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ABSTRACT: Hyperpolarization via dissolution dynamic nuclear polarization (DNP) is
a versatile method to dramatically enhance the liquid-state NMR signal of X-nuclei and
can be used for performing metabolic and molecular imaging. It was recently
demonstrated that instead of incorporating persistent radicals as source of unpaired
electron spins, required for DNP, nonpersistent radicals can be photoinduced in frozen
beads of neat pyruvic acid (PA), the most common substrate for metabolic imaging. In
the present work, it is shown that the same radicals can be created in frozen solutions
containing a fraction of PA in addition to '*C- or Li-labeled salts or '*Xe nuclei. The
use of these nonpersistent radicals prevents the loss of a substantial part of the
polarization during the transfer of hyperpolarized solutions into iron-shielded high-field
MRI scanners. It is also demonstrated that UV-irradiated d,-PA yields nonpersistent
radicals exhibiting similarities with the most efficient and widely used persistent trityl
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radicals.

I. INTRODUCTION

Since its development, only slightly more than a decade ago,'
hyperpolarization via dynamic nuclear polarization (DNP) has
rapidly become a well-established and widespread technique for
enhancing the nuclear magnetic resonance (NMR) signal of
low-gamma nuclei that exhibit long liquid-state lon%itudinal
relaxation time (T,) such as *C, °Li, '**Xe, and N.””7 The
principle of DNP, known from more than half a century,” is to
embed radicals, which hold unpaired electron spins, within a
glassy sample and transfer the high electron spin polarization
obtained by both lowering the sample temperature (1—4 K)
and applying an external magnetic field of 3.35—7 T to the
nuclear spins of the sample. This is done by shining microwaves
slightly off-resonance from the center of the electron spin
resonance (ESR) line of the radicals. It has been demonstrated
that the nuclear spin order achieved by DNP in the solid state
can be maintained through a rapid dissolution method
producing liquid-state hyperpolarized (HP) solutions.” The
lifetime of the HP state is however limited by T, which is
reduced by the presence of the routinely used persistent
radicals.'”~"* Moreover, for medical applications, the radicals
need to be removed from the final HP solutions prior to
injection. An alternative to filtering or artificial scavenging of
the paramagnetic impurities' *'> would be to use nonpersistent
radicals that are stable at low temperature but recombine
during the dissolution step. It was recently shown that such

-4 ACS Publications  © 2015 American Chemical Society

radicals can be produced in concentrations suitable for
performing DNP by means of low-temperature (77 K) UV-
irradiation of neat pyruvic acid (PA) frozen beads.'® The
original work also reported that the nonpersistent radicals can
be induced in water:PA 1:1 (v/v) mixtures. In this article, we
extend this method and demonstrate that other compounds
besides PA can be hyperpolarized using these photoinduced
nonpersistent radicals.

Il. EXPERIMENTAL METHODS

a. Samples Preparation. ESR Samples. By means of a
micropipet (1—20 uL range), three 8.0 = 0.5 uL drops of neat
or diluted (in H,O, ethanol, or THF) PA or its deuterated form
(d4-PA) were poured, one by one, inside a synthetic quartz
dewar (Wilmad, 150 mL Suprasil dewar flask type WG-850-B-
Q) filled with liquid nitrogen. Samples were irradiated for up to
70 min (turning the dewar of 90° every 10 min) using a 1024
mW maximum output power 365 nm LED array (Hamamatsu
LC-LS). Once the irradiation process was completed, the dewar
was inserted into the ESR spectrometer cavity for measure-
ments.
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Carbon DNP Samples. 225 M sodium [1-'*C]acetate
solutions were prepared in H,O:ethanol 1:1 (v/v) before
adding an amount of PA or d,-PA corresponding to 30% of the
total volume to obtain a final 1.5 M acetate concentration. The
UV-irradiation procedure was performed as described above for
1 h on about 25 frozen beads (~200 uL of solution). An
additional sample containing nitroxyl radicals as paramagnetic
centers was prepared by adding S0 mM of TEMPOL to a
H,O:ethanol 1:1 (v/v) solution containing 1.5 M sodium
[1-13C]acetate.

Xenon DNP Samples. Following methods already described
in an earlier publication,” liquid xenon was embedded in a 2-
methyl-1-pentanol:PA (or d,-PA) mixture (with the acid
corresponding to 10% of the final volume) to yield 5 M
xenon samples. Once frozen in liquid nitrogen, the samples
were extracted from the coldfinger and placed into the quartz
dewar filled with liquid nitrogen in order to perform 1 h of UV-
irradiation.

Lithium DNP Samples. 4.5 M °LiCl solutions were prepared
in H,O:ethanol 1:1 (v/v) before adding an amount of PA
corresponding to 30% of the total volume to obtain a final 3 M
lithium concentration. About 200 uL of sample (25 frozen
beads) were irradiated at low temperature with UV light for 1 h.

Natural abundance xenon gas was purchased from Carbagas,
Lausanne, Switzerland; all the other chemicals were obtained
from Sigma-Aldrich, Buchs, Switzerland.

b. Low-Temperature X-Band ESR Methods. An X-band
spectrometer (EMX, Bruker Biospin, Rheinstetten, Germany)
was used for all ESR experiments. The tail of the quartz dewar,
filled with liquid nitrogen, was placed inside the resonator
cavity of the spectrometer. A series of reference ESR signals
arising from three 8.0 + 0.5 uL frozen beads of ethanol
containing TEMPO (2,2,6,6-tetramethylpiperidoxyl) radical at
various known concentrations (between 25 and 100 mM) were
used to calibrate the radical concentration as a function of
signal integral (see Supporting Information Figure S1). The
same parameters were kept for all ESR measurements, i.e.,
center of the magnetic field sweep: 338 mT; sweep range: 30
mT; sweep time: 20 s; modulation frequency: 6 kHz;
modulation amplitude: 2 G; microwave output power: 0.063
mW. Parameters were optimized in order to work in the linear
range of the detector diode of the ESR spectrometer and to
avoid spurious line-broadening effects.

c. Sample Transfer into the DNP Polarizer. Once the
low-temperature UV-irradiation was completed, the frozen
beads were quickly transferred from the coldfinger into a
polystyrene box containing liquid nitrogen. Afterward, the
handling of the sample was standard: a polytetrafluoroethylene
(PTFE) sample cup was precooled in liquid nitrogen, and the
beads were placed inside the cup before it was rapidly inserted
into the cryostat prefilled with liquid helium (see ref 20 for
details). The handling of the sample is not problematic since
the radicals are stable at liquid nitrogen temperature (77 K). A
precise evaluation of their temporal degradation as a function of
temperature has however not yet been performed. It must
nevertheless be noted that it was possible to perform DNP
experiments on irradiated samples stored for months in liquid
nitrogen without observing consistent differences in maximum
13C polarization or build-up time constant compared to samples
prepared the same day.

d. Solid-State and Liquid-State DNP Methods. Solid-
state DNP measurements were performed using two different
custom-built polarizers: one operating at 5 T and coupled to a

14.1 T rodent MRI scanner (Varian, USA)"” and the other
operating at 7 T and coupled to a 9.4 T rodent MRI scanner
(Varian, USA)."®" The 5 T polarizer was used for the '*C and
12Xe DNP experiments whereas the °Li DNP experiments
were performed using the 7 T polarizer.

Samples containing sodium [1-'*C]Jacetate were polarized at
1.50 + 0.05 and 1.15 + 0.05 K by shining microwaves at a
frequency ranging from 139.50 to 140.50 GHz with a nominal
output power of $S mW (ELVA-1, St. Petersburg, Russia). The
BC polarization time evolution was monitored using a
homemade NMR setup,”’ applying a 2° radio-frequency (if)
pulse at 53.437 MHz every S min. Once the maximum
polarization was reached, a 20° rf pulse was applied, and once
the microwaves were switched off and after waiting for a
sufficiently long time for complete relaxation of the sample
nuclear spin magnetization, an identical 20° rf pulse was applied
to measure the reference signal corresponding to the nuclear
Boltzmann polarization. The DNP enhancement was obtained
by computing the ratio between the two NMR signal integrals.
Once polarized, the samples were dissolved and automatically
transferred into an injection pump (equipped with a rf probe
tuned at 150.25 MHz) located inside a nonactively shielded
14.1 T rodent MRI scanner. The setup and procedures were
similar to the previously described ones,'””° with the notable
differences that the length of the plastic tube for the transfer of
the HP solution was 10 m instead of 5 m and the solution
transfer time was set to S s instead of 2 s.

The 'H NMR signal was recorded as well while polarizing
the [1-*CJacetate samples. The 'H signal evolution and DNP
enhancement were measured as described above, with the
difference that the NMR hardware components (coil, filter, and
power amplifier) were adapted to 212.5 MHz and the bottom
of the inset supporting the sample was entirely made of PTFE
to avoid any signal contamination from surrounding protons.

Samples containing '*’Xe were polarized at 1.50 + 0.05 K by
shining microwaves at a frequency corresponding to the
optimal DNP conditions for each radical (139.875 GHz for
UV-irradiated PA, 139.925 GHz for UV-irradiated d,-PA, and
140.3 GHz for TEMPOL; see Supporting Information). The
129Xe polarization time evolution and DNP enhancement were
measured using a procedure identical to the one used for the
BC experiments, with the difference that the NMR frequency
was set to 58.787 MHz.

The °Li samples were polarized at 1.50 + 0.05 K in the 7 T
DNP setup. The microwave frequency was set to the value
corresponding to the maximum DNP enhancement (196.75
GHz; see Supporting Information) and the nominal output
power was 55 mW (ELVA-1, St. Petersburg, Russia). The Li
polarization time evolution was monitored, using a homemade
NMR setup, by applying a 5° rf pulse at 43.973 MHz every 5
min. Because of the prohibitively long T;, the solid-state °Li
DNP enhancement was not evaluated. Once dissolved, the °Li
T, and maximum liquid-state polarization were evaluated using
a rf probe (tuned at 58.89 MHz) located around a custom-
made injection pump, as described in a previous publica-
tion."* ™" The HP °Li signal decay was monitored by applying
a 10° f pulse every 10 s. The thermally polarized NMR signal
was measured using the same 10° pulse (16 averages with a
repetition time TR = 5T;). The DNP enhancement was
obtained by computing the ratio between the signal integral of
the first measured spectrum and the thermally polarized
spectrum.
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Figure 1. Integrated X-band spectrum of UV-irradiated neat PA measured at 77 K as a function of the irradiation time in arbitrary units (A) and

normalized to 1 (B).
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Figure 2. (A) Radical concentration generated by low-temperature (77 K) UV-irradiation as a function of the illumination time for frozen beads of
neat PA (black diamonds), PA:ethanol 1:1 (v/v) (red circles), and PA:THF 1:1 (v/v). (B) Radical concentration generated after 60 min low-
temperature (77 K) UV-irradiation as a function of the PA concentration in the frozen beads of ethanol (red circles) and THF (blue triangles)

solutions. Dashed lines serve as guide for the eyes.

lll. RESULTS AND DISCUSSION

Similar X-band ESR spectra were obtained for all UV-irradiated
samples, independently of their composition, suggesting that
the signal arises from an electron located on a PA molecular
orbital. Moreover, it was observed that the broadening of the
spectral line width is independent of the radical concentration.
A representative example is reported for neat PA in Figure 1
where ESR spectra measured at 77 K as a function of UV-
irradiation time are presented. A spectrum was measured after
each consecutive 10 min of UV-irradiation and reported in
arbitrary units (panel A) and normalized to 1 (panel B). The
comparison between panels A and B clearly demonstrates that
the line shape is independent of the radical concentration.
Although the nature of the generated radicals is solvent-
independent (see Figure S2), the solvent plays a role in the
radical yield. The radical concentration as a function of the UV-
irradiation time is shown in Figure 2A for neat PA, PA:ethanol
1:1 (v/v), and PA:THF 1:1 (v/v) frozen beads. In all cases, a
plateau was reached after about 1 h of UV-irradiation.
Tentatively, we suggest that a polar solvent such as ethanol
(H,O relative polarity = 0.654)*" increases the radical yield
(25.0 + 1.5 mM) compared to neat PA (15.0 + 0.7 mM), while

22634

a less polar one such as THF (H,O relative polarity = 0.207)*'
diminishes it (9.0 + 0.5 mM). Samples prepared by diluting PA
in equal volume with water (27.0 + 1.5 mM of radical
concentration after 1 h UV-irradiation) exhibited a behavior
similar to the samples containing ethanol.'®

A central point for DNP applications is the determination of
the minimum PA to solvent ratio necessary to obtain a
sufficient radical concentration following UV-irradiation, in
particular if PA is not the target substrate to be hyperpolarized.
To elucidate this point, the radical concentration was measured,
after 1 h of UV-irradiation, as a function of the PA dilution in
ethanol and THF solutions (Figure 2B). For both solvents, it
was observed that the radical concentration is independent of
the PA dilution for any PA concentration above 10% of the
total volume, corresponding to a minimum of 14 M. A
dramatic reduction of the radical concentration was however
observed in solutions containing only 1% of PA (0.14 M).

In addition to UV-irradiated natural abundance PA, it is also
herein proposed to use UV-irradiated d,-PA as DNP polarizing
agent because it has been shown that narrower ESR line
radicals lead to higher "*C polarization.”” The integrated X-
band ESR spectrum of UV-irradiated frozen beads of neat PA

DOI: 10.1021/acs jpcc.5b07315
J. Phys. Chem. C 2015, 119, 22632-22639
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Figure 3. (A) Integrated X-band ESR spectrum of UV-irradiated neat natural abundance PA measured at 77 K in 8.0 + 0.5 uL frozen beads after 60
min UV-irradiation. Inset: structural formula of natural abundance PA. (B) Integrated X-band ESR spectrum of UV-irradiated neat d,-PA measured
at 77 K in 8.0 + 0.5 uL frozen beads after 60 min UV-irradiation. Inset: structural formula of d,-PA.
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Figure 4. Solid-state '*Xe polarization build-up curves measured at 5 T and 1.5 K in 5 M xenon samples prepared in (A) a 2-methyl-1-pentanol/PA
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Figure 5. (A) Solid-state °Li DNP build-up curve measured at 7 T and 1.5 K in a 3 M °LiCl sample prepared in H,O:ethanol 1:1 (v/v) with 30%
UV-irradiated PA. (B) Liquid-state °Li signal decay measured in an injection pump placed inside a 9.4 T rodent MRI scanner.

and d,-PA are shown in Figure 3. Experimental data were fitted
using the PEPPER routine of the MATLAB-based software

EASYSPIN,” considering a spin 1/2 radical with isotropic
hyperfine coupling to the methyl protons or deuterons for
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natural abundance or deuterated PA, respectively. We deduced
that PA and d,-PA have the same g-tensor and dipolar
broadening but that irradiated d,-PA has a 6.57-fold smaller
hyperfine coupling constant than its protonated counterpart
(see Supporting Information). This is in good agreement with
the proportion between 'H and *H gyromagnetic ratios (y,/
Y = 6.51).”" Moreover, as expected, the radical yield was
identical for both PA and d,-PA (16.0 + 1.0 mM after 1 h of
UV-irradiation).

In the following, we report experimental results demonstrat-
ing that UV-irradiated PA and d,-PA can be used as efficient
polarizing agent for enhancing the polarization of *Xe as well
as °Li and C in LiCl and sodium [1-'3Clacetate frozen
solutions, respectively. As already mentioned, '*Xe DNP
experiments were performed at 5 T and 1.5 K.'” A solid-state
12Xe polarization of 5.0 + 0.2% was measured after 3 h, about
1.S times higher than what was obtained using nitroxyl radicals
as polarizing agent.” A representative '*’Xe polarization build-
up curve is shown in Figure 4A.

The lithium sample was polarized for 5 h at 1.5 K in our
original (now set to 7 T) polarizer and subsequently dissolved
prior to transfer into the 9.4 T rodent MRI scanner (Varian/
Magnex, Palo Alto, CA) coupled to the polarizer."® A liquid-
state polarization of 4.0 + 0.5% was measured in the infusion
pump placed inside the scanner bore following the protocol
described in a former publication.'"” Even though the
polarization value was lower than what is reported in the
literature for samples prepared with nitroxyl radicals,® a
remarkably long relaxation time of 519 + 25 s was determined,
equivalent to the room-temperature Li T, measured in
thermally polarized °LiCl aqueous solutions at 9.4 T.*> Results
are reported in Figure S.

To investigate in more details the DNP properties of the UV-
induced radicals, sodium [1-'*CJacetate samples were studied.
Our analysis relies on the measurement of the "H and *C DNP
microwave spectra performed for the three samples (Figure 6).
The sample containing TEMPOL (Figure 6A) exhibits an
essentially identical spectrum for both nuclei, similar to what
has been found for the nitroxyl radical porphyrexide.”® At each
irradiation frequency, both '"H and "C reach the same spin
temperature in the stationary state (and it is expected that all
nuclei would do the same). This is very different from the
behavior observed with trityl radicals.” The types of radicals
leading to identical microwave spectra for all nuclei are usually
referred to as “broad-line” radicals whereas the others are called
“narrow-line” radicals. In a comparative study of five radicals, it
was found that replacement of protons in the solvent by
deuterons leads to a 2- or 3-fold improvement of "*C—DNP for
“broad-line” radicals, while the reverse effect was found for
“narrow-line” radicals.'> It has also been demonstrated in
aqueous sodium [1-"*CJacetate samples doped with TEMPO
that both proton and "*C spin temperatures decrease and
remain essentially identical to one another with increasing
degree of deuteration.” As a consequence, the composition of
the sample presented in Figure 6A is not optimal for a “broad-
line” radical, and a doubling of the enhancement is expected
upon deuteration. Further improvement could also be obtained
by optimizing the water/ethanol ratio as well as the radical
concentration and by increasing the acetate concentration.”
The choice of a protonated matrix for the present measure-
ments was made to allow a fair comparison, based on the
physical DNP mechanism, between radicals with different ESR
line width.
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Figure 6. °C and "H DNP microwave spectra measured at 5 T and
1.5 K in 1.5 M sodium [1-*Clacetate samples prepared in
water:ethanol 1:1 (v/v) mixtures containing TEMPOL (A), UV-
irradiated PA (B), or UV-irradiated d,-PA (C). The simulated ESR
spectrum for each of the three radical types is superimposed (solid
gray lines). The vertical gray dashed lines represent the center of
gravity of the ESR spectra.

The 'H microwave spectrum shown in Figure 6B is slightly
broader than the corresponding *C spectrum, but the DNP
maxima appear at the same frequencies for both nuclei. It is
therefore likely that the type of radicals present in this sample
exhibits a “broad-line” behavior, for which deuteration could
improve the maximum Bc polarization. From a theoretical
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Figure 7. *C DNP build-up curves recorded in a 5 T/1.15 K polarizer (left panel) and room-temperature relaxation curves measured, after
dissolution and transfer, in an injection pump placed inside a 14.1 T MR scanner (right panel). The samples consisted in frozen 1.5 M sodium
[1-CJacetate samples prepared in water/ethanol mixtures containing UV-irradiated PA (red squares), UV-irradiated d,-PA (blue circles), or
TEMPOL (green triangles). Colored dashed lines prolong the NMR signal obtained at the end of the DNP process to visually underline the
polarization losses during the transfer; arrows in the right panel indicate the measured '*C T, of each sample in the 14.1 T MR scanner.

standpoint, the sample corresponding to Figure 6C is the most
interesting. Compared to what was shown in refs 9 and 26, this
is an intermediate case for which the two microwave spectra are
clearly distinct, although the proton spectrum is not well
resolved. The ratio between the largest 'H and "*C enhance-
ments is about 3, which is smaller than the one reported in ref 9
for trityl radicals. At the frequencies corresponding to the
extrema of the *C microwave spectrum of Figure 6C, the 'H
enhancement is rather low because most of the “cooling power”
delivered by the microwaves is spent on polarizing the low-
gamma nuclei, in particular "*C. In this case, deuteration is not
expected to improve the *C polarization. The difference in **C
enhancement between the samples of Figure 6B,C are most
likely linked to the two competing effects highlighted in ref 12.
A similar behavior was found for '*Xe when the UV-irradiated
d,-PA radical was used: instead of the 5.0 + 0.2% polarization
mentioned above for the protonated radical, a value of 9.5 +
0.4% was recorded with its deuterated form (see Figure 4B). It
is therefore expected that all low-gamma nuclei will follow this
trend.

The acetate samples were also used for investigating one
crucial point of the dissolution-DNP technique: the transfer of
the HP solution from the polarizer to the NMR/MRI system.
To minimize the transfer time, the dissolved sample can be
driven through a plastic tube from one instrument to the other
using compressed He gas."”””**” An ill-defined combination of
several liquid-state relaxation mechanisms may cause loss of
polarization along the way and it is generally believed that the
path should not pass through regions of very low or very
rapidly changing magnetic field values (the so-called adiabatic
condition). The above-mentioned issue has been recently
studied in some details for "H and 3C.** As the UV-induced
radicals are entirely quenched when the temperature of the
sample is raised during the dissolution process, there is a
disappearance of the main relaxation mechanism causing
nuclear polarization losses, namely paramagnetic relaxation.

In the herein reported hyperpolarized *C experiments, the
HP solution was transferred into the bore of a nonactively
shielded 14.1 T rodent MRI scanner (Varian/Magnex, Palo
Alto, CA) from the polarizer located outside of the massive iron
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shielding structure of the scanner. The *C polarization build-
up measured in the § T/1.15 K polarizer is displayed in the left-
hand panel of Figure 7 (the microwave frequency was set to the
optimal frequency determined by the *C microwave spectrum
shown in Figure 6). The central panel of the figure pictures the
unknown fate of the polarization during the 5 s that it takes to
transfer the solution from the polarizer into the infusion pump
placed inside the 14.1 T scanner bore,”® where the acetate
liquid-state '*C polarization decay was monitored (Figure 4,
right panel)."” The essential result is that the polarization
created by the two nonpersistent radicals was almost entirely
maintained throughout the transfer across the complex field
path between the polarizer and the scanner (about 5% relative
difference between solid-state and liquid-state *C polarization);
conversely, the sample containing TEMPOL suffered a clear
polarization loss of around half of its solid-state value. A
correlation is that the acetate liquid-state *C T, measured in
the 14.1 T scanner for the sample containing nitroxyl radicals is
much shorter (16.2 + 0.1 s) than for the other two samples in
which the UV-induced radicals quenched at the time of
dissolution. The dissolved UV-irradiated samples indeed
exhibited a T, value nearly identical to the value measured
for melted nonirradiated PA beads in a 600 MHz high-
resolution system (45 + 1 s).

IV. CONCLUSIONS

The herein presented results demonstrate that radicals created
by UV-irradiation of PA exemplify a low-cost and versatile way
for polarizing X-nuclei in molecules that can be codissolved,
together with a fraction of PA, in a medium with a polarity
comparable to that of water. Moreover, the self-quenching
property of these radicals upon dissolution offers a promising
solution for simplifying the HP liquid transfer procedure from
the polarizer to a high-field MRI scanner with minimal
polarization losses. An additional advantage of the automatic
elimination of the potentially toxic radical species during
dissolution could in principle be to alleviate the quality control
procedure required in human MRI/MRS.

Even though at the present stage of the work the radical
concentration obtained after UV-irradiation of PA is still rather
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low to efficiently perform DNP at high magnetic field, other
biocompatible solvent systems are under investigation to
improve the radical yield. Furthermore, we are directing our
efforts in the research or synthesis of new molecules with the
same photochemical properties than PA, but with a more
isolated molecular environment at the site of the unpaired
electron. A reduced hyperfine coupling between the latter and
surrounding nuclei would produce a sharper EPR-line radical
species. Increasing the radical yield, or even the discovery of
other UV-induced radicals, will provide a more generic
improvement of the method for a widespread use of
nonpersistent radicals for DNP. Concerning the practical
applications of this method, it is important to note that the
liquid-state measurements were performed inside an injection
pump designed for in vivo rodent experiments, meaning that all
liquid-state values reported for '*C and °Li nuclei correspond to
the polarization levels at the time of injection, and although
these values are not the highest obtained to date, they are
sufficient for performing in vivo studies with the competitive
advantage that the solutions are free of radicals.'®
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