from
the raw data. Then the first 20—30 ms of data was removed
and reconstructed via backward prediction to reduce first-order
phase distortions. The z and x measurements were then
combined together to yield a complex signal [i.e., B,(t) +
iB,(t)], which was then apodized by multiplying by a decaying
exponential. The time-domain signal was then Fourier
transformed, followed by a baseline correction. Zero-order
phase correction was applied when necessary to produce in-
phase spectra.
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Figure 2. Zero- to low-field NMR spectra of [1-'*C]fumarate, measured using the pulse sequence in Figure 1g (or Figure 1d for the <2 nT
spectrur_n) at different background magnetic fields. Noise peaks at 27, 50, and 150 Hz corresponding to line noise and electronic noise from the

sensor”® have been partially grayed-out for clarity.

3. RESULTS

3.1. Zero- and Low-Field NMR Experiments with
[1-"3Clfumarate. Initial experiments to develop and test the
pulse sequences for zero- and low-field experiments were
carried out using the hyperpolarized contrast agent [1-*C]-
fumarate, since Solutions of hyperpolarized [1-'*C]fumarate
were produced at ~80 mM concentration and ~30% "C
polarization, and the zero field NMR spectrometer are given in
the Materials and Methods.

In this work, NMR experiments were performed in two field
regimes: zero field, defined as the regime where the nuclear
Larmor frequencies are negligible compared to the electron-
mediated indirect spin—spin (J) coupling, and low field, where
the nuclear Larmor frequencies are larger than the J-couplings
but chemical shifts are smaller than the resonance width. The
pulse sequence for the zero-field NMR experiments is shown in
Figure 1d. The magnetization is rotated from the y axis to the z
axis, after which the applied magnetic fields are suddenly
turned off, resulting in the magnetic signal shown in Figure le.
The spectrum resulting from the Fourier transform of this
signal is shown in Figure 1f. The main feature is the peak at 6.9
Hz with additional minor peaks at 11.5 and 18.2 Hz, all split by
~100 mHz due to a 2 nT residual orthogonal field that was not
fully shimmed out. The relative simplicity of this J-spectrum is
because this molecule comprises a simple three-spin system
with the magnetic equivalence of the two parahydro$en
protons lifted by asymmetric J-couplings to the 3C spin.”’ A
simulated spectrum is shown beneath in magenta. All
simulations were performed using the SpinDynamica package
for Mathematica.>

Low-field NMR experiments can be performed by leaving
the piercing solenoid on during signal acquisition. As depicted
in Figure 1g, the magnetization is kept along the y axis by a 20
uT field for sample injection, after which the field is reduced to
a 3.8 uT detection field and the magnetization is rotated to the
x-axis by a DC pulse along z, which results in the precessing
magnetic signal shown in Figure 1h. The spectrum resulting
from the Fourier transform of this signal is shown in Figure 1i.
There are two groups of peaks centered at 40 and 160 Hz,
corresponding to signals from the *C and 'H nuclei of

[1-"*C]fumarate, respectively. Simulated spectra are shown in
magenta. The difference in the noise between the magnetic
signals in Figure leh is predominantly from the S0 Hz line
noise, which is not present in Figure le because a low-pass
filter was applied to the data during processing.

3.2. Spectra of [1-'*CIfumarate in the Intermediate
Field Regime. In Figure 2, we show spectra of [1-'*C]-
fumarate measured under different background fields, spanning
the range between the zero- and low-field regimes. The spectra
were acquired using the pulse sequence shown in Figure 1g
with the exception of the <2 nT spectrum that was measured
using the pulse sequence in Figure 1d. The magnetic field pulse
was set to induce a 47/6 rotation of protons and /6 rotation
of *C nuclei so that both nuclei were excited. The spectra
exhibit increasing complexity as the field increases and the
Zeeman interaction term, which is of the form Blyy — ydl,
approaches the magnitude of the J-couplings.’ The number of
spectral lines decreases again as the term Blyy — y¢l begins to
dominate and the spectral lines group into frequency bands
corresponding to nuclear spin species. It is for this reason that
in this work we carried out experiments in the two distinct field
regimes, and not the intermediate field regime.

3.3. Enzyme-Catalyzed Conversion of Fumarate to
Malate. A reaction solution was prepared with 50% "*C
labeling in the carboxylate position of the acetylene
dicarboxylate. The same chemical reaction with parahydrogen
was used to produce [1-"*C]fumarate, and following the field
cycle to polarize the *C spin, the solution was mixed with
phosphate buffer solution containing a varied amount of
fumarase to catalyze the reaction shown in Figure 3a. The
reaction was left to proceed for 10 s at Earth’s field, after which
the solution was measured at zero field using the procedure
shown in Figure 1d. The experiment was repeated three times
with differing amounts (0, 21, and 52 U, where U is enzyme
units) of the enzyme, fumarase, to demonstrate how the
resulting spectra change as a function of enzymatic activity.
This level of fumarase activity is consistent with reported
plasma concentrations following acute kidney injury.** Further
experimental details are provided in Materials and Methods.

The resulting zero-field NMR spectra are shown in Figure
3b, and feature peaks at 6.9, 11.5, and 18.2 Hz corresponding
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Figure 3. (a) The enzyme-catalyzed interconversion between
fumarate and malate. The addition of H,O breaks the molecular
symmetry, and the 1-*C spin label in fumarate has an equal chance to
end up in either the 1- or 4- position in malate. (b) Zero-field NMR
spectra of the reaction solution. The peaks highlighted with asterisks
are carbon satellites from the nuclei of [1,4-*C,]fumarate molecules.
(c) Low-field NMR spectra at 3.8 uT of the reaction solution. The
amount of fumarase enzyme added to each hyperpolarized fumarate
solution prior to detection is shown in brown. All spectra are shown
with 50 mHz line broadening. Simulations are shown beneath the
spectra in pink and teal for fumarate and malate, respectively. The
simulated spectra are vertically scaled to match the real spectra (see
Supporting Information for further details about the simulated
spectra, including all spin coupling parameters used).

to [1-"*C]fumarate and peaks at 3.3, 3.6, 3.9, 6.5, and 10.2 Hz
corresponding to [1-"*C] and [4-"*C]malate. The malate peaks
are visible for molecules that formed prior to zero-field
detection. The enzymatic reaction does not reach equilibrium
on the short time scale of this experiment, and so the malate
peaks are largest when 52 U of enzyme was used, since more
malate formed prior to detection. Simulated spectra for
fumarate and malate are shown in pink and teal, respectively,
and are generally in agreement with the experimental data
(details of the simulations are provided in the Supporting
Information). The signals are well resolved, even for partially
overlapping signals at 6.5 and 6.9 Hz. The peak broadening
and splittings seen in Figure 3b for e.g., the fumarate peaks at

11.5 and 18.2 Hz are caused by small residual fields on the
order of 1 nT orthogonal or parallel to the detection axis,
which induce a different splitting of each peak.

Low-field NMR experiments were also performed following
the same protocol as above, but using the detection procedure
shown in Figure 1g. The resulting *C spectra are shown in
Figure 3c. The fumarate yields a characteristic 1:2:1 triplet
peak pattern centered at 40 Hz, and malate peaks appear at
approximately 38 and 42 Hz. There are additional malate peaks
visible in the simulations but not the spectra, but these are of
significantly lower amplitude. If relaxation effects are neglected,
then the peaks are all of similar amplitude. To get a better
match to the experimental results, dipole—dipole relaxation
between the geminal proton pair in malate was included in the
simulations. The dipole—dipole relaxation assumed a dipolar
coupling of 25kHz between the protons and a rotational
correlation time of S0 ps. This relaxation mechanism was
introduced for a 10 s period prior to the pulse and during
signal acquisition. Importantly, this relaxation mechanism has a
negligible effect on the peaks at 38 and 42 Hz, but the
amplitude is much lower than that of the malate peaks in the
zero-field spectra. We hypothesize that there is an additional
relaxation mechanism related to hydroxyl proton exchange that
is effective at low fields (see Discussion).

3.4. Enzyme-Catalyzed Conversion of Pyruvate to
Lactate. The metabolic conversion of pyruvate to lactate
(Figure 4a) is by far the most-studied in hyperpolarization-
enhanced MRI experiments,”” with over 25 clinical trials
currently recruiting or underway around the world.”® To study
zero- and low-field spectra of [1-'*C]pyruvate and [1-'*C]-
lactate, we produced hyperpolarized pyruvate using the
method described in Materials and Methods. This solution
was either observed directly or mixed with a solution
containing lactate dehydrogenase and NADH (nicotinamide
adenine dinucleotide) and allowed to react for 10 s at Earth’s
field, after which the solution was measured. The concen-
tration of NADH in the solutions was 150 mM, an excess
compared to the 80 mM pyruvate, so complete conversion to
lactate would be expected if the reaction was given sufficient
time to go to completion.

The zero-field results obtained by applying the pulse
sequence from Figure 1d are shown in Figure 4b. The bottom
spectrum shows hyperpolarized [1-'*C]pyruvate, which is an
XA, spin system (one "*C and three methyl protons), which
exhibits peaks at J,x and 2],x, where Jux is approximately 1.4
Hz. Above is the spectrum for the sample to which lactate
dehydrogenase and an excess of NADH were added, and this
shows a number of additional peaks at frequencies up to 18 Hz.
Simulations of the pyruvate and lactate zero-field spectra are
shown beneath pink and teal, respectively.

The low-field results obtained by applying the pulse
sequence from Figure 1g are shown in Figure 4c. The pyruvate
spectrum exhibits the same pattern as would be observed at
high-field: the '*C lines are centered at 41 Hz due to the 3.83
uT background magnetic field, and a 1:3:3:1 quartet is
observed due to the '*C coupling to the three protons. A
central peak can be observed at 41 Hz, which corresponds to a
small [1-'*C]parapyruvate impurity, which we confirmed by
repeating the experiment and seeing a [1-'*C]parapyruvate
peak mthout observable J-couplings in a high-field *C NMR
spectrum.’® The production of lactate can also be seen at low
field; a multiplet corresponding to lactate can be resolved in
addition to the pyruvate quartet (Figure 4c). Simulations of
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Figure 4. (a) The enzyme-catalyzed conversion of pyruvate to lactate.
(b) Zero-field NMR spectra of the reaction solution. (c) Low-field
NMR spectra of the reaction solution. For the pyruvate spectra the
signal of hyperpolarized pyruvate was acquired directly. For the
spectra that show lactate signals, lactate dehydrogenase and an excess
of NADH was added to the hyperpolarized pyruvate solution prior to
detection. All spectra are shown with 250 mHz line broadening. The
10 Hz peak is a noise artifact, also observable with no sample present.
Simulations are shown beneath the spectra in pink and teal for
pyruvate and lactate, respectively. The simulated spectra are vertically
scaled to match the real spectra (see Supporting Information for
further details about the simulated spectra, including all spin coupling
parameters used).

the pyruvate and lactate low-field spectra are shown in pink
and teal, respectively.

3.5. Experiments on a Microfluidic Platform. Micro-
fluidic lab-on-a-chip platforms are commonly used for biology,
so to take a first step in this direction, we carried out an
experiment to observe [1-'3C]fumarate in a lab-on-a-chip
device, rather than in a S mm NMR tube. The ZULF apparatus
was modified to accommodate a polycarbonate microfluidic
chip inside the magnetic shield, with an OPM directly under
the 10 yL sample chamber and a pulse coil to apply magnetic
fields to the sample to excite NMR signals. We carried out the
hyperpolarization procedure described above to produce
[1-*C]fumarate (at natural isotopic '*C abundance) and
injected the hyperpolarized solution through a solenoid
guiding field into the shield and into the microfluidic chip.
The pulse coil was holding a constant 16 4T magnetic field,
and after S s, this field was switched off and the resulting zero-
field NMR signal was detected. A schematic of the apparatus is
shown in Figure Sa, and the NMR spectrum obtained from this
experiment is shown in Figure Sb. Further experimental details
are provided in the Supporting Information.
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Figure 5. Measurement of hyperpolarized [1-'*C]fumarate (without
B3C-enrichment) in a microfluidic chip. (a) The experimental setup,
showing the microfluidic chip resting on top of a 3D-printed former
(made transparent for clarity), which supports a coil and houses the
OPM directly beneath the 10 L sample chamber. The PTFE fluid
inlet and outlet lines are shown in yellow, and the inlet passes through
a guiding solenoid into the shield. (b) The first 2 s of the NMR signal
obtained from a sample of [1-'*C]fumarate in the chip (shown by teal
circles). A background time signal was acquired by repeating the
experiment without a hyperpolarized sample and we show the
difference between the real and background signals. A 10 Hz low-pass
filter was applied to remove 50 Hz line noise, and one in five acquired
data points is shown for clarity. A decaying sinusoidal function of the
form S(t) = —9 cos (27 6.95 t) ¢7/** is overlaid on the data in gray.
(c) The Fourier transform of the NMR signal without the low-pass
filter applied, with 150 mHz line broadening.

4. DISCUSSION

We have shown that zero- and low-field NMR can be used to
measure key steps of metabolic pathways using hyperpolarized
molecules. We chose these two reactions to validate our
method since they have been studied extensively using high-
field NMR and in imaging experiments at high field.>® In work
bridging the gap from high-field to low-field, Korchak et al.

observed conversion of PHIP-polarized pyruvate into lactate at
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24 mT: they observed the 2-"*C isotopomers and used a more-
conventional NMR coil for inductive detection to pick up the
~250 kHz NMR signals.”” We consider this to be at the
boundary between high- and low-field NMR, since the spectra
have chemical shift resolution, but at 22 mT they leverage
many of the advantages of low-field NMR (e.g, lack of
heterogeneous line broadening and setup portability).
However, at 250 kHz rf frequency the skin depth of, e.g,
stainless steel is 870 um, whereas for the ~40 Hz low-field
signals in our experiments, the skin depth is ~6.9 cm. We
believe that this lower-field approach with OPM-based
detection is necessary for detecting samples in/near metals.

We observe that the signals from the converted metabolites
malate and lactate are lower at elevated (3.8 uT) fields
compared to zero field, which is not the case for fumarate and
pyruvate. We attribute this to faster relaxation of malate and
lactate at microtesla fields, which may be related to the fact
that the rate of hydroxyl exchange is approximately 350 s at
pH 7 and 25 °C.*® This is close to nuclear spin Larmor
frequencies at microtesla field strengths, so the fluctuating
dipolar field from exchanging protons may act as a relaxation
mechanism. We performed additional experiments in which we
formed [1-*C]lactate directly via side arm hydrogenation and
allowed it to relax for a fixed time at variable field, followed by
measurement of the *C polarization. From these experiments,
we determined that above a field of ~30 uT, the proposed
hydroxyl exchange relaxation mechanism is no longer
dominant. These results are presented in the Supporting
Information.

In the zero-field experiments, the magnetic field sequence to
generate the signals was chosen such that the reaction solution
remained at relatively high field until signal detection. The
reason for this is that the hyperpolarization remains as Zeeman
order on the ¥C nucleus during the chemical reaction, so the
change in J-coupling topology does not significantly affect the
hyperpolarized spin order. We expect that if the reactions
occurred at zero field, the change in the J-coupling
Hamiltonian, which occurs at different time points for each
molecule, would cause loss of coherence and, hence, significant
polarization losses.”” It is only immediately before signal
acquisition that the magnetic field is switched to zero, and we
observe malate/lactate that formed prior to this; i.e., we do not
see the molecules that form during signal acquisition.

Generally, high-field magnetic resonance imaging of
metabolism using hyperpolarized biomolecules is performed
using a train of small-angle pulses so as not to significantly
perturb the hyperpolarized spin order in each experiment. This
allows one to collect a time-series of spectra to study metabolic
flux and extract information about the reaction kinetics. By
contrast, in the experiments reported here, the magnetic field
sequence converts the hyperpolarized spin order into
observable signals that are detected once; in this sense, it is
a “single-shot” experiment. We carried out additional experi-
ments in a separate ZULF device with a single QZFM,
observing [1-"*C]pyruvate with 15° pulses applied every 6.5 or
8.2 s. The [1-"*C]pyruvate was polarized via dynamic nuclear
polarization (12—13% polarization) and injected into a
suspension of S million HeLa cells in a 10 mm NMR tube.
We observed the [1-"*C]pyruvate signal decay over time, but
we were unable to observe [1-"*CJlactate in these experiments,
due to the lower signal-to-noise ratio of this apparatus and
when using cells rather than a pure enzyme. See Supporting
Information for further details and spectra. Under similar

experimental conditions but with detection carried out in a 1.4
T benchtop magnet, we are able to observe [1-"*CJlactate
formation in time-resolved experiments. This result highlights
that this technology, while promising as an alternative to high-
field NMR, suffers from lower sensitivity and is not yet at the
point of in vivo application.

Quadrupolar nuclei at zero field can act as relaxation sink. At
zero field, nuclear spins with mutual J-coupling become
strongly coupled, since the Zeeman energy differences are
absent and the J-coupling between them dominates. Consider
two spins with a difference in Zeeman polarization that
become strongly coupled in a nonadiabatic manner (e.g., by
quickly turning off an external magnetic field or by chemical
reaction); the polarization of the two spins will begin to
exchange in an oscillatory manner, with the frequency given by
the J-coupling. This oscillating magnetization is the observable
in many zero-field NMR experiments. However, this makes the
hyperpolarized spin order particularly sensitive to the presence
of J-coupled quadrupolar nuclei (e.g, *H or '*N), since
polarization that oscillates onto these spins can rapidly relax.*’
This is not a problem in the low-field experiments. In fumarate
experiments, the reaction to generate fumarate is carried out in
D,0O to prolong the hyperpolarization lifetime, but the
conversion to malate should not be carried out in pure D,0
since all malate molecules would then contain deuterium. We
performed separate experiments in which the enzyme reaction
was carried out in pure D,0, and observed fumarate signals but
no NMR signals from malate. For this reason, we used a 1:1
H,0/D,0 mixture as the solvent for the metabolic reaction, so
approximately 50% of the malate molecules are protonated
rather than deuterated. Novel methods now enable decoupling
of deuterium nuclei, which should help to alleviate this
problem by suppressing the polarization exchange.*"**
Regardless, for in vivo experiments, the fumarate would first
be purified and then brought into an H,O solution using
established methods."’

The gradiometric detection scheme used in this work is
shown schematically in Figure 1b. Taking the sample to be a
long cylinder homogeneously magnetized transverse to the
cylindrical axis, the resulting magnetic field takes a two-
dimensional dipole shape such that the field magnitude is
constant at a given radius from the center of the sample.
Hence, in these experiments, the signal was acquired
simultaneously in both the x- and z-channels of two QZFM
OPMs, and during processing the signal, difference was taken
for each axis. This gradiometric detection scheme has two
advantages: (1) the observable signal is enhanced by detecting
with multiple sensors (up to a factor of 2) and (2) acquiring
the differential signal is an effective way to cancel common-
mode noise (magnetic noise that is the same at the positions of
both OPM:s).

In this work the low-field experiments were carried out at
relatively low frequency (<200 Hz) since the bandwidth of the
magnetometers here was 135 Hz. This is certainly not a
fundamental limitation of the commercial OPMs used in this
work, which have been shown to be capable of operation at up
to 1.7 kHz.**

Most experiments were carried out with S mm NMR tubes,
with a sample volume of ~600 uL, and a detected volume of
approximately 100—200 yL. In the microfluidic experiment, we
were able to observe a 10 yL sample in a single scan, albeit
with a reduced signal-to-noise ratio. A quantitative comparison
between the signal in macro- and microfluidic experiments is
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challenging due to the different experimental procedures that
were employed to obtain the spectra. Although the micro-
fluidic chip used did not involve fluidic complexity, this is a
strength of lab-on-a-chip devices, and indeed it has been shown
that the chemical reaction to hyperpolarize fumarate can be
carried out on a chip.”> Microfluidic NMR is hindered in
widespread use in part due to the need for specially designed
probes for high-field implementation as well as limited
resolution due to magnetic field gradients at the interface
between the chip and sample; ZULF NMR does not suffer
from these limitations and might prove to be a useful
spectroscopic technique in this field.

5. CONCLUSIONS

In this work, we have used a gradiometer based on OPMs to
observe the conversion of [1-13C]fumarate to [1-'*C]malate
and [4-C]malate, and [1-*C]pyruvate to [1-'3C]lactate at
both zero- and low-field. We also report zero-field NMR
spectroscopy of hyperpolarized [1-"*C]fumarate at natural *C
abundance in a microfluidic chip. Since high-field NMR
requires specially designed probes to accommodate lab-on-a-
chip devices, low-field NMR may provide a compelling
alternative, although it is likely that the sensitivity would
need to be improved for widespread applications in this
direction.

For many applications, we consider the low-field experiment
to be preferable to the zero-field experiment in a few ways: (1)
Zeeman order is not strongly perturbed by chemical
transformations since the spin topology changes are small;
(2) quadrupolar nuclei do not act as relaxation sinks; (3) poor
shimming of the magnetic field does not broaden/split the
lines so severely; and (4) the signal frequencies can be chosen
by varying the field, to avoid coincidence with noisy spectral
regions. However, the low-field experiment requires a slightly
more complex experimental setup with a piercing solenoid or
other means of producing a field at the position of the sample
but not the detector.

We believe this work represents an exciting technological
development, but note that the step to in vivo applications will
require further sensitivity improvements due to the greater
distance between the sensor and sample and the lower
concentration of biomolecules in vivo. In the Supporting
Information, we discuss further the possibility for in vivo
experiments and provide an estimate of expected detection
sensitivity. A particular appeal of OPM detection is that the
advanced magnetometer arrays and image reconstruction
algorithms that have been made available for MEG'” could
be used directly for low-field metabolic MRI. There is also the
exciting future possibility of a combined MEG/MRI modality
capable of simultaneously measuring electromagnetic neuronal
activity, brain metabolism, and correlations between the two.
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