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Abstract

Dissolution dynamic nuclear polarization (dDNP) is a method of choice for preparing hyperpolarized *C
metabolites such as 1-'3C-pyruvate used for in vivo applications including the real-time monitoring of cancer cell
metabolism in human patients. The approach consists of transferring the high polarization of electron spins to
nuclear spins via microwave irradiation at low temperatures (1.0-1.5 K) and moderate magnetic fields (3.3-7 T).
The solid sample is then dissolved and transferred to an NMR spectrometer or MRI scanner for detection in the
liquid state. Common dDNP protocols use direct hyperpolarization of 1*C spins reaching polarizations of >50%
in ~1-2 hours. Alternatively, 'H spins are polarized before transferring their polarization to '*C spins using cross-
polarization (CP), reaching similar polarization levels as direct DNP in only ~20 min. However, it relies on more
complex instrumentation, requiring highly skilled personnel. Here, we explore an alternative route using 'H
dDNP followed by an inline adiabatic magnetic field inversion in the liquid state during the transfer. 'H
polarizations of >70% in the solid-state are obtained in ~5-10 min. As the hyperpolarized sample travels from
the dDNP polarizer to the NMR spectrometer, it goes through a field inversion chamber, which causes 'H—!*C
polarization transfer. This transfer is made possible by the J-coupling between the heteronuclei, which mixes the
Zeeman states at zero-field and causes an anti-level crossing. We report liquid-state '*C polarization up to ~17%
for 3-13C-pyruvate and 3C-formate. The instrumentation needed to perform this experiment in addition to a
conventional dDNP polarizer is simple and readily assembled.
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Introduction

Small molecules with hyperpolarized '*C nuclear spins' represent probes with exquisite chemical and spatial
resolutions for real-time in vivo magnetic resonance imaging (MRI).23 The most important example is [1-13C]-
pyruvate, which has been used to detect and monitor the development of prostate cancer in human patients, from
an early stage*. In addition to medical imaging, hyperpolarization of nuclear spins in the liquid state has also
found applications in nuclear magnetic resonance (NMR) spectroscopy,’ from drug discovery®’ and biomolecular
NMR?? to chemical reaction monitoring.!®!! Dissolution dynamic nuclear polarization ({DNP) is a capable of
polarizing a large number of molecules reaching polarizations of tens of percent, near the absolute theoretical
maximum.'?> The method consists of transferring the high polarization of unpaired electron spins to the
surrounding nuclear spins in the solid state using microwave irradiation (uw) at low temperatures (typically 1-2
K) and moderate magnetic fields (typically 3-7 T); once the sample is hyperpolarized, it is dissolved by a burst
of hot solvent and transferred to an MRI scanner or NMR spectrometer for use in the liquid state.'> The most
widespread dDNP approach uses the narrow-line radical trityl to transfer the electron spin polarization directly
to the 13C spins.'*!® This allows the '3C spins to polarize to high levels exceeding 60%, but has the disadvantage
of being relatively slow, as the sample typically takes 1-2 hours to reach the DNP equilibrium. The throughput
of dDNP can be increased by using the broad-line radical TEMPOL to polarize 'H spins and subsequently transfer
the polarization from 'H to '3C spins before dissolution in the solid state, using cross-polarization (CP) in
Hartman-Hahn conditions (HH-CP)!¢"!® or through the dipolar order (dCP).!%?° The CP-based approach is also
capable of reaching high '3C polarization exceeding 60%, but in a much-reduced time of typically 15-20 min.
However, the HH-CP approach also has its Achilles heel as it requires strong radiofrequency (rf) powers that are
difficult to realize in super-fluidic helium, without detrimental arcing of the NMR coil.

In the past years, spin dynamics in the liquid state at zero to ultra-low field (ZULF) have been abundantly used
to transfer spin order from 'H to '*C in parahydrogen-induced polarization experiments (PHIP)."?!-2¢ In the
context of dDNP experiments, the consequences of spin dynamics at low field have been attested during the
transfer of hyperpolarized solution from the polarizer to the liquid-state spectrometer but, to date, they have not
been exploited actively to transfer polarization from 'H to '3C spins.?”-?® Here, we propose to prepare '*C-
hyperpolarized metabolites using '"H DNP — which can readily be performed within minutes on any existing
dDNP device —, followed by dissolution and an inline flow through an adiabatic magnetic field inversion chamber
to transfer the 'H Zeeman order to the '*C spins through the J-coupling. This inversion chamber might have the
potential to become a broadly compatible add-on to any existing dDNP device. We dub this method “field
inversion relayed enhancement-dDNP”” (FIRE-dDNP). The experimental setup is depicted in Figure 1A-B. The
only difference between this experimental setup and standard dDNP setups is the presence of an inversion
chamber consisting of commercial mu-metal shields equipped with solenoid coils on 3D printed supports and
powered by standard laboratory power supplies. Fig. 1C shows the magnetic field profile of the inversion
chamber and the simulated 'H and '*C polarizations as the spins travel through the field profile. The polarization
transfer occurs in the region where the magnetic field is in uT range, that is, when the J coupling becomes larger
than the Zeeman interaction. We present a comprehensive theory of polarization transfers by FIRE. We then
demonstrate polarizations up to 17% in the liquid state after only 10 min of DNP for '3C-formate and [3-'3C]-
pyruvate in DNP juice doped with 50 mM TEMPOL. Finally, we propose routes to extend the applicability of
the method to molecules with weak J couplings such as [1-13C]-pyruvate, which is highly relevant to in vivo
imaging.

Theory

FIRE makes use of an adiabatic magnetic field inversion to transfer Zeeman order between heteronuclear spins
via their J coupling. A quantum adiabatic process is a transformation that is slow enough to allow the system to
remain in its eigenstates. We first show that an adiabatic field inversion for isolated '3*CH and '*CH3 spin systems
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Figure 1: (a) Experimental setup for 1*C hyperpolarization by 'H dDNP followed by FIRE. The inversion chamber is added
along the transfer line from the polarizer to the liquid-state spectrometer. As molecules travel through the inversion chamber,
polarization transfers from 'H to *C spins. (b) 3D cut plane of the inversion chamber. (c) Field profile in the inversion chamber
(black line) and simulated 'H and '3C polarizations along space (colored lines) for 1*C-formate, traveling at 4 m.s™. See the
theory section and the Supplementary Material for more details on the simulation.

where '3C and H are J-coupled heteronuclear spins, allows *C and 'H to exchange polarization. These two model
systems correspond to '*C-formate and the three isotopomers of pyruvate with a single '3C label. Note that our

approach applies for any CH,, spin system and that the codes provided in the Supplementary Material can generate
the analytical solutions for any n > 1.

The Hamiltonian describing the spin system during the field inversion is the sum

Heot(t) = Hz(£) + H, Eq. 1

of the time-dependent Zeeman Hamiltonian

—~ A n ~

Hz(t) = —B,(¢) ( YsSz + 1 Z 1Iiz) Eq.2
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and the time-independent J coupling Hamiltonian

B=hs8- ) Ti+h) T, Eq.3

=1 >j
3

https://doi.org/10.26434/chemrxiv-2023-6gd0l-v2 ORCID: https://orcid.org/0000-0002-8490-030X Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2023-6gd0l-v2
https://orcid.org/0000-0002-8490-030X
https://creativecommons.org/licenses/by-nc/4.0/

where S and I represent 3C and 'H spins, respectively, and B,(?), y1, ys, Jis, and Ji are the magnetic field intensity
along the z axis at time ¢, the gyromagnetic ratio of I and S spins, and the J coupling between I and S spins and
between I spins, respectively. Figure 2 shows the eigenfrequencies of the Hamiltonian as a function of the
magnetic field intensity in the case of a '*CH spin system with and without including the J-Hamiltonian (panels
B and A, respectively). When the magnetic field is sufficiently strong, the eigenfrequencies vary linearly with
the field intensity, i.e., the eigenbasis is given by the Zeeman states. When the field intensity is sufficiently low,
the J interaction mixes the |afB) and |Sa) states and causes an avoided crossing or level anticrossing (LAC).?
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Figure 2: Eigenvalue plots for a pair of 'H and '3C spins without and with a J-coupling of 200 Hz (panels A and B, respectively).
The solid and dashed lines represent states that are and are not populated, respectively, assuming initial polarizations Pi(*C) =
0 and Pi('"H) = 1 and an adiabatic process. The white and black dots represent the initial and final populations, respectively.
The black arrows indicate the time evolution of the eigenvalues during the adiabatic field inversion.

If the initial polarizations of 'H and '3C spins are Pi('H) = 1 and Pi(**C) = 0, respectively, the population
coefficients of states |@f) and |aa) are Y, while the other two states are not populated. According to the
definition of adiabatic transformations, an adiabatic field inversion causes the states to follow the line represented
in Fig. 2. In the absence of a J coupling, Fig. 2 shows that, after inversion, the populations remain on the |@f)
and |aa) states, that is, no polarization occurs. On the contrary, with a J coupling, the system has populations
|Ba) and |aa) with coefficients Y, after inversion, which corresponds to final polarizations P{'H) = 0 and
P{(3C) = 1. In other words, the polarization of the 'H spin is transferred to spin '3C. In the more general case
where 'H spins have any polarization Pi('"H) and '3C spins are not polarized in the initial state, the final
polarizations are

P('H) =0

Pf(13C) _ Pi( 1H)' Eq. 4

In the case of a '3CHj3 spin system, the same argument can be used to find out the final polarizations from the
initial polarizations Pi('H) and Pi('*C) = 0, but the analysis is more complicated as the eigenbasis contains 16
states. We show in the Supplementary Material that the final polarizations are

U
)« ) -

These analytical expressions are plotted in Fig. S3. To reach this result, we assumed that there are no avoided
crossings between states of different total angular momentum.’® We further assumed that there are no allowed
crossings between states of similar total angular momentum and verify the validity of this assumption by visual
inspection of the eigenvalue plot (see Fig. S2). Eq. 5 shows that 'H spins, which outnumber !*C spins, do not lose
all their polarization as they transfer some of it to '*C spins. In the limit of weak initial '"H polarization (i.e.,
|Pi('"H)| < 1), Eq. 5 also shows that the final polarization of I spins is P«('*C) = 5Pi('H)/4, i.e., the final polarization
of 13C spins is ¥4 higher than the initial polarization of 'H spins. It should be noted that polarization is defined

Eq.5
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with respect to the axis before field inversion. As a consequence, the field inversion inverts the sign of
polarization if the reference frame is chosen according to the direction of the magnetic field after inversion.

The analysis presented above gives the final polarizations if the field inversion is “infinitely slow” or “sufficiently
slow”. Landau-Zener theory predicts that the inversion time should be long compared to the inverse of the
interaction strength of the perturbation (here, the J-coupling) for the transformation to be adiabatic.’! This means
that the inversion time iy should be longer than 1/Jis. In the case of '*C-formate, [3-'3C]-pyruvate, [2-*C]-
pyruvate, and [1-*C]-pyruvate (which have J coupling constants of 195, 125, 6.2, and 1.3 Hz) this represents
inversion times of approx. 5, 8, 160 and 770 ms, respectively. If the inversion time is of the order of tens of ms,
it is therefore expected that '*C-formate and [3-'3C]-pyruvate experience an adiabatic process and polarization is
efficiently transferred from 'H to 3C spins. On the contrary, for [2-3C]-pyruvate and [1-"*C]-pyruvate, the
adiabaticity criterion is not fulfilled and the final polarization of '3C spins is close to 0 after the field inversion.
The polarizations of 'H and '3C spins after inversion can be predicted more precisely by numerical simulation.
The polarization transfer was simulated for four molecules that experience the field profile used in the
experiments presented below (shown in Fig. 1C). Initial polarizations of 1 and 0 were assumed for 'H and '*C
spins, respectively. Figure 3 shows the numerically-simulated final polarizations of "H and '*C spins as a function
of the inversion time (note that each point on the x axis in Fig. 3 corresponds to a different simulated experiment;
the curves correspond to the polarizations at the end of an experiment rather than along a single experiment).
13C-formate being a '3CH spin system, Fig. 3 shows that for sufficient inversion time, 'H and '*C spins have
polarizations 0 and 1, respectively, in agreement with Eq. 4. [3-13C]-pyruvate being a '*CHj spin system, Fig. 3
shows that for sufficient inversion time, 'H and '*C spins have polarizations 2/3 and 1, respectively, in agreement
with Eq. 5. For [2-3C]-pyruvate and [1-'3C]-pyruvate, all simulated experiments have too short inversion times
to allow for a significant polarization transfer between 'H and '3C spins. In our experimental setup, the
hyperpolarized solution travels at ~4 m.s”!, which represents an inversion time of 40 ms. The simulations in Fig. 3
therefore show that FIRE in these particular conditions should be efficient for '*C-formate and [3-'*C]-pyruvate but
not for [2-13C]-pyruvate and [1-3C]-pyruvate.

A. "*C-formate, J = 195 Hz B. [3-"*C]-pyruvate, J = 125 Hz  C. [2-"*C]-pyruvate, J=6.2Hz  D. [1-"*C]-pyruvate, J = 1.3 Hz
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Figure 3: Numerical simulation of the final 'H and '3C polarizations after field inversion, as a function of the inversion time.
The simulation assumes that the initial polarizations of the 13C and 'H spins are 0 and 1, respectively.

Results and Discussion

All experiments were performed on a mixture of '*C-formate, [3-1*C]-pyruvate, [2-!*C]-pyruvate, and [1-1*C]-
pyruvate (at concentrations of 0.43, 0.44, 0.44, and 0.45 M, respectively) in the glass-forming mixture “DNP
juice” (1:3:6 H,O:D,0:glycerol-ds v/v/v) doped with 50 mM TEMPOL. A single stock solution was prepared
and stored in aliquots of 100 pL at —80 °C. For all experiments, 100 pL of the solution was loaded in a PEEK
sample cup and rapidly immersed into the liquid helium bath of the cryostat of a 7.05 T dDNP polarizer (Bruker
Biospin prototype polarizer) to ensure that the sample froze as a homogeneous glass. 'H spins were
hyperpolarized under positive DNP using a microwave frequency of 197.648 GHz modulated at a rate of 500 Hz
over a bandwidth of 128 MHz (with saw-tooth modulation). Figure 3A shows an example of DNP build-up for
this sample at 1.2 K in the solid state monitored every 5 s with a train of 64 pulses of 0.1° nutation angle.'> The
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mean polarization at the end of the DNP build-up for the seven measured samples is 52% with a standard
deviation of 2% between samples. Note that the polarization is strongly underestimated due to severe radiation
damping (leading to strong line broadening and signal losses during spectrometer dead-time) and is probably
closer to 70% at DNP equilibrium (more details on polarization quantification are given in the Supplementary
Material).>? After the 'H polarization plateaued, the sample was dissolved and transferred to a liquid-state 1.88
T benchtop spectrometer (Fourier 80, Bruker Biospin) using a fast dissolution, transfer, and injection system, as
described elsewhere.®? The total time between triggering the dissolution process and the sample being injected
into the NMR tube was of 1.78 and 1.55 s with and without the inversion chamber along the transfer line. Fig.
3B shows the decay of 'H polarization of the four analytes in the liquid state monitored with 1° pulses every
second, in the case where the spins did not experience field inversion, that is, for a standard dDNP experiment.
The first spectrum was acquired 1 s after injection. The 'H polarization for '*C-formate and [3-'3C]-pyruvate at
injection were extrapolated by a mono-exponential fit and were found to be 13.3% + 0.6% and 12.0% + 0.1%,
respectively. That of [1-13C]-pyruvate and [2-'3C]-pyruvate were averaged between the two molecules because
their signals are not resolved and is of 11.61% + 0.06% at injection (see below). The error bars are errors on the
fit (see the Supplementary Material for details on the propagation of uncertainty). The loss of polarization during
the dissolution and transfer process from ~52% and ~12% can be attributed to paramagnetic relaxation due to
the presence of the polarizing agent TEMPOL, in particular at low field in the transfer line between the polarizer
and the liquid-state spectrometer (~4 mT).?” An additional source of relaxation for the three isotopomers of
pyruvate is intramolecular dipole-dipole relaxation between the 'H spins, which is likely to be responsible for the
lower liquid-state polarizations of pyruvate with respect to that of '*C-formate. '3
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Figure 4: (a) 'H polarization building up under DNP in the solid state at 1.2 K and 7.05 T, reaching 50% after 5 min. (b) Decay
of 'H polarization in the liquid state at 1.88 T and XXX K as a function of time after injection without going through the
inversion chamber. The experimental data (colored dots) are fitted with a mono-exponential decay (black lines).

The experiment was repeated adding the field inversion chamber along the transfer line between the polarizer
and the fast injection system, as shown in Fig. 1. The inversion chamber consists of mu-metal magnetic shields
(MS-1, Twinleaf LLC) equipped with home-made coils on 3D-printed supports (details on the coils are available
in the Supplementary Material). It was located as close as possible to the polarizer to mitigate 'H relaxation
before the polarization transfer. 'H spins were hyperpolarized as in the experiment presented in Fig. 4. Before
the sample was dissolved, a train of 30 7/2 pulses was applied to the '3C spins to wipe out their polarization and
ensure that the polarization observed in the liquid state did not originate from direct '3C DNP in the solid state.
The dissolution process was then carried out as in the experiment presented in Fig. 4. The experiment was
repeated twice. In the first case (run #1), 'C spectra were recorded using 5° pulses and a repetition delay of 10 s
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starting immediately after injection. In the second case (run #2), a single 'H spectrum was recorded 3 s after
injection using a 5° pulse, and only then a series of '3C spectra were recorded using 5° pulses and a repetition
delay of 10 s. In the latter case, the first 1*C spectrum was recorded ~7 s after injection (this delay is approximate
because the time for the NMR control system Topspin to launch the '*C pseudo-2D experiment following the 1D
'H spectrum is not well defined). Figure SA shows the first hyperpolarized '*C spectrum of run #1. As expected
from our theoretical predictions, '*C-formate and [3-'*C]-pyruvate yield strong signals while [1-'*C]-pyruvate is
barely detectable (polarization of ~0.3%). Unfortunately, the spectral window was too narrow to detect [2-13C]-
pyruvate (this is the case for all '3C-detected experiments). Fig. 5B shows the decay of *C polarization for *C-
formate and [3-'3C]-pyruvate in run #2. Mono-exponential fits were used to extrapolate the polarization at the
time of injection (see Eq. S31). We performed two additional '3C-detected experiments without field inversion
as negative experiments. In the first case (run #3), the solution traveled through the inversion chamber, but the
polarity of the solenoids was changed so that the magnetic field did not invert. As a consequence, the spins
experienced a region of low field in the pT region but no actual field inversion. In the second case (run #4), the
inversion chamber was removed from the transfer line. Again, a single 'H spectrum was recorded with a 1° pulse
3 s after injection and then the decay of '3C polarization was recorded with 5° pulses every 10 s. In both cases,
the 13C polarization yielded non-negligible values at injection on the order of 2% and 6% for '*C-formate and [3-
BC]-pyruvate, respectively. Fig 5C and Table 1 summarize the polarization values at the time of injection (note
that for experiments #2, #3, and #4, this value is an extrapolation).
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Figure 5: (a) Hyperpolarized '3C signal after inversion in the liquid state for '*C-formate and 3-'*C-pyruvate at 1.88 T. The
inlet shows the weak signal originating from 1-'3C-pyruvate (b) Decays of *C polarization monitored with 5° pulses for *C-
formate and 3-'*C-pyruvate as a function of time after injection in the case where the spin experienced a field inversion during
the sample transfer. The colored areas around the fitted curves represent the predicted polarization with 95% confidence. (c)
Comparison of the 1*C polarization at the time of injection in the liquid state for the four 3C-detected experimental runs. See
the text for experimental details on the different runs.
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Table 1: 13C longitudinal relaxation time constants in s and polarizations in % at the time of injection obtained by mono-exponential
fits of the decaying hyperpolarized signals recorded using 5° pulses. The error bars correspond to errors on the fit (which do not
include the uncertainty on signal integrals).

Experiment 13C-formate [3-13C]-pyruvate [1-13C]-pyruvate
7,("C) P(°C) 1("0) | _P(°Q) 7,("C) P(°C)
With #1 21.3+03 | 10.06+0.09 | 14.0+0.2 | 11.23+0.08 82+9 0.3+0.02
inversion #2 21.7+0.2 17.0+0.1 14.4+0.3 17.6 0.3 106 + 15 0.3+0.02
No #3 20+4 1.8+0.2 16.1£0.9 5.7+0.3 69 + 98 0.02+0.02
inversion #4 28 +£2 1.7+0.1 15.5+0.8 59+03 101 £23 0.13+£0.02

The lower performance in run #1 compared with run #2 (where the experimental process was exactly the same
except for the detection scheme in the liquid state) is surprising but might simply come from a lack of repeatability
from the operator during the dissolution step. Indeed, the dissolution process is triggered manually after the
dissolution stick has been connected to the sample. The timing is very critical as the sample starts to warm up,
which we believe leads to strong solid-state paramagnetic relaxation of the 'H spins.'3 The polarization with field
inversion is larger than without for all molecules, indicating that the field inversion does induce a polarization
transfer. The relatively high '*C polarizations without field inversion for 3C-formate and [3-'3C]-pyruvate of 2%
and 6%, respectively, may be surprising at first sight, in the light of our theoretical predictions. However, our
theory only describes the coherent effect of FIRE. The two molecules with strong 'H-'3C J couplings also have
strong 'H-'3C dipolar couplings, which leads to a spontaneous polarization transfer via the incoherent cross-
relaxation effects.?®343¢ Note that the 7 values are significantly longer for the experiment without field
inversion.

We repeated the dDNP experiment with field inversion, but monitored the full decay of the 'H polarization after
injection with 1° pulses every 1 s. This corresponds to the same experiment as in Fig. 4, but with a field inversion.
Figure 5 shows a comparison between the 'H-detected experiments without and with field inversion. The first
spectrum was recorded 1 s after injection and is shown in panels A and D, respectively. For the experiment
without field inversion, all signals have the same phase, as expected for a standard dDNP experiment without
field inversion. The signals of the four '*C-labeled molecules consist of doublets. Those of the three isotopomers
of pyruvate are centered around 2.3 ppm. Those of [ 1-'*C]-pyruvate and [2-'3C]-pyruvate overlap due to the weak
'H-13C J-couplings (6.2 and 1.3 Hz, respectively), while that of [3-'3C]-pyruvate is resolved due to the strong
coupling (125 Hz). The group of signals between the water and pyruvate signals probably originate from
hyperpolarized residual 'H atoms of glycerol-ds. The appearance of the spectrum with field inversion is very
different; the spectrum is dominated by a strong signal (more than two orders of magnitude stronger than that
shown in Fig. 5A) which is the result of “radiofrequency amplification by stimulated emission of radiation”
(RASER).*” This non-linear effect occurs when the current induced in the receiver coil by strong negative
magnetization acts as a pulse on the magnetization itself;3® the fraction of magnetization in the transverse plane
induces current in the receiver coil acting like a pulse converting more longitudinal magnetization into transverse
magnetization. This results in flipping back the magnetization along the direction of the magnetic field causing
characteristic signal bursts in the free induction decay (FID) (see Fig. SE), much stronger than that induced by
the initial 1° pulse without RASER (see Fig. 5B for comparison). The presence of the RASER effect in this
experiment shows without doubt that the field inversion has inverted the direction of the magnetization with
respect to the magnetic field, at least for some of the spins.
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Figure 6: First hyperpolarized 'H spectra (A, D) recorded 1 s after injection using a 1° pulse, corresponding FIDs (B, E), and
polarization as a function of time for '3C-formate and [3-'3C]-pyruvate (C, F), without and with field inversion during the
transfer, respectively. The spectra and their respective FIDs are expressed using the same scale for the y-axis, which is
normalized with respect to the intensity of the signals in panels D and E. The experimental data in panels C and F (colored
dots) are fitted with a mono-exponential decay and bi-exponential function decaying to 0, respectively (black lines). The colored
areas around the fitted curves represent the predicted polarization with 95% confidence.

Two groups of resonances contribute to the RASER, the singlet of water and the two doublets of [1-'3C]-pyruvate
and [2-'*C]-pyruvate (see Fig. 5B). This polychromatic RASER makes the interpretation of the phases of the
peaks complicated. Yet, this does not affect the most relevant peaks, i.e., those of '*C-formate and [3-'3C]-
pyruvate. Note that the RASER is only present in the first spectrum of the decay. Its only consequence for the
subsequent signal acquisition is that it flipped the water magnetization along the magnetic field in the beginning
of the decay. Figs. 5C and F show the time evolution of the polarization of '*C-formate and [3-'3C]-pyruvate
without and with field inversion, respectively. Polarizations decay monotonically for the experiment without field
inversion. On the contrary, they increase until a maximum and only then decay towards 0, in the case of the
experiment with field inversion. Polarizations over time were fitted with mono-exponential and bi-exponential
functions in the case of the experiment without and with inversion, respectively. Figs. 5C and F show the fitted
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polarizations along time. Table 2 summarizes the time constants of the models and the polarizations extrapolated
at the time of injection. Again, 7' values are longer for the experiment without field inversion.

Table 2: 'H longitudinal relaxation time constants and other time constants in s and polarizations in % at the time of injection
obtained by mono-exponential decay or bi-exponential fits of the hyperpolarized signals recorded using 1° pulses. The error bars
correspond to error on the fit (which do not include the uncertainty on signal integrals). Trand T’ are the fast and slow time constants
of the bi-exponential model, respectively.

BC-formate [3-13C]-pyruvate
Tror | Tror )
Tl(lH) TS P( H) Tl(lH) TS P( H)
CWith 504 | 118405 | -15+£10 | 205407 | 81406 94
mversion
_ No 33402 - 16541 | 2.84+0.03 - 154402
mversion
[1-13C]-pyruvate and
[2-13C]-pyruvate H0
Ti('H) P('H) T1('H) P('H)
| With 2,68 +0.03 7.840.1 274+ 0.03 0.79 = 0.02
mversion
. No 3.07 +0.02 11.61 + 0.06 416 +0.03 438 +0.02
mversion

The bi-exponential nature of the 'H signals over time for '3C-formate and [3-'*C]-pyruvate after polarization
transfer by FIRE may be explained by the nuclear Overhauser effect (NOE).?* Following FIRE, 'H spins are
negatively polarized and relax towards thermal equilibrium within a few seconds (mainly due to paramagnetic
relaxation). The negative polarization of '3C spins relaxes slower and can therefore cross-relax onto 'H spins.
Since these molecules are small and tumble rapidly in solution, the double-quantum cross-relaxation rate is faster,
which causes a sign inversion of the transferred polarization and, hence, the observed positive 'H polarization
build-up. Similar observations have been reported by other authors. 'H spins in methyl groups hyperpolarized
either by either dDNP2840 or quantum rotor-induced polarization (QRIP)* have been shown to cross-relax to the
methyl 13C. Negroni ef al. gave a detailed account of the polarization transfer pathways between equivalent 'H
spins and a single '*C spin, mediated by dipolar 'H-!3C interactions during the transfer of a hyperpolarized
solution between the dDNP polarizer and the liquid-state spectrometer.?® For all molecules where the liquid-state
T1 could be reliably fitted to the polarization decay, we found that the value was longer for the experiment without
field inversion. This might be explained by the presence of RASER effects in all experiments with field inversion.
Indeed, following RASER, the sample is split into regions of opposite polarization because RASER is only
effective in the active volume of the NMR coil. Spins that have been subject to RASER have opposite polarization
inside and outside the active volume of the coil. 71 measurements are therefore likely to be influenced by diffusion
of molecules between the sample regions inside and outside the active volume of the NMR coil. Even if molecules
are not directly subject to RASER, this putative mechanism may still affect them via an intermolecular NOE
between 'H spins.” A detailed analysis of these effects is beyond the scope of the present work.

The 'H polarization decay in the liquid-state without field inversion allowed us to extrapolate the polarizations
of BC-formate and [3-'3C]-pyruvate at the moment of the field inversion, i.e., ~0.7 s before injection. We found
that the 'H polarizations were 16.5% = 1% and 15.4% = 0.2%, respectively. From these numbers, Egs. 4 and 5
(for 3C-formate and [3-'3C]-pyruvate, respectively) give the theoretical '"H and '*C polarizations after FIRE,
assuming that the initial '*C polarization was 0 due to the saturation pulses in the solid state before dissolution.
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The theoretically-predicted polarization values are compared in Table 3 with the experimentally-measured values
extrapolated from the measurements with field inversion. The differences between the theoretical predictions and
the experimental values are all within 10% of the experimental values. Note that the 'H polarization after FIRE
for 13C-formate is expected to be exactly 0 so the relative difference between theory and experiment was not
calculated. The experimental value is close to zero although 0 is not within the 95% confidence interval.

Table 3: Comparison of the experimental 'H and *C polarizations of '*C-formate and [3-13C]-pyruvate immediately after inversion
(extrapolated from the liquid-state decays with field inversion) with the prediction of Eqs. 4 and 5 assuming initial 'H polarizations
0f 16.5% =+ 1% and 15.4% =+ 0.2%, respectively, while the *C polarizations were assumed to be 0 for both molecules (the initial 'H
polarization was extrapolated from the decay without field inversion)

13C-formate [3-13C]-pyruvate
. . Relative . . Relative
Experimental Predicted difference Experimental Predicted difference
Pi('H) (%) 1.5+1.1 0 - 9.6+1.2 8.9+ 0.1 0.07+ 0.4
P(1*C) (%) 17.6+£0.2 16.5+1 0.06+0.2 18.4+0.4 19.1£0.2 0.04£0.1

The agreement between theoretical predictions and experiments results shows that adiabatic field inversion is
capable of transferring 'H Zeeman order produced by dDNP to '3C in the liquid state. So far, we showed the
applicability of the method for molecules with large J couplings. Although we used [1-'3C]-pyruvate as a control
molecule, for which the transfer did not occur with the chosen experimental parameters, this very molecule is
most relevant for in vivo imaging. Polarizing [1-*C]-pyruvate with '"H-dDNP followed by FIRE would be
experimentally more challenging because the inversion time for an adiabatic transfer is longer for molecules with
weaker J couplings (see the Theory section). However, the inversion time can be reduced to the minimum using
a constant adiabaticity-field profile as proposed by Rodin ef al., in the context of singlet NMR and parahydrogen
hyperpolarization (PHIP).3%#? Figure 7A shows the constant-adiabaticity field profile computed iteratively for
[1-3C]-pyruvate, starting from +5 uT and ending at —5 pT, following Rodin et al’s method (see the
Supplementary Material). Once the magnetic field strength is above the uT range, the J interaction becomes small
compared with the Zeeman interaction. Hence, a rapid variation of the magnetic field intensity beyond this range
still allows the transition to be adiabatic, which explains the asymptotic behavior of the curve in Fig. 7A. The
final polarizations of 'H and '3C spins after FIRE was simulated numerically as in Fig. 3D, but this time using
the constant-adiabaticity field profile of Fig. 7A, assuming initial polarization of 1 and 0, respectively (see solid
lines in Fig. 7B). The simulation shows that the maximum '3C polarization is reached for a field inversion time
of ~1's, while 74% of the maximum '3C polarization is reached after only 0.2 s. These values being non-negligible
compared to 77 of 'H spins, the simulation was repeated including relaxation, using a phenomenological
relaxation superoperator,®’ assuming the extreme narrowing limit, that it, that the longitudinal relaxation time
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Figure 7: A. Constant-adiabaticity field inversion profile for [1-!3C]-pyruvate expressed as magnetic field intensity as a
function of the relative time along the inversion from +5 pT to —5 pT. B. Final 'H and *C polarizations after field inversion
using the constant-adiabaticity profile of panel a, as a function of the inversion time, obtained by numerical simulation assuming
initial polarizations of 1 and 0, respectively. The solid and faint dashed lines do not and do include relaxation, respectively.
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constant 77 was equal to the transverse relaxation time constant 75. It was also assumed that the radicals had been
removed from the hyperpolarized solution to avoid paramagnetic relaxation. The exact field dependence of the
T, for 'H and 3C is complicated to obtain. We therefore used a rough yet conservative estimate that 71('"H) =
T1(13C) all along the transfer and set the value to 5.3 s, which was measured for 'H spins at 1.88 T by inversion
recovery for 2.6 M of [1-13C]-pyruvate in D,O (see Figure S6). The value of T1('*C) exceeds 100 s in the same
conditions. However, 'H and '3C spins are strongly coupled at zero field, which implies that their relaxation rate
is governed by the fastest relaxing species, i.e., the 'H spins. The resulting final polarizations are shown by faint
lines in Fig. 7B. A '3C polarization of 65% was obtained for the simulation with an inversion time of 0.2 s.

Conclusion and Outlook

We have shown that FIRE is capable of transferring 'H polarization to '3C spins during the transport of a 'H-
hyperpolarized solution from the dDNP polarizer to the liquid-state spectrometer, by making the spins experience
an adiabatic magnetic field inversion. FIRE makes use of state mixing at zero field due to the heteronuclear J
interaction. Our experimental demonstration of FIRE used an in-line magnetic field inversion, realized by
commercially-available magnetic shields equipped with solenoid coils on 3D-printed supports. We demonstrated
liquid-state '*C polarizations up to 17% that were achieved after only a few minutes of '"H DNP. Spontaneous
transfers via NOE were also shown to be active, but yielded '3C polarizations 2-10 times lower than FIRE. The
detailed analysis of the time evolution of the liquid-state polarizations allowed us to extrapolate the polarizations
right before and after field inversion (happening between the dDNP polarizer and the liquid-state spectrometer)
and were found to be in agreement with our theoretical predictions.

Although the polarization values we reached are lower than the state of the art (P(13C) = 50%), 'H-dDNP followed
by 'H—'3C FIRE has the advantage of relying on simpler instrumentation and shorter buildup times than the
existing methods. The method could be further improved by extending 'H relaxation times. First, paramagnetic
relaxation?” can be mitigated in several ways; by using photoinduced radicals** that can be quenched before
dissolution, by using stable radicals and chemically quenching them during the dissolution process,**¢ or by
using filterable polarizing solids.*’*® Second, intramolecular dipolar relaxation, which is strong between 'H spins
in the methyl moiety, could be reduced by maintaining the sample at a higher temperature throughout the
dissolution process. '3

We provided proof of concept FIRE-ADNP for molecules with large J couplings. Numerical simulations
including relaxation showed that the transfer would be possible for [1-'3C]-pyruvate, i.e., the most relevant
hyperpolarized tracer for in vivo imaging. It was found that ~65% of the 'H polarization could be transferred to
the 13C spins with an inversion time of ~0.2 s. This could be realized with the in-line approach proposed here.
However, an alternative approach where the FIRE is performed while the solution is immobilized could be more
efficient. The solution would be collected in a vessel located within magnetic shields (this corresponds to the step
where the solution settles down after being pushed by pressurized helium gas in typical dDNP setups'?). The
magnetic field inversion could then be applied by a computer-controlled coil while the solution settles down.3°
The use of computer-controlled coils would be convenient to apply a constant-adiabaticity field inversion profile,
therefore minimizing the inversion time and maximizing the transfer efficiency. Hyperpolarization [1-3C]-
pyruvate by 'H—'3C FIRE-dDNP would allow one to prepare hyperpolarized tracers for in vivo imaging
applications in only a few minutes without introducing supplementary demanding or fragile hardware equipment
to the dDNP apparatus.
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