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Abstract

We demonstrate a method for the preparation of hyperpolarized water by dissolution Dynamic Nuclear
Polarization at high magnetic field. Protons were polarized at 6.7 T and 1.1 K to >70% with frequency
modulated microwave irradiation at 188 GHz. 97.2 + 0.7% of the radical was extracted from the sample in
the dissolution in a two-phase system. 16 + 1 mL of 5.0 M 'H in D,0 with a polarization of 13.0 + 0.9% in the
liquid state was obtained, corresponding to an enhancement factor of 4,000 + 300 compared to the

thermal equilibrium at 9.4 T and 293 K. A longitudinal relaxation time constant of 16 + 1 s was measured.

The sample was polarized and dissolved in a fluid path compatible with clinical polarizers. The volume of
hyperpolarized water produced by this method enables angiography and perfusion measurements in large
animals, as well as NMR experiments for studies of e.g. proton exchange and polarization transfer to other

nuclei.



[Type here]

Introduction

NMR is an important analytical tool for e.g. structure analysis, chemical quantification, and investigation of
biochemical pathways. Similarly, MRI is a valuable and safe diagnostic tool in medical applications.
However, both techniques share a key weakness — poor sensitivity caused by low polarization of nuclear
spins. Through the use of hyperpolarization, the signal can be enhanced by several orders of magnitude;
leading directly to an increase in sensitivity. This increase in signal obviates the need for time-consuming
signal averaging, permitting real-time experiments with unprecedented time resolution. An especially
promising application of this capability is the study of chemical and biochemical reactions both in vitro and

in vivo.

The field of dissolution-Dynamic Nuclear Polarization (d-DNP) has developed rapidly since the first
demonstration in 2003 [1]. The main focus has been on hyperpolarization of 3C nuclei for metabolic
imaging, where preclinical studies of hyperpolarized 3C labelled pyruvic acid was injected for
characterization of cancer [2—4] or other metabolic diseases in animal models [5,6]. Hyperpolarization has
also been used for angiographic and perfusion imaging [7—9] with agents that are not metabolically active.
Concurrently, hyperpolarized 3C has been applied for signal enhancement in NMR experiments, such as

kinetic studies of metabolism [10—12] or structure analysis of biochemical compounds [13,14].

In recent years, the interest in hyperpolarization of protons diluted in heavy water has increased [15,16].
Due to the high gyromagnetic ratio of the proton and the high proton concentration in water, the
achievable magnetization may exceed what is possible with hyperpolarized **C or other nuclei.
Furthermore, hyperpolarized proton imaging is facilitated by already existing MRI coils and sequences, in
contrast to hyperpolarized 13C that requires non-standard equipment. In one approach, water, polarized by
the Overhauser effect at 0.35 T, was applied for MRI [17,18]. However, the Overhauser effect typically
achieves an enhancement of 100 times at 0.35 T for pure water, corresponding to a polarization of only
0.001%. Secondly, the short T; of pure water, 3.6 s, limits the available time window significantly. Both of
these limitations can be overcome by d-DNP. A 3.35 T HyperSense polarizer was used to produce
angiographic images in the rat venous system and head with 'H polarization of 3.5% and 'H concentration
of 3.9 M [19], and hyperpolarized water has been used for signal enhancement in NMR experiments
[20,21]. Hyperpolarized protons have been applied to enhance the inherent low sensitivity of larger
biomolecules, and proton exchange has facilitated increased sensitivity leading to large reduction in scan
time [22], or to accommodate studies of protein-ligand interactions for drug discovery [23]. Polarization,

dissolution and radical extraction for water/DMSO-ds samples was shown to give polarization of
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approximately 25% and T > 40 s [24]. 6% proton polarization and T; of >36 s has been demonstrated by

attaching nitroxide radicals to polymer-based backbones that could be filtered out at dissolution [25].

In this work we study the hyperpolarization of *H in D,O with d-DNP at 6.7 T and 1.2 K using the fluid path
of [26]. The aim of the study was to investigate the polarization and dissolution at these experimental

conditions.
Theory

DNP relies on the presence of electron spins, from which polarization is transferred to nuclear spins by
microwave (MW) irradiation. An increase in performance has recently been demonstrated when the MW
field is frequency modulated [27,28]. The unpaired electron spins are typically added to the system in the
form of stable organic radicals such as nitroxides or trityls. Paramagnetic species, such as radicals,
efficiently promote nuclear spin relaxation, yet they are a key requirement in the DNP process. A key
challenge in dissolution-DNP is supplying sufficient paramagnetic agent to perform DNP, without negatively
influencing the relaxation properties of the sample after dissolution. This trade-off is more pronounced due
to the high gyromagnetic ratio of *H that renders it more susceptible to paramagnetic relaxation. Hence,

the radical should be segregated from the nuclei upon serving its purpose.

Nitroxides are well suited for DNP of protons due to their broad electron paramagnetic resonance (EPR)
lines [29]. With a reported relaxation rate contribution of 0.55 sTmM™ at 25 °C in low field [30], the
dissolved sample would lose the enhanced polarization in a few seconds with the radical present. Thus,
radical extraction is a crucial element for achieving long T; and, ultimately, high polarization after the
dissolution and transfer process. Small animal angiography with hyperpolarized water has been
demonstrated in a 3.35 T polarizer [19], where the radical induced relaxation was eliminated by scavenging
with ascorbic acid, as demonstrated earlier in [31]. However, the ascorbic acid needs to be hundreds of mM
to quench the radical effectively, and the quenching process takes a significant amount of time, during
which relaxation occurs. Furthermore, the ascorbic acid undergoes thermal degradation that leads to
browning during the solvent heating process, complicating the process further. Hence, we describe a
system where the nonpolar nitroxide radical is rapidly extracted into an organic phase immediately after

dissolution, as previously demonstrated in [32].

In addition, the T; is sensitive to the proton concentration. A high proton concentration will enhance the
final magnetization, but will concurrently increase the dipolar relaxation between proton nuclei, and thus
cause faster relaxation. A proton concentration of 5.0 M is determined to achieve a high signal in the

injectable sample, giving rise to a relaxation rate contribution of less than 0.04 s at 21.5 °C [33]. A final
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relaxation contributor is the temperature, where a warmer sample will have higher proton diffusivity, and

thus retain polarization longer, within the relevant temperature range [34].

Rapid dissolution and radical extraction are crucial for maintaining a high solution state polarization. We
accelerate the dissolution by addition of Nonafluorobutyl methyl ether (NFBME) with boiling point of 60 °C
and density p = 1.529 g/mL to the dissolution medium syringe. The low boiling point results in a high
pressure to drive the flow in the fluid path, and the density ensures that the sample will be dissolved and
diluted in D,0 rapidly, and that the denser NFBME will follow, due to the vertically aligned, upwards facing
syringe. Another feature of addition of an immiscible solvent in the dissolution medium syringe is reduction
of variation in the volume reaching the sample, because all dissolution medium is flushed out of the tubes,

while the dead volume consists of the organic solvent only.

The oxygen in the system originating from air in the fluid path and dissolved in the solvents contributes to
the relaxation rate with 0.0094 L/mg/s [35]. The concentration of dissolved oxygen in air saturated water at
25 °Cis around 8.6 mg/L, which leads to a relaxation rate contribution of 0.081 s. The corresponding
oxygen concentrations in heptane and NFBME, are a factor of 10 and 20 higher, respectively [36,37]. The
system thus requires degassing of the solvents, as well as flushing of the entire fluid path and receiver

system with inert gas.

Radiation damping: The precession of the transverse magnetization of the protons after excitation induces

a current in the NMR coil that contributes to restoring the magnetization to the longitudinal direction.
Considering the large magnetization of hyperpolarized water protons, this mechanism will have a
significant effect on the transverse relaxation rate. In addition to the magnetization, the contribution to the
reduced time constant of the free-induction-decay (FID) is affected by parameters such as the Q-factor and
the filling factor of the coil [38], or it can be treated by the reciprocity principle [39]. The observable

obs 1 _ 1

transverse relaxation time T,”° is given by Tobs = T T where T; is the time constant of the FID in the
2

T_z* TRD

absence of radiation damping (typically due to field inhomogeneity) and txp is the radiation damping time
constant. We show that the radiation time constant, trp, can be used as a measure of polarization, with a
series of concentration dependent, thermally polarized radiation damping time constants as reference. The
method complements quantification of polarization by comparison of integrals for spectra that are

hyperpolarized and at thermal equilibrium.
Methods

DNP: All experiments were performed using a homebuilt DNP polarizer (6.7 T magnet from Magnex,

Oxford, UK) with a flow-type variable temperature insert. The DNP probe was conceptually based on the
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idea introduced in 2003 [1]. Microwaves were provided by a microwave source VCOM-10/94-WPT (ELVA-1,
St. Petersburg, Russia) and a 200X2R4 frequency doubler (VDI, Charlottesville, VA, USA), which provided an
output power of 55 mW at 188 GHz. The source had a tuning range of £0.6 GHz. The output power after
transmission through the 800 mm circular waveguide and the microwave window [40] was measured to 5 +
1 mW using a horn and an Ericsson power meter (VDI, Charlottesville, VA, USA). Solid state NMR was
performed with a saddle coil formed around a polytetrafluoroethylene (PTFE) former connected to a
nonmagnetic coaxial cable (type Stainless Steel 304/Beryllium Copper, SCB Service and Consulting, Neuss,
Germany) and a tune and match box. NMR measurements were performed with a Varian INOVA console
(Palo Alto, CA, USA). The polarizer was fitted with a heater-pressure module, airlock and insertion module
to allow use of the fluid path (both described in [26]). The microwave frequency was sinusoidally swept

with a rate of fmos and amplitude amod. The samples were polarized for 60 min.

Solid state NMR: The build-up of polarization was monitored by acquisition of NMR spectra every 120 s

from initiation of MW irradiation. A pulse of 1 us at 2.7 W corresponding to a flip angle of approximately
0.3° was used for excitation, and 1024 complex points with a spectral width of 5 MHz were acquired. Short
MW frequency sweeps were measured with the same parameters, except only with 60 s between each MW
frequency step and increased receiver gain. The magnetization was saturated before each MW frequency
step by a train of 3000 pulses of 30° flip angle. Long MW frequency sweeps were monitored for one hour at
each MW frequency. The NMR signal was destroyed by a train of saturating pulses before each build-up
(MW frequency), and then measured every 120 s. Similar for long MW power sweeps. The build-up curve
for each MW frequency or power setting was fitted to a mono-exponential function to obtain asymptotic
value and time constant. Polarization was quantified by allowing a 30 mM water/glycerol sample to
polarize towards thermal equilibrium in the magnetic field at 1.12 K over 19 h, and fitting of the build-up
curve of spectra acquired every 300 s. The background signal from the DNP probe was measured with an
empty sample cup and subtracted from the data to determine the thermal signal from the sample. 100 kHz
exponential line broadening was applied to the data, which were analyzed in MATLAB (Mathworks, Natick,

MA, USA).

Sample preparation: Solutions of 20 and 30 mM TEMPO (2,2,6,6-Tetramethylpiperidine 1-oxyl, 98%, Sigma

Aldrich, Denmark) in HO/glycerol (both Sigma Aldrich, Denmark) 1:1 (w/w), and 30 mM TEMPO in
H,0/DMSO-d¢ (Dimethyl sulfoxide-d6, Sigma Aldrich, Denmark) 1:1 (w/w), was prepared. Dissolution
medium consisted of D,0 (99.90%, Euriso-top, Saint-Aubin, France) with 1 mM calcium disodium
ethylenediaminetetraacetic acid (EDTA) and 9 g/L NaCl. Sodium chloride was added to provide an isotonic

solution.



[Type here]

Fluid path filling: The fluid path consists of a syringe, two concentric tubes leading to a sample vial and an

exit tube. The dissolution medium is heated in the syringe, and transferred via the inner tube to the sample
vial for dissolution of the sample, before being flushed back to the syringe via the outer lumen and a three-

way valve. The exit tube leads the dissolved sample from the syringe valve to a receiver.

The 1100 mg (~1 mL) sample was injected into the sample vial by the large sample filling method
introduced in [41]. This procedure resulted in actual sample mass of 1099.8 +12.6 mg (N =5). 7.6 g (5 mL)
NFBME (299%, Sigma Aldrich, Denmark) and 17.72 g (16 mL) dissolution medium was filled in the syringe
and degassed by bubbling with helium gas for 10 minutes by inserting a tube through an adapter that led
the moist gas away from the fluid path openings. In experiments without NFBME, another 12 mL of
dissolution medium was added. The fluid path syringe was closed off before freezing the sample vial in
liquid nitrogen for 2 minutes to avoid cryo pumping of moisture into the fluid path. Samples to be degassed
were exposed to vacuum and sealed off before melting and sonicating the sample vial. The sample was
frozen again; the cycle was repeated three times (freeze-pump-thaw). After freezing, the fluid path was
flushed with helium gas for 2 minutes to remove air and provide a helium atmosphere. The sample vial was

rapidly transferred from the liquid nitrogen bath to the polarizer.

Dissolution: The syringe was inserted into a heater/pressure module, where the dissolution medium and
NFBME were heated to a temperature of 130 °C over 30 min at 2.75 bar. The sample was raised 140 mm
out of the helium bath before the dissolution medium syringe three-way valve was switched, releasing the
piston in the syringe driven with 16 bar pressure. The 50 cm outlet tube was inserted into a closed 150 mL
separatory funnel containing 25 mL degassed heptane (299%, Sigma Aldrich, Denmark), which was shaken
vigorously during dissolution and a further 10 s. The aqueous phase was drawn into a syringe, and 1.5 mL
was rapidly injected into an injection line entering a 5 mm NMR tube situated in the NMR spectrometer,
which had been flushed with helium gas and sealed before the experiment. The dead volume of the
injection line was 0.6 mL. Temperature was measured with an RTD thermometer (OMEGA HH804U,

Stamford, CT, USA) within 30 s from dissolution.

Liquid state NMR: NMR measurements of the dissolved sample were performed on a 400 MHz

spectrometer (Agilent, Palo Alto, CA). A series of 200 spectra were acquired at 1 s intervals with 31200
points, sweep width of 50 kHz and a 1° flip angle of pulse length 1 pus at approximately 0.4 W. The integral
was measured as the first point in the FID, and the decay was fitted to estimate the radiation damping time
constant. A spectrum of the fully relaxed sample with identical acquisition parameters was measured to
quantify the enhancement factor, and thus polarization. The longitudinal relaxation time constant, T1, was

obtained from the decay of the hyperpolarized signal. The T; for the same sample was subsequently
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confirmed by measuring the NMR signal build-up at 9.4 T when quickly inserting the nonpolarized (earth
field) sample. from the build-up of the magnetization after relaxation outside the magnet. Quantitative
NMR measurements were performed to determine the final proton concentration in the dissolved sample.
0.2 M potassium formate in D,O was added for reference. With the probe used, this concentration did not
significantly change the 90° flip angle. Data were analyzed using VnmrJ (Agilent Technologies, Palo Alto, CA,
USA) and MATLAB (Mathworks, Natick, MA, USA).

Radiation damping in thermal experiments: Solutions of equally distributed water/D,0 volume ratios from

10% to 100%, corresponding to 11.08 M to 110.82 M, were prepared. A series of 10 NMR experiments with
parameters identical to those of the hyperpolarized experiments was measured, and the linewidth was

determined.

Optical absorbance measurements: The final concentration of TEMPO radical was determined by optical

absorbance measurements with an Ocean Optics DH-2000 Deuterium-Halogen light source and an Ocean
Optics USB2000+UV-VIS spectrometer in quartz cuvettes of 10 mm path length. The absorbance at A = 240
nm was compared to a reference curve of TEMPO in water at 125, 250, 375 and 500 uM.

Clinical polarizer compatibility: Organic solvents tend to weaken the fluid path syringe when heated for

longer periods, as when inserted in clinical polarizers. To avoid syringe damage during these experiments,
the protocol was modified by leaving out the NFBME. Additional dissolution medium was added to a total

volume of 28.0 mL. Experiments were performed on a 5 T SPINIab (GE Healthcare, Brgndby, Denmark).

Results

The solid state polarization from an 1100 mg 30 mM TEMPO in H,O/glycerol 1:1 (w/w) sample was
measured (Figure 1), and showed a T; of 583 + 62 min. The asymptotic value corresponds to a thermal

polarization of 0.61%, and was used for quantification of the DNP enhanced polarization.

Short MW frequency sweeps for three different samples are shown in Figure 2. The polarization of the 30
mM TEMPO in water/glycerol 1:1 (w/w) sample in Figure 2a increases by 30% at the optimal MW frequency
and modulation amplitude of 50 MHz. The maximum of the DNP profile left shifts for increasing modulation
amplitude, as the MW frequencies giving rise to negative polarization are irradiated. A similar picture is
seen for a 20 mM sample (Figure 2b). However, the lower concentration appears to benefit from larger
modulation amplitudes. This trend is even more pronounced for samples using DMSO-dg as glassing agent,

Figure 2c. An increase in polarization at optimum MW frequency is observed up to amed of 125 MHz. The
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effect of frequency modulation is more pronounced for this sample. Without modulation, the DNP

enhancement is significantly lower.

A long MW frequency sweep without frequency modulation is shown in Figure 3, for the 30 mM TEMPO in
glycerol/water 1:1 (w/w) sample. The polarization resembles the short build-ups of Figure 2a. However, the
optima are shifted towards the center in short sweeps due to the faster build up in the central region (tone

curve).

A long power sweep is shown in Figure 4. The asymptotical maximum polarization is reached for 30 mW
power. The DNP polarization after 1 hr increases linearly with the available MW power and the DNP build-
up time constant decreases with MW power with a square-root of power dependence. The linear relation
between MW power and polarization is valid over the entire DNP spectrum, Figure 5, i.e. the data confirms

that build-up rate constant is independent of MW frequency.

The build-up curves of several sample compositions have been measured to study the radical
concentration, removal of dissolved oxygen and glassing matrix. The build-up time constants and

polarizations after 60 min DNP are presented in Table 1.

Experiment N | P(1hr)[%] | DNP time const.
20 mM TEMPO in water/glycerol at 188.12 + 0.05 GHz 6 |48.1+4.9 37 £5min
30 mM TEMPO in water/glycerol at 188.12 + 0.05 GHz 4 |63.1+£3.7 24 + 4 min
Degassed 30 mM TEMPO in water/glycerol at 188.06 + 0.05 GHz 5 | 71.5+45 23+ 2 min
Degassed 30 mM TEMPO in water/DMSO-ds at 188.06 + 0.05GHz | 3 | 42.8+ 1.7 41 +2 min

Table 1: DNP results for various sample compositions and polarization parameters.

The dissolution resulted in 16 £ 1 mL (N = 8) aqueous phase entering the heptane bath, to reach a common
temperature of 50 £ 2 °C (N = 6). The total time of dissolution, extraction and transferring of sample from
separatory funnel via syringe and tubing to acquisition in NMR spectrometer was less than 25 s. The first
spectrum is shown in Figure 6a. The water peak has a line width of 1166 Hz due to the radiation damping
caused by the large magnetization of the sample. The peak of the glycerol aliphatic protons is apparent in

the spectrum, indicating that these protons are hyperpolarized along with the water protons.

In this particular experiment, we achieved an enhancement factor of 3,761 at 9.4 T, corresponding to a
polarization of 12.1%. A signal time series is shown in Figure 7. The estimated T, after correction for signal
loss from previous excitations is 17.0 s. The relation between linewidth (full with at half maximum, FWHM)
due to radiation damping and water concentration was found to be FWHM(cw) = 0.0691 Hz - cw + 1.92 Hz,

where cw is the proton concentration in the sample (Figure 6b). Thus, the linewidth of 1,166 Hz
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corresponds to an polarization of 11.7%, when corrected for the 111 M proton concentration in water and
the 4.6 M proton concentration in the dissolved sample, in close agreement with the time domain integral
estimate. The thermal signal and T: was measured by acquiring the NMR signal from the sample as it was

introduced into the 9.4 T magnet, Figure 7. The measurement was done 5 min after dissolution when the

sample was fully relaxated. A consistent T; of 16.6 s was measured.

The polarizations and Ty’s in the liquid state at 9.4 T for several samples are shown in Table 2. The 30 mM
TEMPO in water/glycerol 1:1 (w/w) sample showed large fluctuations in the observed polarization, with an
average of 7.8%. The polarization was significantly lower when the NFBME was omitted, where the
standard fluid path exit tube set-up yielded polarizations below 3%. However, a significant increase in
polarization was achieved when the exit tube was reduced from 210 cm to 50 cm — a setup that requires
minor modifications of a SPINIab. Shortening the exit tube increased the temperature in the dissolved
sample with approximately 10 °C, which we believe to be the main reason for the increased polarization. In

addition, the shorter time from dissolution to extraction may also play a role.

Larger enhancements were achieved when the 30 mM TEMPO in water/glycerol 1:1 (w/w) sample was
degassed in the fluid path before polarization, which can be attributed to the increased solid state
polarization (Table 1). However, the degassing only increased the solid state polarization by 13%, whereas
the liquid state polarization increased by more than 50%. The amount of oxygen removed from the sample

has insignificant impact on the liquid state relaxation rate, and no further T; prolongation was observed.

The liquid state polarization of the degassed water/DMSO-ds 1:1 (w/w) sample was 7.2%, significantly
lower than the degassed water/glycerol 1:1 (w/w) sample of 13.0%. The difference is explained by the

significantly lower solid state polarization of the water/DMSO-ds sample.

The method was tested with a sample of half size (550 mg) (30 mM TEMPO in water/glycerol 1:1 (w/w))
dissolved in half the volume of dissolution medium (8 mL) and the standard 5 mL NFBME. Polarization of

12% and T; of 17.0 s confirm that the method scales to smaller samples.

Experiment Pol. [%] T1[s]

20 mM TEMPO in water/glycerol 1:1 (w/w) 86+15 |16.1+1

30 mM TEMPO in water/glycerol 1:1 (w/w) 7.8+33 | 17.0%0.9

Degassed 30 mM TEMPO in water/glycerol 1:1 (w/w) 13.0+09 | 15.7+1.2

Degassed 30 mM TEMPO in water/DMSO-ds 1:1 (w/w) 7.2+13 |188+*1.6

30 mM TEMPO in water/glycerol 1:1 (w/w) without NFBME, long exit tube 24+0.6 |19.6+0.8

NNNUJO\U'IZ

30 mM TEMPO in water/glycerol 1:1 (w/w) without NFBME, short exit tube 48+05 |20.1+13
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SPINIab polarization 4* | 53+09 |24.1+1.0

Table 2: Liquid state polarization and T; at 9.4 T. *Measured at 3 T, from [42].

The partition coefficient of TEMPO in water/heptane, water/NFBME and water/[NFBME/heptane 1:3 (V/V)]
were similar. The scheme of extraction in the separatory funnel was investigated by a series of dissolutions
with varying shaking time. An equilibrium was observed for approx. 5 s vigorous shaking, and 10 s shaking
time was chosen to ensure complete equilibrium in all experiments. With 10 s shaking in 25 mL heptane,
we observed a final TEMPO concentration of 50 + 12 uM (30 mM TEMPO in water/glycerol 1:1 (w/w), N = 5)
and 35+ 6 pM (20 mM TEMPO in water/glycerol 1:1 (w/w), N = 5), corresponding to relaxation rate

contributions of Rsomm = 0.028 st and Raomm = 0.019 572, respectively.

The average final proton concentration in the dissolved glycerol/water 1:1 (w/w) sample was measured to
5.0+ 0.5 M (N = 18), compared to the calculated value of 4.6 M. The proton concentration of the

water/DMSO-d¢ sample was not measured, but should be 3.6 M if full recovery is assumed.

Discussion and Conclusion

The presented method enables experiments where large quantities of hyperpolarized water protons are
required, e.g. imaging experiments in large animals. We demonstrate 13% *H polarization and T; of 16 s for
a 16 mL sample with 5 M protons in D,O on a polarizer operating at 6.7 T and 1.2 K. This is enabled by the
fluid path that accommodates up to 2 mL of sample. The method has been used in a SPINlab (5 T/0.8 K) for
hyperpolarized water studies in a pig model [42], where dynamic angiography time series and perfusion
maps were produced. The fluid path is already used in clinical studies [43] and it is reasonable to expect
that the presented method can be translated into a sterile operation. The safety of the formulation needs

to be established.

At maximum power, the DNP time constant was 86 min, whereas the samples were polarized for 60 min.
Thus, the reported liquid state polarization could have been increased further by a factor two by longer
polarization time. The polarization after 1 hr showed a linear trend in the available power range (Figure 4),
indicating that higher polarization after 1 hr could be realized by increasing the microwave power above 55
mW through a shortening of the build-up time constant. The build-up time constant follows an inverse
square-root of microwave power dependence, i.e. is inversely proportional to the microwave B; field. This
is the expected dependence of the rate constant for both the solid-effect and thermal mixing [44]. The MW
power at the entry to the cavity was measured to be approx. 5 mW, but since we do not have details about

the power distribution within the cavity, all data has been referenced to the source output power.
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The MW frequency modulation increased DNP efficiency for all tested samples. The 20 mM water/glycerol
1:1 (w/w) sample was tested for modulation amplitude of 25, 50, and 75 MHz, respectively, and 50 MHz
gave the largest DNP gain. 75 MHz modulation amplitude was the optimal of the three for 30 mM
water/glycerol 1:1 (w/w) sample, whereas the 30 mM water/DMSO-ds 1:1 (w/w) sample polarized most
efficiently at 125 MHz. Thus, both sample composition and radical concentration affect the frequency
modulation performance. The modulation of the MW frequency is beneficial due to the inhomogeneous
nature of the nitroxide EPR line at high magnetic field that restricts spectral diffusion. The inhomogeneity
of the EPR line could probably have been overcome by increasing the nitroxide concentration further, but

this may lead to shortening of T1 in the liquid state and/or further loss in the dissolution.

Optimal MW frequencies were determined for several sample compositions at 6.7 T. Polarizers at other
field strengths have other DNP frequency profiles, where optimal frequency modulation parameters are
shifted. For polarizers without *H detection, the 13C frequency sweeps can be used for localization of
optimum EPR frequencies, and applied to protons due to the broad linewidth of the nitroxide radical. This is

in principle how the SPINlab experiments were performed.

We have demonstrated that large volumes of hyperpolarized water can be produced with the fluid path
technology. The 30 mM water/glycerol 1:1 (w/w) sample polarized 30% better than the corresponding 20
mM sample, whereas the dissolved state polarization was 10% higher for the 20 mM sample. The lower
radical concentration in the dissolved state is the obvious reason. Degassing of the sample only increased
the solid state polarization by 13%, but increased liquid state polarization by 51%. This is in good
agreement with [24] where an approx. 50% increase of the liquid state enhancement is observed after

degassing.

Some liquid state polarization measurements showed large deviations. Only small variance in the solid state
polarization was observed, which means that the dissolution process, extraction and sample transfer are
the dominating sources of variability. The manual extraction process, where a funnel was shaken by hand,
is inevitably a variable operation. The variation in the transfer time should be a minor contribution if the
measured T; values are constant during the process. However, the relaxivity of the nitroxide is about the
double in low field, and a shorter T; during the extraction and transfer should be expected. However, a
more systematic variation in performance was also observed over time, possibly due to e.g. variation in

microwave power delivery due to waveguide contamination.

Dissolving the frozen sample in heptane yielded low final polarizations. The low-density heptane places
itself in the top in the dissolution medium syringe, and thus exits first. Thus, the sample was melted

without being diluted until the aqueous phase appeared, causing a loss in polarization from relaxation by
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the high radical and proton concentration. Secondly, the fluid path plastic did not tolerate well the heated
heptane and showed tendency of cracking. Instead, NFBME was determined to have TEMPO partition
coefficient similar to that of heptane, and was tested with volume of 5, 8, 11 mL, where the lower volume

yielded the most controlled and efficient dissolution, and highest polarization in the liquid state.

NFBME volumes above 5 mL resulted in uncontrolled dissolution, where the exit tube was blown out of the
receiver or the sample was spurted out of the funnel due to high pressure sample and gas from the exit
tube. An extraction system with a fixed, stirred receiver or application of a filter at the exit tube may allow
larger NFBME volume, resulting in faster, warmer dissolutions. In addition, this would allow larger sample
sizes, so the full potential of the 2 mL vial could be utilized. The water/glassing agent ratio was not
investigated. Smaller glassing agent volume may yield faster sample melting and lower radical

concentration in the dissolved state, but the glassing ability of such sample should be verified first.

The radical removal may be optimized, e.g. by automatization of the extraction, which could also reduce
the variance in the dissolved state polarization. Although radical quenching can be done efficiently, removal
is preferred for in vivo studies and future clinical applications. Thus, filtering, reverse phase or ion exchange

extraction of the radical may prove useful.

We did not observe relaxation times above 40 s, as demonstrated in [24]. We believe that the decrease in
temperature from dissolution to NMR acquisition is the main reason. In [24], the dissolved sample of 52 °C
was transferred in a preheated transfer line into a preheated NMR tube at 60 °C , whereas the 50 °C
dissolved sample of the present study was cooled in the transferring syringe, injection line and NMR tube at
room temperature. Since the aim of our study was to enable in vivo studies, the sample temperature
should be conditioned to 30-35 °C at time of injection. The slightly longer T, at 3 T support this, as the
larger sample volume used in these experiments will stay at the higher solvent exit temperature of the

polarizer during measurement.

The liquid state NMR signal yielded robust polarization quantification, and the radiation damping time

constant was demonstrated to give consistent measure of polarization.

The T, of the hyperpolarized samples in the liquid state are in the range 15-20 s, with uncertainty of the
temperature and field dependence during transfer. With a dissolution, extraction and transfer time of
approx. 25 s, the relaxation loss amounts to approx. 70% (e2>%2°¢ = 0.3). This explains most of the
polarization loss from the solid state (P=70%) to the liquid state (P=13%), but probably not entirely. Further

optimization and automation of the radical removal and transfer may reduce this loss further, e.g. by
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sample injection systems. Similarly, the *H concentration may be further reduced to prolong T; for the

given transfer time.
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Figure legends

Figure 1: Build-up of the 1H NMR signal to thermal equilibrium for a 30 mM TEMPO in water/glycerol 1:1
(w/w) sample at 6.7 T after subtraction of background signal. The T; was 583 min.

Figure 2: Short MW frequency sweeps. a) 30 mM TEMPO in water/glycerol 1:1 (w/w) with no frequency
modulation (0) and modulation amplitude of 25 MHz (+), 50 MHz (*) and 75 MHz (x). b) 20 mM TEMPO in
water/glycerol 1:1 (w/w) with modulation amplitude of 25 MHz (+), 50 MHz (*) and 75 MHz (x). ¢) 30 mM
TEMPO in water/DMSO-dg 1:1 (w/w) with no frequency modulation (0) and modulation amplitude of 25
MHz (+), 50 MHz (*), 75 MHz (x), 100 MHz (o), 125 MHz (¢), 150 MHz (A) and 200 MHz (V). Modulation
frequency fmod = 1 kHz.

Figure 3: Long MW frequency sweep without modulation. Final polarization (o) and DNP time constant (0)
of build up for 30 mM TEMPO in water/glycerol 1:1 (w/w) sample.

Figure 4: DNP power sweep of 20 mM TEMPO in water/glycerol 1:1 (w/w) for microwave power 5 to 55
mW at 188.06 GHz with modulation amplitude 50 MHz and frequency 1 kHz. Polarization after 1 hr DNP (4),
asymptotical max polarization (0) with linear fit and DNP time constant estimated from a fit of 60 min
polarization (O, build up at 5 mW was too slow to estimate time constant) with fit of inverse square root.

Figure 5: Short MW frequency sweep for 20 mM TEMPO in water/glycerol 1:1 (w/w) at 60 mW (o) and 30
mW MW power (0). 60 s MW irradiation with frequency modulation of amed = 50 MHz and fmes = 1 kHz was
applied. The data confirms that build-up rate constant is independent of MW frequency.

Figure 6: a) Spectrum of hyperpolarized 30 mM TEMPO in water/glycerol 1:1 (w/w) sample after
dissolution. The small shoulder represents the glycerol protons. 50% linewidth of 1166 Hz. b) Linear
regression of linewidth of thermal spectra from samples of varying H,0:D,0 ratio.

Figure 7: Normalized NMR signal of hyperpolarized water sample (0) (30 mM TEMPO in water/glycerol 1:1
(w/w)) and build-up of relaxed sample at 9.4 T to validate T; (0). The initial hyperpolarized signal is 3,761
times that at thermal equilibrium. The T, for the hyperpolarized sample was 17.0 s, whereas the build-up to
thermal equilibrium had a T; of 16.6 s (sample at room temperature).
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