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Dynamic nuclear polarization is a technique that significantly enhances signal intensity in nuclear magnetic

resonance spectroscopy and imaging. In a DNP experiment, a sample of interest is doped with a radical, and
microwaves are applied in a strong magnetic field, leading to an increase in nuclear spin polarization.
Notably, the potential reactions between the sample and the polarization agent are rarely considered.

Hyperpolarized *C magnetic resonance spectroscopy (MRS) is currently used in clinical trials for various

diseases. Herein, we demonstrated that with one of the mostly used DNP systems, pyruvic acid,
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hyperpolarized with the trityl radical Ox063, the alcohol moieties of the radical undergo esterification

during sample preparation, leading to the formation of pyruvate esters on the radical, and that Ox063
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Dynamic nuclear polarization (DNP) is a powerful technique
that significantly enhances the signal-to-noise ratio in nuclear
magnetic resonance (NMR) and magnetic resonance imaging
(MRI) by transferring polarization from unpaired electrons to
nuclei. In pre-clinical and clinical research, dissolution DNP
(dDNP) enables real-time in vivo metabolic imaging.’ In dDNP
experiments, a **C-enriched metabolite is mixed with a stable
radical polarizing agent (PA) in a glass-forming solvent. Gado-
linfum(m) complexes are sometimes added to improve the
polarizing efficiency.”? The sample is then frozen to cryogenic
temperature (1.2-5 K) and polarized by applying microwave
radiation under a strong external magnetic field (3.3 <B, <10 T).
After sufficient polarization build-up, P(**C) > 30%, the sample
is rapidly dissolved using a superheated solvent or buffer and
then quickly injected in vivo to minimize polarization loss, and
magnetic resonance spectroscopy (MRS) is performed to gain
real-time spatial metabolic information.** This technique is
progressing rapidly and are used in multiple clinical trials that
are currently being conducted for multiple diseases.® Although
numerous “C-enriched biologically relevant metabolites have
been used, hyperpolarized pyruvic acid remains the most
popular one thus far because of its long T; relaxation time
constant, its efficient polarization, and, most importantly, its
central role in cellular metabolism."*** Among the PAs, the
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has a half-life of ~30 min in pyruvic acid at room temperature. The biological and physicochemical
properties of these derivatives have not yet been studied.

stable radical Ox063 (Fig. 1) has been one of the most used PA.
Its high stability, water solubility, and narrow EPR single line
make it an ideal PA for polarizing *C-enriched biologically
relevant species. In pre-clinical settings, Ox063 is injected
together with the hyperpolarized "*C agent owing to its non-
toxic properties (LDs, mice = 8 mmol kg ')***' and fast clear-
ance.””** Notably, Ox063 and its deuterated analog, Ox063-d,,
(also known as Ox071), have been extensively used as systemic
molecular oxygen sensors for electron paramagnetic resonance
(EPR) and Overhauser-enhanced MRI oxygen mapping in
multiple animal models, showing high biocompatibility.****
Surprisingly, despite the large body of literature on DNP
method optimization, DNP mechanistic study, or biomedical/
medical applications, the potential interactions/reactions
between the PA, the solvents, the analyte to be hyperpolarized,
and other components of the sample during sample prepara-
tion were too rarely considered, and often, there have been the
consequence of unexpected results such as the lack of NMR
enhancement with Ox063 or 4-0xo-TEMPO in presence of silver
ion.”® The formation of aggregates of Ox063 at high concentra-
tions has been discussed and shown to have significant
consequences on DNP signal enhancement and mechanisms.”
The hyperpolarization of [1-"*C]pyruvic acid with the Ox063
radical being the most popular dDNP system, we investigated
the potential reaction between these two molecules. Based on
our experience in the synthesis and derivatization of Ox063 and
0x063-d,, radicals,”®*?° we hypothesized that Ox063 could react
with pyruvic acid via Fischer esterification. Ox063 exhibits 12
primary alcohol moieties that could react with the carboxylic
acid of pyruvic acid, leading to an Ox063-pyruvate ester (Fig. 1).
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Fig. 1 Structure of the Ox063 radical, and its hypothesized reaction with pyruvic acid leading to Ox063-pyruvate esters.

The significance of these potential derivatives may be high
because their biological effects have not been tested. More
broadly, when PAs are compared or when DNP enhancement is
rationalized based on molecular structures, the alteration of the
molecules of the sample constituents could lead to false
conclusions.*

The most common protocol for sample preparation of pyr-
uvic acid for hyperpolarization is the dissolution of Ox063
radical at 15-20 mM in neat [1-"*C]pyruvic acid (~14 M) with or
without Gd** chelates.®** The sample is usually vortexed and/or
sonicated for a few minutes. Aliquots not directly used are
stored long-term at low temperatures (—80 °C to 4 °C). To verify
our hypothesis, Ox063 was mixed at 15 mM in neat pyruvic acid

at room temperature (25 °C), and the mixture was analyzed by
reverse-phase HPLC/MS.

The first chromatogram in Fig. 2A (in black) recorded after
~5 min of sonication and vortex mixing, which was required to
reach a homogeneous solution, shows that in addition to the
peak of Ox063 with a retention time of 1.7 min, additional
smaller peaks at 4-5 minutes are also present. The UV-vis
spectrum of the peak at 4.3 min (Fig. 2B) is almost identical
to the spectrum of Ox063, indicating a trityl radical structure,
while the MS spectrum reveals an m/z of 1430 consistent with
the structure of Ox063-pyr; (Fig. 2C and 1 for the structure). The
other peaks correspond to Ox063 with multiple pyruvate esters.
When the solution was left at room temperature and analyzed
by HPLC/MS over time, the peak of Ox063 progressively
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Fig. 2

(A) HPLC chromatograms at 485 nm of Ox063 (15 mM) dissolved in neat pyruvic acid (~14 M) at room temperature after ~5 min, 40 min,

65 min, and 3 h. (B) UV spectra of the peak at 1.7 min (Ox063) and 4.3 min (Ox063-pyry) for the first chromatogram (5 min of reaction). (C) MS
spectra of the peak at 1.7 min (Ox063) and 4.3 min (Ox063-pyr) for the first chromatogram (5 min of reaction). (D) MS spectra integrated over
a retention time window of 4-7 min of the reaction after 1, 5, and 12 h at 25 °C.
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decreased while the peaks of the Ox063-pyruvate esters (Ox063-
Pyr,, 1 < n < 12) increased. Because of the high number of
possible isomers, as the reaction progresses, the number of
peaks increases dramatically, and they all merge into a broad
peak. As a result, MS spectra were extracted from a window of
retention time from 4 to 7 min. As shown in Fig. 2D, after one
hour of reaction, the m/z values corresponding to 1, 2, and 3
pyruvate esters of Ox063 were the most intense. This distribu-
tion shifts over time to higher numbers of pyruvate esters.

To obtain more quantitative information, reaction kinetics
were performed at 20, 25, 30, and 35 °C. Ox063 was mixed at
15 mM in neat pyruvic acid in an HPLC vial. The temperature of
the HPLC sample manager was set to the desired temperature,
and chromatograms were recorded over time to determine the
remaining concentration of Ox063. Fig. 3 shows the kinetics
and fitting using a pseudo-first-order integrated rate law (see
Fig. S1 for replicationt).

Table 1 summarizes the kinetic parameters. The half-life of
0Ox063 in pyruvic acid is as low as 12 & 4 minutes at 35 °C. Some
DNP sample preparation protocols recommend setting the
sonicator bath to 40 °C to facilitate the dissolution of Ox063.
Under these conditions, a large amount of Ox063 is converted
after a few minutes. The Arrhenius relationship allows us to
determine an activation energy of 18 + 2 kcal mol™" for the
esterification of the alcohol groups of Ox063 by pyruvic acid
(Fig. 4). The esterification occurs far from the radical center;
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Table 1 Summary of the kinetic parameters for the esterification of
Ox063 with pyruvic acid

Temperature

(°C) kobs (min™") #, (min) K (s", MY

20 0.011 + 0.003 63 +17 1.33 x 107> £ 0.36 x 10>
25 0.021 + 0.003 33 + 4 2.48 X 107° £ 0.31 x 10°°
30 0.030 & 0.006 23+ 5 3.52 x 10°° £ 0.73 x 10>
35 0.063 &+ 0.023 12+ 4 7.36 x 107° £ 2.65 x 10>

“ Calculated using [pyruvic acid] = 14.1 M.

therefore, it is not expected to have a significant effect on the
EPR spectrum. Moreover, we previously demonstrated that the
esterification of alcohol groups with succinyl moieties has no
significant effect on the EPR spectrum.® To verify this hypoth-
esis, a sample with 5% remaining Ox063 and 95% of a mixture
of pyruvate esters was diluted to 30 uM in PBS (10 mM, pH = 7)
to avoid spin-spin broadening, and the X-band spectrum was
recorded under nitrogen to avoid oxygen-induced line broad-
ening. As expected, the spectrum exhibits a single narrow line
peak with a linewidth of ~180 mG, identical to the spectrum of
0Ox063 (see Fig. S37).?> This result shows that all derivatives have
very similar g-factors.

Finally, to verify that this observation was not limited to
pyruvic acid, Ox063 was mixed with lactic acid, another widely

16 4
.
144,
12m
% 10- m
§ 84 u 25°C
x
O 64 ®
n
] n
4 !‘ ty,= 36 min
2 LY k = 0.01927 min"!
-
-
0 " = = g = =
T T T T T T
0 100 200 300 400 500
Time, min
16
n
144\
124
=
104
E " 35°C
8 8
(=}
= \
O, 6 \
Y
47 \i ty,= 15 min
24 Sa k = 0.04668 min""
-
04 I R S—
T T T T T T T 1
0 20 40 60 80 100 120 140
Time, min

Fig. 3 Reaction kinetics of Ox063 in neat pyruvic acid at 20 °C, 25 °C, 30 °C, and 35 °C, followed by HPLC.
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Fig.4 Arrhenius plot for the determination of the activation energy for
the esterification of one alcohol group of Ox063 by pyruvic acid, the
slope as determined by the best fit was —9053.3 K. (see Fig. S2 and
Table S1 for data pointst).

used hyperpolarized probe. Similarly, lactate esters were formed
using HPLC/MS (see Fig. S47).

The primary aim of this study was to raise the attention of
the DNP community on the potential chemical reactions
occurring during the preparation of samples for DNP experi-
ments. Chemical analysis of the functional groups present in
the various constituents of the mixture should be carefully
performed to anticipate and/or prevent these reactions. We
demonstrated that when the popular OX063 PA is mixed with
pyruvic acid or lactic acid, the alcohol functions undergo
esterification at room temperature. Extra care is required when
dissolving Ox063 in an organic carboxylic acid because it can
lead to ester formation. To mitigate this reaction, the mixing
temperature should be kept as low as possible, and the samples
should be frozen immediately to stop the reaction. The use of
carboxylate salts of *C-enriched metabolites could prevent this
reaction.*® Alternatively, the Ox063 analog, in which the alco-
hols have been methylated (OX063Me or AH111501, see Fig. S5
for structurest), is another popular PA used for metabolic
imaging in clinical trials. This variant is protected by the reac-
tion described here.
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