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ABSTRACT: Hyperpolarized [1-'*C]pyruvate is a revolutionary molecular probe
enabling ultrafast metabolic MRI scans in 1 min. This technology is now under
evaluation in over 30 clinical trials, which employ dissolution Dynamic Nuclear
Polarization (d-DNP) to prepare a batch of the contrast agent; however, d-DNP
technology is slow and expensive. The emerging SABRE-SHEATH hyper-
polarization technique enables fast (under 1 min) and robust production of
hyperpolarized [1-'*C]pyruvate via simultaneous chemical exchange of para-
hydrogen and pyruvate on IrIMes hexacoordinate complexes. Here, we study the
application of microtesla pulses to investigate their effect on C-13 polarization
efficiency, compared to that of conventional SABRE-SHEATH employing a static field (~0.4 uT), to provide the matching
conditions of polarization transfer from parahydrogen-derived hydrides to the *C-1 nucleus. Our results demonstrate that using
square-microtesla pulses with optimized parameters can produce "*C-1 polarization levels of up to 14.8% (when detected, averaging
over all resonances), corresponding to signal enhancement by over 122,000-fold at the clinically relevant field of 1.4 T. We anticipate
that our results can be directly translated to other structurally similar biomolecules such as [1-'*C]a-ketoglutarate and [1-*C]a-
ketoisocaproate. Moreover, other more advanced pulse shapes can potentially further boost heteronuclear polarization attainable via
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Bl INTRODUCTION

NMR hyperpolarization increases nuclear spin polarization
above thermal levels by 4—6 orders of magnitude, with
corresponding gains in the detected signal.'~® Hyperpolarized
(HP) MRI has emerged as a promising alternative to Positron
Emission Tomography (PET) tracers for real-time metabolic
imaging because low- concentratlon metabolites such as
pyruvate can be mapped in vivo.””® Moreover, detection of
B3C-hyperpolarized nuclei enables imaging without a tissue
background s1gnal Unlike PET, HP MRI employs no
ionizing radiation. 1 Moreover, HP MRI scans can be
completed in 1 min, offering unprecedented exam speed.''
HP [1-"*C]pyruvate has emerged as the key HP contrast agent
for probing anaerobic glycolysis, a central metabolic pathway
frequently upregulated in cancers and other metabolically
challenging diseases.”'*'® The pyruvate '*C-1 nucleus offers a
relatively long HP state lifetime in vivo (T; of ~1 min) and
excellent chemical shift dispersion of downstream metabolites
([1-BC]lactate, '*C-bicarbonate, and [1-'3*C]Jalanine), enabhng
their simultaneous mapping via spectroscopic MRL »12 Hp
[1-'*C]pyruvate can potentially revolutionize molecular
imaging in the future.”'* This leading HP contrast agent is
now under evaluation in over 30 clinical trials according to
clinicaltrials.gov.
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HP [1-"*C]pyruvate is currently produced at clinical scales
via dissolution Dynamic Nuclear Polarization (d-DNP), which
employs cryogenic temperatures, high magnetic fields, and
high-power microwave irradiation.'*"> This technology is
expensive: a clinical-scale device costs over $2 million, and it
also requires expensive cryogens for operation. More
importantly, 5 T SpinLab devices need approximately 1 h to
produce a clinical dose of HP [1-"*C]pyruvate with “C
polarization (Pj;c) of 35—40% with a typical failure rate of
13%."° As a result, slow and expensive hyperpolarization
production limits the biomedical translation of ultrafast HP
[1-"*C]pyruvate MRI. Therefore, faster, more robust, and
more affordable approaches are needed to accelerate the
accessibility of HP [1-"*C]pyruvate to accelerate preclinical
development and for ultimate widespread clinical use.
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In 2009, Duckett and co-workers pioneered Signal
Amplification by Reversible Exchange (SABRE), a hyper-
polarization technique that relies on a simultaneous exchange
of parahydrogen (pHZ) and to-be-hyperpolarized substrates
on metal complexes.'® The spin order of pH, is spontaneously
transferred to the substrate during the exchange without
chemical modification of the substrate.”” In 2015, we
demonstrated SABRE in SHield Enables Alignment Transfer
to Heteronuclei (SABRE-SHEATH), including polarization
enhancement of N***! and '3C,** which have substantial
biomedical importance. In 2019—2020, Duckett and co-
workers have demonstrated the feasibility of [1-'*C]pyruvate
hyperpolarization via SABRE-SHEATH.”>** Moreover, we
have recently reported on refining this approach to
substantially boost the attainable P, ;¢ of [1-'*C]pyruvate.”>~>’
A key innovation to enable [1-"*C]pyruvate exchange on the
time scale suitable for polarization transfer from pH, to the
B3C-1 nucleus is the use of DMSO to co-ligate the iridium
hexacoordinate complex (Figure 1a).”>** A series of other
recent innovations including temperature-cycling and the use
of water enabled Py, values of [1-'°C] gyruvate to be greatly
increased from 1.85%°>** to 13%,25 enabling SABRE-
hyperpolarized pyruvate to be potentially usable for in vivo
studies.”® Unlike d-DNP, SABRE-SHEATH is highly scalable,
rapid (1 min), and relatively inexpensive (the device costs
approximately $20k)” and thus is a potentially game-changing
technology to empower the biomedical community with an
inexpensive source of the HP [1-'>C]pyruvate contrast agent
on demand.

The hyperpolarization dynamics of the SABRE process is
complex,” and the selectivity of polarization transfer from
pH,—derived protons to an X nucleus (eg, C) can be
potentially improved via the application of microtesla field
pulses.’* Recent theoretical and experimental studies have
demonstrated that P;qy can indeed be improved via pulsed
SABRE-SHEATH?®? with polarization gains of u up to ~3-fold,”
resulting in Py of ~10% in ['*N]acetonitrile.

Here, we demonstrate that when microtesla field pulses are
applied during SABRE-SHEATH, it becomes possible to
obtain Py;c of [1-"*Clpyruvate up to ~14.8% (Figure 1b),
corresponding to over 122,000-fold signal enhancement at the
clinically relevant magnetic field of 1.4 T (a spectrum of
thermally polarized neat [1-"*CJacetic acid employed as a
signal reference is shown in Figure 1c).

B MATERIALS AND METHODS

Sample Preparation. Each sample was prepared by
creating a stock solution of 30 mM of [1-"*C]pyruvate mixed
with 20 or 40 mM of DMSO (dried over molecular sieves) in
2.0 mL of CD;OD. Six hundred microliter of this stock
solution was measured into a 1.5 mL Eppendorf tube
conta1n1n§ 2.3 mg of SABRE precatalyst (IrCI(COD)-
(IMes),>**°1) and 60 uL of 10% HPLC-grade water in
CD;OD. This procedure results in a precatalyst concentration
of 6 mM, a [1-"*C]pyruvate concentration of 27 mM, a DMSO
concentration of 18 or 36 mM, and an H,O concentration of
0.5 M. Each sample was then transferred into a medium-wall
NMR tube and purged with ultrahigh purity Argon gas for 2
min and capped. The sample was then taken to the polarizer
setup for activation. All experiments were performed using a
cold-water bath with temperature of 10 °C.

Sample Activation. Each samgle was activated by
bubbling p-H, gas (>98% para- state’’) through the sample
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Figure 1. (a) Schematic of simultaneous chemical exchange of pH,
and [1-*C]pyruvate on activated IrIMes catalyst complexes 3a and
3b™ to yield “free” HP [1-3C]pyruvate. (b) *C NMR spectrum of

27 mM HP sodium [1-*CJpyruvate prepared via pulsed SABRE-
SHEATH (p-H, flow of 120 sccm at 9.2 atm; Ty gy = 6 ms; Tygy =
0.1 ms; Bow < 40 nT; Bygy = —28 uT) using 6 mM
IrCI(COD)(IMes) precatalyst, 18 mM DMSO, 0.5 M water in
CD,0D at 10 °C; total *C polarization values are reported via signal
integration over the three peaks. (c) Corresponding *C spectrum of
signal reference compound (neat [1-*Clacetic acid). (d) Schematic
of the experimental setup (B, field inside the shields is applied along
z-direction; note that residual x—y static magnetic fields may exist in
the shields). (e) Schematic of SABRE-SHEATH pulse sequence. (f)
Photograph of an oscilloscope screen showing a close-up of the
magnetic field pulse rise of less than 0.1 us. (g) Corresponding
photograph of the magnetic field pulse sequence.

for 20 min inside the magnetic shield of the polarizer. This
activation step is performed after purging the gas manifold of
the hyperpolarizer with p-H, gas for at least S min to remove
any trapped oxygen-containing air. The precatalyst 1 activation
leads to formation of complexes 1, 3a, and 3b as described
previously, Scheme 1.>*7%° Only complex 3b is SABRE active,
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that is, leading to formation of free HP [1-BClpyruvate, Figure
la.

Scheme 1. Schematic of SABRE Precatalyst Activation to
Form Complexes 2, 3a, and 3b“
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“Complex 2 is not SABRE-SHEATH active. The scheme is adopted
from ref 25. The precatalyst complex 1 was synthesized as described
previously.****** Reproduced with permission from ref 25. Copyright
2022 Wiley.

SABRE-SHEATH Hyperpolarizer. Briefly, as described
previously,”” the integrated setup consists of a two-layered mu-
metal shield (ZG-206, Magnetic Shield, Corp., Bensenville, IL)
to attenuate the Earth’s magnetic field to less than 40 nT
residual field.* The field inside the shield was created via a
compensated solenoid coil using either a DC power supply

(for conventional SABRE-SHEATH, at fixed field of —0.42 T
with 90% homogeneity over its 7” length) or via the output
signal of an arbitrary function generator (AFG1062, Tektronix,
Beaverton). The field was monitored by a 3-axis fluxgate
magnetometer (Mag—03, Bartington, Witney, UK.). The
activated sample (in a S mm NMR tube) was bubbled with
pH, (~8 atm total pressure (unless otherwise noted) and 70
standard cubic centimeters per minute (sccm) unless noted
otherwise) at an optimized temperature of 10 °C,**Figure 1c,
either using the static —0.42 uT field or microtesla pulses as
shown in Figure 1d. After SABRE-SHEATH hyperpolarization
was completed, the pH, bubbling was ceased, and the sample
was manually shuttled to a 1.4 T benchtop NMR
spectrometer: either a SpinSolve Carbon 60 (Magritek) or
an NMR Pro60 (Nanalysis), Figure 1. The delay between p-H,
flow cessation and acquisition of an enhanced “C NMR
spectrum (without proton decoupling) was approximately 3—5
s.

SABRE-SHEATH Hyperpolarization at a Static Field of
—0.42 puT. The sample was placed at the center of the shield
with a static magnetic field of —0.42 uT (created by an
electromagnet placed in the degaussed mu-metal shield; the
DC current was attenuated via a resistor bank to achieve the
desired field” and the field was verified by a fluxgate
magnetometer; note the field inside the shield is negative
with respect to the detecting 1.4 T magnet) and bubbled with
p-H, for ~30 s at a flow rate of 70 sccm and total p-H,
pressure of 8 bar (unless noted otherwise). The sample was
then quickly transferred into a 1.4 T benchtop NMR
spectrometer for detection as described above.

o Experimental Results

== Numerical Simulations
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Figure 2. Pulsed SABRE-SHEATH: dependence of *C-1 polarization of [1-'*C]pyruvate on the high-field pulse duration, 7,y (a); the high-field
pulse amplitude, By gy (b); the low-field pulse amplitude, By o (c); and the low-field pulse duration, 7oy (d). All experiments were performed
with ~27 mM [1-"*C]pyruvate, 6 mM IrCI(COD)(IMes) precatalyst, 18 mM DMSO, and 0.5 M water in CD;0D at 10 °C. The blue dashed line

in display a is added to guide the eye.
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experiments were performed with ~27 mM [1-"*C]pyruvate, 6 mM IrCl(COD)(IMes) precatalyst, 18 mM DMSO, and 0.5 M water in CD;0D at

+10 °C. Lines between the data points are added to guide the eye.

Pulsed SABRE-SHEATH Hyperpolarization. Pulse se-
quence parameters (schematically shown in Figure le) were
set on an arbitrary function generator (AFG1062, Tektronix,
Beaverton) by creating a square pulse with an amplitude of 2.5
V and zero-offset of —14 to —18 mV (to ensure that the field is
set to less than 40 nT (the detection limit of our
magnetometer)), a period of 4 s, and a duty cycle of 2 s.
The pulse rise and duration were verified via oscilloscope,
Figure 1f,g, respectively. This approach allows us to measure
the exact low-field and high-field amplitudes using a fluxgate
magnetometer and to adjust the current (and by extension, the
magnetic field of the coil) using a resistor bank before we
proceed with the actual pulse (note that setting the field
strength parameters of the sequence with high-frequency
oscillations would render an average value detected by the
magnetometer, which is not what we want). Once the high-
and low-field amplitudes were confirmed, the low-field and
high-field durations were set on the waveform generator and
turned off. Hyperpolarization experiments were then started by
turning on the waveform generator and p-H, bubbling valve at
the same time. The p-H, bubbling was stopped after 30 s and
allowed to settle for a second before the sample was transferred
to the NMR spectrometer for detection as detailed above.
Examples of pulsed SABRE-SHEATH studies are shown in
Figure 2a—d.

13C NMR Data Acquisition for '*C Polarization Build-
Up Measurements. The [1-'*C] polarization build-up curves
(e.g, Figure 3a) were obtained by varying the duration of p-H,
bubbling of the sample placed inside the shield—one data
point was obtained from each experiment with variable
duration of p-H, bubbling. All other experimental parameters
were kept the same.

13C NMR Data Acquisition for '*C Polarization In-
Shield T, Decay Measurements at —0.42 uT. The *C
polarization was allowed to build for 30 s during p-H,
bubbling. Next, the p-H, flow was stopped by opening the
bypass valve, Figure 1d. Next, the sample was allowed to stay
in the shield for "*C polarization decay for a given period prior
to rapid transfer to the high field (1.4 T) for detection, for
example, Figure 3b. Thus, the data was collected by acquiring
one data point per each experiment. All other experimental
parameters were kept the same. All data points before t = 6 s
were excluded (from the data fitting) to eliminate any
contribution from residual polarization build-up inside the
shield due to residual p-H,.

13C NMR Data Acquisition for '*C Polarization In-
Shield T, Decay Measurements in Pulsed-SABRE-
SHEATH. These studies were performed by bubbling p-H,
in the shield for 30 s, while the pulse was running and then
varying the time the sample spent in the shield after cessation

https://doi.org/10.1021/acs.jpca.2c07150
J. Phys. Chem. A XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.jpca.2c07150?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c07150?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c07150?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c07150?fig=fig3&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.2c07150?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

of p-H, bubbling before detection—one data point was
obtained from each experiment. All other experimental
parameters were kept the same. All data points before t = 6
s (from the data fitting) were excluded to eliminate any
contribution from polarization build-up inside the shield due
to residual p-H,.

13C NMR Data Acquisition for '*C Polarization T,
Decay in the Earth’s Field (ca. 50 uT). These studies
were performed by p-H, bubbling in the shield for 30 s and
then quickly shuttling the sample out of the shield and into the
Earth’s field and then varying the time the sample has spent in
the Earth’s field before detection at 1.4 T. One data point was
obtained from each experiment. All other experimental
parameters were kept the same. All data points before t = 6
s were excluded to eliminate any contribution from polar-
ization build-up due to residual p-H,.

13C NMR Data Acquisition for '*C Polarization T,
Decay in 1.4 T Field. The studies were performed by p-H,
bubbling in the shield for 30 s. The p-H, flow was stopped, and
the sample was transferred to the 1.4 T NMR spectrometer.
Then, we varied the duration of time that the HP sample spent
in the spectrometer before NMR detection—one data point
was obtained from each experiment. All other experimental
parameters were kept the same. All data points before t = 6 s
(from the data fitting) were excluded to eliminate any
contribution from polarization build-up due to residual p-H,.

Computation of '3C Polarization Enhancement and
Polarization Values. *C NMR signals from [1-'*C]pyruvate
(concentration, Cyp = 0.027 M) were recorded using single-
scan acquisitions using a 1.4 T benchtop NMR spectrometer as
described above. The HP spectra were recorded from samples
placed in medium-wall NMR tubes with a 1/16” OD Teflon
catheter placed inside. The obtained HP signal (Syp) was
compared to a thermally polarized signal reference sample
(neat [1-"*CJacetic acid, Crgp = 17.5 M, Figure 3c) placed
inside a regular-wall NMR tube. "*C signal enhancements
(&13c) were computed using eq 1 as described previously™

E13c = Sup % Crer % Arer _ Sup % Crer

ree Cup A Sper Cup

X 1.70S

(1)
where Apgp and Ayp are effective cross-sections of reference
and HP samples in the regular-wall and medium-wall NMR
tubes, respectively. The ratio (Apgp/Ayp) was determined
experimentally for both NMR spectrometers employed and
was found to be 1.705 and was used in eq 1. The P; value
was computed according to eq 2

Bic = €3¢ X Bhem (2)

where Py (120 X 107%9%) is the '3C thermal polarization
level at 1.4 T and 298 K.

An example of "*C signal enhancement and polarization
calculations for the spectrum shown in Figure 1b is provided
below

10849 17.5
€3¢ = oom X T

97.77 0.0270

X 1.705 = 1.22 X 10°

P = 122 X 10° X 1.20 X 107*% = 14.8%

Numerical Simulations. All simulations were run using a
physically accurate numerical simulation method introduced
by the Warren lab in 2020.>® The modeled spin system was
simplified extensively (Scheme 2) because many of the

Scheme 2. Schematic of the Three-Spin System and
Relevant Parameters Employed in the Numerical
Simulations

3b
m IMes O

\\
//’I, | “\\\\
R

Ir
13
*(é\\o’/ ~o
Q/ deN: 3 S-‘
kon=02¢"

exchange and coupling parameters are as yet unknown. The
imposed simplifications are as follows: (1) the methyl protons
are truncated out of both the free and bound spin systems; (2)
only the polarization transfer complex 3b is simulated here;
(3) the J coupling network has not been fully determined for
this configuration, so the parameters used were not
experimentally measured, but rather assumed or fit to the
data; (4) the target ligand dissociation rate and hydride
association rate have not been determined in this complex in
the published literature. The hydride association rate (k,)
was fixed at 0.2 s™" because the impact of this rate on the fine
structure of the plots is minimal. The ligand dissociation rate
was fit to the data (kqy).

All parameters used in the simulations were either defined
(Juw = —10 Hz, ki = 0.2 s7'), set to the experimental
values (magnetic field sequence, relative concentrations of
ligand and catalyst), or varied to fit the experimental data
(Te-kan)-

The experimental results presented in Figures 2a—d and 4
were simulated, and the *J_j; and kyy values were determined
by minimization of the RMSD between the experimental and
numerical results.

B RESULTS AND DISCUSSION

We used this simple experimental apparatus to investigate the
application of pulsed SABRE-SHEATH sequences on “C-
pyruvate complexes. Starting with a zero-field, high-field pulse
sequence, varying the duration of the high-field pulse, 7y,

Polarization (%)
i

-10¢

00 05 10 15 20 25 30

THigH (MS)

Figure 4. Fitting exchange rates from pulsed SABRE-SHEATH 7y
sweeps. The red data set (points) has pulse parameters 7, oy = 6 ms,
Brow = 0 4T, and Byygy = —28 4T, and the blue has pulse parameters
Trow = 10 ms, Biow = 0 4T, and By = —28 uT. All experiments
were performed with ~27 mM [1-*C]pyruvate, 6 mM IrCI(COD)-
(IMes) precatalyst, 18 mM DMSO, and 0.5 M water in CD;0D at 10
°C. Numerical simulations (solid lines) used experimental parameters
and spin coupling network (see Methods section) and fit to a kg = 4
s™'. The positions of the extrema in the 7ygy sweep are highly
dependent on both the exchange rate and 7;y. Experimentally
sweeping through 7y gy at a second 7,y duration (7 oy = 10 ms)
demonstrates this shift.
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Figure 5. (a) "*C-1 polarization build-up of [1-'*C]pyruvate via conventional SABRE-SHEATH (—0.42 uT static field) and pulsed SABRE-
SHEATH using (7 ow = 6 ms; Tyy64=96 ps; BLow < 40 nT, By = —28 #T). (b) *C T| polarization decay of [1-*C]pyruvate at —0.42 uT static
field and during application of SABRE-SHEATH pulses. (c) "*C polarization decay of [1-'*C]pyruvate due to polarization dephasing associated
with the shields’ residual magnetization in the x—y plane for four representative magnetic fields of interest applied along the shield’s z-direction (see
Figure 1d). (d) "*C T, polarization decay of [1-"*C]pyruvate at the Earth’s field and 1.4 T. All experiments were performed with ~27 mM
[1-C]pyruvate, 6 mM IrCI(COD)(IMes) precatalyst, 18 mM DMSO, and 0.5 M water in CD;0D at 10 °C. (e) simulations of T4 decay due to
x—y in-situ field inhomogeneities as a function of the applied magnetic field B; (f) corresponding values of root-mean-square deviation (RMSD)

between simulations and experimental results.

results in similar oscillatory behavior in qualitative agreement
with previous "N pulsed SABRE-SHEATH studies.”>** The
polarization periodically shows sharp resonance conditions
centered at specific rotations about the resonance frequency
difference, Awcy, between I; and S. The polarization transfer
minima and maxima are centered about pulse durations 7y
that induce an angular rotation @y;gy = 2-7-n, which occurs

under pulse conditions that satisfy Oy = Tyign (@y — @¢) =
2-Buign-Trien (Yu — ¥c) = 2-mn. Oyigy corresponds to the
angular separation between the I; and S vectors due to the
resonance frequency difference between the carbon-13 and
hydride nuclei in the applied field. The transverse components
of these vectors will rotate relative to one another at the
difference between the precession frequencies of the two
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nuclei. Over a certain time period 7, this angular difference
Omign would then be equal to the frequency difference
multiplied by the duration that this rotation is occurring:
Oricn = 2m(wy — @c) Tmgn = 27BuienTicn (Y — ¥c)- The
extra 27 coefficient is present to ensure the angle is in radians
for clarity. This angle is useful in understanding the action of
the pulse sequence. Unfortunately, contrary to previous
reports, polarization transfer does not improve under larger
values of € in this system as seen by the relatively similar
magnitude of the subsequent maxima (versus otherwise
expected increase) in Figure 2a. Rather nonintuitively, the
benefit of the pulsed SABRE-SHEATH sequences would come
from the attenuation of the J coupling between the hydrides
and the target nucleus (eg., *Jy_y between the hydrides and
the spin-spin-coupled '*N nucleus in the case of N pulsed
SABRE-SHEATH***) or 3J._y; in the case of [1-'*C]pyruvate
studied here, Scheme 2. The ] coupling drives the oscillation of
population between the initialized state with singlet spin order
on parahydrogen-derived hydrides and a target state with
magnetization on the target nucleus. With a large ] coupling,
this oscillates rapidly and some of the spin order can be
returned to the initial state by “back-pumping” before the
ligand exchanges at a rate ky;. Reduction of this coupling
allows for efficient population transfer into the target state with
a reduction of this “back-pumping” effect.

For a spin system like the dominant polarization transfer
complexes in [1-"*C]pyruvate solutions, the assumed *Jc_y is
already small (x5 Hz) and on the order of the exchange rate
calculated for this complex, and so, further effective
attenuation of this coupling does not result in meaningful
improvements in the polarization transfer.

The optimal 7ygy from this sweep corresponds to the
condition where the time-weighted average of the applied field
is equivalent to the optimal continuous field condition.
Additional sweeps through the other three parameters in the
pulse sequence (Byygn Brow, and 71 ow) shown in Figure 2b—
d bear this out. Each parameter is optimized at the condition
where the effective field over the course of the pulse sequence
is equal to the continuous field optimum. This behavior is in
good agreement with numerical simulations shown by the solid
red lines overlaying the experimental data (shown by blue
circles) in Figure 2a—d.

In fact, this agreement between experimental data and
numerical simulations allows for an initial estimate of the
ligand exchange rate and Jcy coupling for pyruvate bound to
the complex 3b. Using physically accurate numerical
simulations of SABRE spin systems in the setting of exchange,
we see clear agreement between theoretical predictions and
experimental results. By fitting the experimental data in Figure
2a—d with simulation across a range of kgn and Jcy,
unreported values to date, we were able to do a preliminary
determination of these parameters. The pyruvate exchange rate
(kyn) was ~4 s7', and the Jcy coupling was +5 Hz.

It should be noted that if the experiment is performed using
different parameters (e.g, “off-resonance conditions”), the
observed trends may look substantially different. For example,
if the By gy sweep is performed with 7, 5y = 10 ms (versus 6
ms), the P3¢ maximum is no longer located in the range of
12—22 uT, Figure 3e,b, respectively. Moreover, a Tygy sweep
performed with 7, gy = 10 ms, Figure 3f (versus 6 ms, Figure
3d) exhibits “spikes” that resemble sinusoidal periodicity, yet
the maxima positions remain the same, Figures 3f,d and 4.

The optimal pulsed field conditions are found at 7oy = 6
ms, Biow = 0 uT, tyigu = 96 ps, and By gy = —28 uT. Under
these conditions, the P;c build-up rate and final polarization
are equivalent to the optimal continuous field experiment at B
= —0.42 uT as in Figure Sa. Furthermore, and perhaps more
surprisingly, Figure Sb shows that the polarization decay after
hyperpolarization is also identical when the sample is exposed
to these field conditions. For these experiments, once P;: was
fully established in our sample, the pH, flow was stopped, the
sample was allowed to depolarize at the field of interest, and
P3¢ was then checked using a 1.4 T NMR spectrometer.
Systematic mapping of this process allows measuring effective
3C polarization decay rates at arbitrary fields of interest. These
mono-exponential decay constants in Figure 5S¢ were measured
for fields ranging from 0.21 yT down to 0 T, showing a sharp
decrease as the field approaches 0 yT: 1.9 + 0.9 s (at 0.00 +
0.04 uT), 5.8 + 0.9 s (at —0.06 uT), 9.6 + 0.7 s (at —0.11 uT),
and 20.7 + 0.3 s (at —0.21 uT). We have also performed
simulations using a model of a normal distribution for the field
inhomogeneity centered about some average field (S, 10, 20,
40, 80, and 160 nT, Figure Se) with a standard deviation that is
equal to half the average field. This simplistic model clearly
shows that as the residual B,_, field increases, Ty decreases
even at relatively high Bz values of 0.42 uT, Figure Se.
Qualitative inspection of these simulated trends with
experimental data (black trace in Figure Se) and quantitative
RMSD analysis (Figure Sf) reveal the magnitude of residual
B,_, field of approximately 80 nT. This value is in overall good
agreement with an estimated residual field of 40 nT (in each
direction, i.e., B, and By) combined with the precision of our
measurement device. The polarization decay was also
measured at Earth’s field to approximate the behavior under
Byigry and at the measurement field, 1.4 T in Figure 5d. These
decay constants—26.4 + 1.2 and 79.3 + 1.9 s, respectively—
were “predictably” longer than the corresponding near-zero
measurements. Previous "N SABRE-SHEATH studies with
the IrIMes catalyst*>*' revealed efficient T, relaxation in
microtesla magnetic fields, which has been rationalized through
the substrate’s exchange with the catalyst, acting as a source of
relaxation for the nearby spins due to different potential
contributions (including enhanced scalar relaxation of the
second kind—i.e., from interactions with quadrupolar Ir*>*—
and/or contributions from the exchange itself).

As the relaxation rate is dependent on the correlation time
for a specific molecule (on the order of picoseconds), the
instantaneous field in the proposed sequence will govern the
relaxation dynamics. One would therefore expect that the
polarization decay rate for the pulsed field experiments, which
stays at 0 T for ~98% of the total field sequence duration,
would be similar to the decay rate for the 0 uT static field.
However, we see a marked decrease in the polarization decay
for the static 0 uT field condition.

These dramatic changes in apparent relaxation dynamics at
near-zero field should not be mistakenly taken for *C T,
decrease because the spin system of interest does not
experience any new energy level crossing that may potentially
result in additional sources of spin relaxation; instead, we
rationalize these observations through the existence of weak
residual magnetic fields in the x—y plane (arising from the
Earth and/or magnetization of the shield), which are
orthogonal to the B field supplied by the solenoid magnet
along the z-axis, Figure 1d. As a result, *C polarization rapidly
dephases at an ever-increasing pace as the B, decreases in our
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experiment, shown in Figure Sc, resulting in a C effective
depolarization constant, T, that becomes progressively smaller
compared to T, as measured at B, of —0.42 uT or at the
Earth’s magnetic field (ca. SO uT), as B, approaches 0 4T. On
the other hand, during a pulsed experiment, the sample
experiences near-zero field dephasing for a negligible period of
time compared to 1/w, (e.g., at 0.04 T residual x—y field, 1/
@, is ~2 s, which is vastly greater than the 6 ms duration
employed in Figure Sa). In other words, the *C spins dephase
by less than 1° during 6 ms at a 0.04 yT dephasing field
(estimated by dividing the Earth’s magnetic field value of ca. SO
uT by the shield attenuation factor of ~1200). Next, the short
application of the —28 uT pulse effectively recovers the
dephasing effects of the near-zero x—y residual magnetic fields
because, during 96 us (e.g., Figure Sa), the *C spin can cover
>100°, which is vastly greater than dephasing by 1°. This spin-
system behavior becomes possible because 7, ow/(1/@w,) or
TLow' @y is substantially lower at Bjoy compared to that at
Byign. These observations are important because the field of
SABRE-SHEATH hyperpolarization is rapidly expanding and
new cutting-edge approaches are being developed. Since most
experimental setups employ multi-layered shields that are
similar to those employed in the presented studies, one may
potentially overinterpret relaxation dynamics observations such
as those shown in Figure Sc. The limitation of such
experimental setups (including ours) operating at static
magnetic fields (especially for measurements of polarization
build-up and decay at B, approaching 0 4#T) can be potentially
improved through the implementation of x—y coils and the
application of alternating (+x)—(+y)-(—x)—(—y) pulses to
decouple the dephasing effects of residual x—y magnetic fields
in the shields—examples of such approaches in the context of
other applications have been presented previously,>” and future
studies of experimental designs to compensate these effects are
certainly warranted.

Opverall, the square-microtesla-pulse approach and static-field
approach yield overall similar (within experimental error)
build-up and relaxation decay rates in the microtesla regime,
Figure Sa. The gain in observed "*C polarization (14.8% in this
report, Figure 1b) versus ~12% (in our recent reports>*®) in
[1-"*C]pyruvate is primarily the result of the use of the overall
higher p-H, pressure and flow rates: 120 sccm at 9.2 atm
versus 70 sccm and 8 atm, respectively. These observations
suggest that P;3c on [1-'*C]pyruvate can be further addition-
ally improved through the use of high-pressure and high-flow
experimental setups—work in progress in our laboratories. We
anticipate that these pilot experimental results will stimulate
future theoretical studies of '*C pulsed SABRE-SHEATH in
the context of [1-"*C]pyruvate and other biologically relevant
molecules. Furthermore, we speculate that more robust and
efficient pulsed approaches may be possible to further boost
[1-*C]pyruvate polarization efficiency via SABRE-SHEATH
by minimizing the sample exposure to near-zero magnetic
fields to reduce the contribution from unfavorable relaxation.
From the substrate perspective, we foresee the immediate
application of the presented approach to other bio-a-
ketocarboxylates including [1—13C]a—ket0glutarate44 and
[1-3C]a-ketoisocaproate.*®

B CONCLUSIONS

We have reported on the utility of the pulsed SABRE-
SHEATH approach to efficiently hyperpolarize *C nucleus to
yield Py;c of nearly 15% at the time of detection. The Pj;¢ of

the pulsed approach matches that of the static SABRE-
SHEATH performed at the optimum field of —0.42 uT despite
vastly unfavorable P ;- dephasing dynamics at the near-zero
magnetic field, where the spin system spends most of its time
during the pulsed experiment. Importantly, in the context of
biomedical translation, the presented results were obtained at a
relatively high [1-"*C]pyruvate concentration of 27 mM in 0.6
mL volume, which would provide a sufficient bolus for future
pilot in vivo applications of HP [1-'*C]pyruvate produced via
SABRE-SHEATH in small rodents. Although HP [1-"*C]-
pyruvate was prepared here in CD;OD with 6 mM IrIMes
catalyst, the recent advances in the SABRE-catalyst remov-
al**™** and HP substrate reconstitution in biocompatible
media®” bode well for near-future biomedical translation of HP
[1-*C]pyruvate produced via pulsed SABRE-SHEATH—a
subject of ongoing efforts in our partnering laboratories.
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