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Abstract: Dynamic nuclear polarization for nuclear magnetic resonance (NMR) spectroscopy and
imaging uses free radicals to strongly enhance the NMR signal of a compound under investigation.
At the same time, the radicals shorten significantly its nuclear spin relaxation times which reduces the
time window available for the experiments. Radical scavenging can overcome this drawback. Our
work presents a detailed study of the reduction of the TEMPOL radical by ascorbic acid in solution
by high-resolution NMR. Carbon-13 and hydrogen-1 nuclear spin relaxations are confirmed to be
restored to their values without TEMPOL. Reaction mechanism, kinetics, and the influence of pD
and viscosity are thoroughly discussed. The detailed investigation conducted in this work should
help with choosing suitable concentrations in the samples for dynamic nuclear polarization and
optimizing the measurement protocols.

Keywords: TEMPOL; radical scavenging; NMR; nuclear spin relaxation

1. Introduction

Nuclear magnetic resonance (NMR) spectroscopy and magnetic resonance imaging
(MRI) are among the main experimental methods for the non-destructive investigation
of organic molecules in both in vitro and in vivo. One of the strategies to increase the
sensitivity of NMR by several orders of magnitude is represented by dynamic nuclear
polarization (DNP). In DNP, the nuclear spin system of the compound under study is
hyperpolarized by a polarization transfer from the spin polarization of unpaired electrons
in a polarizing agent (PA) added to the sample, irradiated by microwaves [1,2]. Solid-state
polarization exceeding 90% or 70% of all 'H or *C nuclear spins, respectively, can be
obtained in magnetic fields of 3-10 T at a temperature of 1-2 K [3-5]; the isotopes with
low gyromagnetic ratios can profit from cross polarization from 'H [6]. The often-used
PAs are the simplest stable nitroxyl radicals (NR), e.g., (2,2,6,6-tetramethylpiperidine-1-
yloxyl (TEMPO), 4-hydroxy-TEMPO (TEMPOL), and other piperidine-series nitroxyl
radicals with substituents in position four of the piperidine heterocycle. The steric effects
of the four methyl groups in NRs stabilize these radicals by suppressing the reactivity
of the unpaired electron [7]. NRs also benefit from their relatively low cost, commercial
availability, and effectiveness as PAs [8]. Without affecting their unpaired electrons, NRs
can be further modified or covalently bound to another molecule, macromolecule, or
a material based on them. Other frequent PAs include trityl-derived radicals [9-11] or
chelates with paramagnetic metal centres [12].

Dissolution DNP (dDNP) is a way of rapidly bringing the high polarization achieved
in the solid state into a liquid phase [5,13-16]. Proton polarization in liquid water rou-
tinely reaches an order of 10% [17], but a polarization above 70% has been reported
using UV-generated radicals [18]; '3C polarization levels above 30% in solution have been
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achieved [8]. Apart from the use of hyperpolarized molecules in high-field NMR spectrom-
eters, a benchtop arrangement has also been developed [19]. Solutions with hyperpolarized
nuclei can also be injected into biological objects placed in an MRI tomograph [20,21] and
the metabolism of simple organic molecules, such as glucose [22,23], pyruvate [24-26],
acetate [27-29], or others [30-33] can be observed.

After turning off the microwaves driving the polarization transfer, the hyperpolarized
nuclei undergo relaxation towards a thermodynamic equilibrium corresponding to the
magnetic field and temperature at a given moment. Therefore, the nuclear spin relaxation
before, during, and after dissolution decreases the signal intensity in dDNP [13]. While
technical solutions have been invented to speed up the dissolution and delivery of the
sample to the NMR spectrometer or MRI tomograph [34-36] and the contribution of the
nuclear dipolar interaction with the solvent to the relaxation is minimised by the use
of deuterated solvents in dDNP, which dilutes the 'H spins [37], the PA first used for
hyperpolarization now unfavourably enhances the relaxation due to its paramagnetism.
When the paramagnetic relaxation is the dominant relaxation pathway, the paramagnetic
relaxation enhancements of longitudinal and transverse relaxation rates Ry = T ~land R,
=T, ! (T and T} are the longitudinal and transverse relaxation times, respectively) are
directly proportional to the concentration of the radicals in dilute solutions [38,39]. Relaxiv-
ities r; and r; are defined as increase in Ry and R; per radical concentration, respectively.
Various methods for reducing the paramagnetic relaxation have been proposed. In the
solid-state, spin-diffusion-relayed DNP increases the distance between the hyperpolarized
nuclei and the PA [40], long-lived singlet states are created [41-43], or photo-induced labile
radicals are quenched [44]. Magnetic fields applied along the transport pathway reduce the
paramagnetic relaxation during the sample transfer [36,45].

During or shortly after the dissolution, there are several possibilities to remove the
paramagnetic compounds from the sample (it should also be noted that some free radi-
cals are toxic, and their presence in vivo is not desirable in clinical studies). Besides the
quenching of photo-induced radicals mentioned above [46-48], hybrid organosilica materi-
als with bound radicals can be filtered out [49,50]. A porous template of a silicon-based
solid [51], thermo-responsive hydrogels that expel the hyperpolarized molecules from the
radical-bearing polymer network [52], or the extraction of the radical to another solvent [53]
were also used to separate the radicals from the solution. In this work, we focus on the
scavenging of the radicals by L-ascorbic acid (AA or HyAsc, Figure 1): a chemical reaction
between an NR and ascorbate anion produces a diamagnetic derivative of the nitroxide,
leading to a prolongation of the nuclear relaxation times of a solute [54].

(b) OH

Figure 1. Schemes of (a) TEMPOL; (b) TEMPOL-H; (c) glycine with carbon numbering; and
(d) ascorbic acid (AA).
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Chemical reactions that result in radical scavenging into a diamagnetic compound
decrease the nuclear spin relaxation rates in the molecule under study [54,55]. A suitable
reducing agent for NR is L-ascorbic acid [56]. In [54], sodium ascorbate (vitamin C or
NaHAsc) was used to scavenge TEMPOL. The gradual reduction of TEMPOL was detected
and an increase in the 'H NMR signal from the four methyl groups of the diamagnetic
hydroxylamine (HA) 2,2,6,6-tetramethylpiperidine-1,4-diol (TEMPOL-H, Figure 1) was
observed. The 'H relaxation times in glycine and acrylic acid in aqueous solutions with
TEMPOL increased after ascorbate addition. The scavenging of TEMPOL by NaHAsc led
to an increase in the relaxation times of *C in dDNP experiments with sodium acetate [57]
and pyruvic acid [18].

The ascorbate anion, HAsc™, reacts with the NR by a hydrogen-atom transfer [43,58,59]
that produces the corresponding HA and an ascorbyl radical, Asc®*™ [60]:

NR + HAsc™ 5 HA + Asc®™, (1)

The reaction follows second order kinetics, i.e.,

d[HA]
at

= k;[NR]. )

The rate constant k; for TEMPOL was measured by NMR in D,0 (0.20 M-1s1at
23 °C [54]) and by EPR in H,O (6.96 M~ s~ 1 at 25 °C [61]; 8.7 M~ 1s~! at 25 °C [62]); there
is a strong kinetic isotope effect [60].

The ascorbyl radical forms a dimer (Asc%f) and rapidly decomposes into HAsc™ and
dehydroascorbic acid (DHA) [54,63]:

Asc2 +H" B HAsc™ + DHA. 3)

HAsc™ can re-enter the reaction with NR (1), leading to a total 2:1 stoichiometry of
NR:HAsc™ under this model, taking Equations (1) and (3) into account. DHA further
decomposes by a complex cascade of reactions [64—66], during which a partial regeneration
of HAsc™ can occur as well [67]. A complete reaction mechanism was proposed for the
scavenging of NRs containing five-membered rings by AA, including radical scavenging
by the oxidation products of DHA [68].

Apart from scavenging by AA, the radicals can enter a self-disproportionation reaction
as well:

NR + NR-H* & HA + HA™, 4)

where NR-H" is protonated NR and HA* is an oxoammonium cation [69]. However,
the very low pK < =5 [69,70] of TEMPO-based NR restricts the reaction (4) to extremely
acidic conditions.

This work monitors the reaction of TEMPOL and ascorbic acid (AA) by NMR spec-
troscopy in liquid state. The radical reduction by AA results in an increase in the 13C
and 'H relaxation times in a solute, choosing glycine (Figure 1) as a suitable benchmark
molecule. Apart from relaxation measurements, we employ a real-time NMR analysis of
the reaction progress and discuss possible mechanisms of radical scavenging. Our data
combine several aspects of the process, explaining the role of pH and its change during
the reaction, and pointing out the importance of excess AA over TEMPOL. The resulting
relaxation and kinetic data obtained from NMR spectroscopy can be used for suggesting
suitable conditions leading to efficient radical scavenging, e.g., in a dDNP setup. Based on
our results, the concentrations of the radical and reducing agent can be tuned for particular
requirements on the final relaxation times and the speed of radical quenching.
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2. Results
2.1. Reactions Observed

'H NMR spectra demonstrate that the addition of AA induces the formation of
TEMPOL-H with a simultaneous decrease in AA concentration and the appearance of other
reaction products, namely, dehydroascorbic acid (DHA) and its descendants
(Figure 2). Although there are some peak overlaps between AA and DHA in the region from
3.5 ppm to 4.0 ppm, there are several isolated peaks that allow the proper identification of
the compounds and their quantification. Mainly, the signals of TEMPOL-H methyl groups,
which we are the most interested in, are well separated from other resonances.

DHA +10 mM TEMPOL
+200 mM AA
20x%
I

TEMPOL-H

1 +10 mM TEMPOL
i1 | +200 MM AA \

+200 mM AA

Gly

TMSP

JL +10 mM TEMPOL

T T T T T T T T T

T T T
5.0 45 4.0 35 3.0 25 2.0 15 1.0 0.5 0.0
& ("H)/ ppm

Figure 2. 1TH NMR spectra of solutions with 200 mM [1-13C]—glycine at 25 °C (500 MHz, 4 scans
acquired). Additional solution components and scaling are indicated in the figure. The sample
with TEMPOL and AA was measured more than 2 h after preparation. Major peaks: TMSP: 0 ppm;
TEMPOL-H methyl protons: 1.5 ppm; glycine: doublet (caused by coupling with 13C)at 3.6 ppm;
AA: multiplets at 3.7 ppm and 4.1 ppm and the singlet at 4.9 ppm; H4 of TEMPOL-H and DHA:
multiplets at 4.3—4.4 ppm; HDO: 4.7-4.8 ppm.

We monitored the progress of the reaction between TEMPOL and AA by the integral intensity
of the methyl signal of the diamagnetic TEMPOL-H in time. This resonance is unambiguously
distinguished from the TEMPOL radical, whose signal is broadened beyond detection due to
its paramagnetism. The initial rate of increase in TEMPOL-H concentration was checked in an
auxiliary sample with more diluted AA (200 mM Gly + 2 mM TEMPOL + 10 mM AA). Although
such TEMPOL concentration does not correspond to the usual application in DNP, we have
chosen it to slow down the scavenging reaction for a better observation of its kinetics. The time-
dependence of TEMPOL-H concentration, calculated from the NMR integral intensity of methyl
resonances, is shown in Figure 3. As expected, it approaches the initial radical concentration for
long times, and the plateau reached means that all TEMPOL is reduced by excessive AA. An
exponential fit by Equation (6), provided k; = (0.43 4+ 0.02) M—! s~!, which has the same order
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of magnitude as a previously published value 0.20 M~! s~! [54]. We ascribe the mismatch to
different sample compositions and preparation protocols. Our value of k; implies that using
200 mM AA, as in our main sample series, only 0.6% of TEMPOL remains unreacted 1 min after
it is mixed with AA. Such a time scale is also well suited to dDNP experiments with delays of
seconds or tens of seconds after the dissolution [14].

t/ min
0 10 20 30 40 50
2.0 ' ’ : : '
=
£ 1.5 A1
E
- 4
8 1.0 X Experiment
E Fit
£ 0.5
0.0 T ;
0 1000 2000 3000

t/s

Figure 3. Time course of TEMPOL-H increase in 200 mM glycine, 2 mM TEMPOL, and 10 mM AA at
25 °C. The points are obtained from integral intensities of 'H NMR resonance of TEMPOL-H methyl
groups, the solid line is fit by Equation (6).

When the AA concentration (5 mM) is lower than that of TEMPOL (25 mM), there
is also an increase in TEMPOL-H observed up to 2[AA] after several minutes (Figure 4).
This agrees with the reaction scheme (Equations (1) and (3)) and a fit including backward
reactions (Supporting Information) led to k; = (0.90 & 0.05) M~1s~1. More surprisingly,
after some period of time (about 3000 s), a further increase in [TEMPOL-H] appears in
this sample. Therefore, the plateau reached in around 600 s does not represent a true
equilibrium state. Other reactions are still going on (no spontaneous formation of TEMPOL-
H was observed in samples without AA). We were able to explain this behaviour only by
the regeneration of AA from an unspecific DHA product Y (that might be diketogulonic
acid [68], but not necessarily) by a second order reaction

2Y oA (5)

with a rate constant ks = 0.0084 M~! s~ (method and further results described in Support-
ing Information), which was not anticipated from the literature. Although the experimental
concentration in TEMPOL-H is fitted reasonably well by this model, the underlying reaction
mechanism is likely to be more complex. Our data demonstrate that a tempting, but false
equilibrium can persist for a relatively long time before further radical reduction takes
place and that the ascorbate chemistry still deserves further research.

2.2. Nuclear Spin Relaxation Rates

The '3C and 'H relaxation rates of glycine in samples without AA and with an excess of
AA with respect to TEMPOL listed in Table 1 are presented in Figures 5 and 6, respectively.
All of the relaxation data were acquired after full radical scavenging when AA was present.
It is shown how the TEMPOL addition makes the relaxation faster and that the original
values in the solutions of glycine and AA without the radical are fully restored when
TEMPOL is reduced by AA.
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Figure 4. TEMPOL-H concentration in time in 200 mM Gly, 25 mM TEMPOL, and 5 mM AA at 25 °C.
The points are obtained from integral intensities of "H NMR resonance of TEMPOL-H methyl groups, the
fits correspond to kinetic models described in Supporting Information. Top: the initial part of the reaction.
Bottom: the full experimental run with the region shown in the top panel indicated by dashed lines.

[1-3C]-Gly [2-"3C1-Gly
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Figure 5. Longitudinal (R;) and transverse (R;) 13C relaxation rates of 200 mM [1-13C]- (left) and
[2-13C]-glycine (right) versus TEMPOL concentration at 25 °C (blue) and 37 °C (red). Filled symbols:
without AA; empty symbols: with 200 mM AA. Lines are linear fits.
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Table 1. Composition of individual samples and concentrations measured by 'H NMR after the
reaction. In samples without AA, the TEMPOL concentration was determined indirectly as TEMPOL-
H concentration measured after an extra addition of AA (described in Supporting Information).
Experimental and calculated pD and measured viscosities are also shown.

c/mM
Nominal Measured by '"H NMR pD y/mPa:s
Gly AA  TEMPOL Gly AA TEMPOL-H H,0 exp calc 25°C 37°C
200 0 0 191 240 7.62 714 1141 0875
200 200 0 203 200 520 3.85 378 1218  0.929
unlabelled 200 0 2 192 1.7 470 7.68 714 1141 0876
glycine 200 200 2 203 195 1.8 580 384 381 1222 0934
200 0 4 194 3.5 520 7.44 714 1138  0.874
200 200 4 204 195 3.6 550 393 382 1223 0933
200 0 0 196 680 7.60 714 1155 0.887
200 200 0 207 199 910 3.89 378 1233 0942
[1-13C]- 200 0 5 210 5.1 660 7.76 714 1153  0.885
glycine 200 200 5 202 193 45 660 4.01 3.86 1241 0946
200 0 10 204 9.4 1180 7.60 714 1144 0875
200 200 10 209 199 9.5 940 3.95 394 1240  0.946
200 0 0 200 710 7.54 714 1139 0873
200 200 0 210 200 930 3.85 378 1230 0.937
[2-13C]- 200 0 25 199 224 990 7.41 714 1167 0897
glycine 200 200 25 197 186 229 630 408 416 1251 0953
200 0 50 202 449 940 7.51 714 1181 0902
200 200 50 210 180 47 1070 421 448 1276 0970
"Hin Gly "Hin [1-"*C]-Gly "Hin [2-"3C]-Gly
os B EmmT |
O 200 mM AA, 25 °C
O 200 mM AA, 37 °C P )

w - T

o o

'.‘w Tw

2y '

0.0

~
/

——f==—=2=28

0 2 4 0 5 10
[TEMPOL]/ mM [TEMPOL]/ mM [TEMPOL]/ mM

o
o

Figure 6. Longitudinal (R;) and transverse (R;) 1H relaxation rates in natural-abundance (left),
[1-13C]- (centre), and [2—13C]—glycine (right) versus TEMPOL concentration at 25 °C (blue) and 37 °C
(red). Filled symbols: without AA; empty symbols: with 200 mM AA. Lines are linear fits.

With one exception presented by the transverse relaxations of 1-'3C, all of the relaxation
rates are linear with respect to TEMPOL concentration without AA and constant when AA
is added. This is also true for the 'H nuclei of glycine (Figure 6) and TMSP (Figure S1).
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Selected decay profiles are shown in Figure S2. The relaxivities obtained from the linear fits
of the relaxation rates are collected in Table 2.

Table 2. Relaxivities caused by TEMPOL from linear fits of relaxation rates of various nuclei.
1H values obtained as averages from unlabelled, [1-13C]-, and [2-13C]—glycine.

ri/st M1 ralst M1
25°C 37°C 25°C 37°C
Glycine-1-13C 7.7 4+04 58 +0.3 12+2 942
Glycine-2-13C 9.7 £ 0.7 71406 19+1 14 +1
Glycine-2-'H 121 £ 3 95 +2 179 + 4 137 +2
TMSP-1H 209 + 5 195 + 4 290 + 6 21 +5

3. Discussion
3.1. Scavenging Mechanism and Kinetics

The decrease in AA concentration after its reaction with TEMPOL, as measured by
TH NMR (the differences between nominal concentrations and concentration measured
after the reaction in Table 1 that are shown in Figure S3), approximately equals half of
the final concentration of TEMPOL-H, which agrees well with the mechanism proposed
in Equations (1) and (3). This finding, demonstrated by the high agreement between the
experimental and theoretical ratio of depleted AA to TEMPOL-H concentration (Figure S3),
supports previous models in a way that has not been properly discussed before.

In addition, the measured pD of all samples is in very good accordance with the
values calculated from initial concentrations and the reaction mechanism (Table 1). Figure 7
shows the correlation between calculated and experimental pD for the samples with AA.
The increase in pD after TEMPOL scavenging by AA is caused by H* (or D") digestion
during the disproportionation of the ascorbyl-radical dimer in Equation (3) and by the
protonation of TEMPOL-H to TEMPOL-H,*. These effects should be kept in mind: the
acidity can change during the reaction, which might have an influence when dealing with
some sensitive compounds.

4.6

4.5 - X

4.4 -

pD (theory)

B
o
1

3.9 1

3.8 1 X

37 T T T T
3.8 4.0 4.2 4.4 4.6

pD (experiment)

Figure 7. Experimental (horizontal axis) and calculated pD (vertical axis) of the solutions containing
200 mM AA and variable TEMPOL concentrations (Table 1). Method described in Supporting Information.

The kinetic modelling in Figure 4 revealed that when AA is not in an excess over
the NR, a delayed reaction that leads to the further scavenging of NR must be taken into
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account as well. The corresponding increase in TEMPOL-H concentration is observed after
the initial dose of AA is exhausted; no such behaviour can be seen when the initial AA
concentration is higher than [NR]/2, because this amount is sufficient to fully reduce all of
the radical as in Figure 3. Despite the care paid to sample preparation, radical scavenging by
molecular oxygen can also occur [14], which would have an influence on the rate constants
determined by our models.

3.2. Carbon Relaxations

The carboxyl 3C in glycine has substantially longer T; (40 s at 25 °C) than the
o carbon (3.7 s at 25 °C) because of the increased distance to the nearest hydrogen spins.
On the other hand, the accessibility of both carbons to the radical paramagnetism remains
similar, as shown by their relaxivities (Table 2). Therefore, the measurements of the NMR
signal of the carboxyl carbon after DNP enhancement can be carried out repeatedly with
small-flip-angle pulses for a relatively long time. For such purpose, the scavenging of the
radical is strongly advantageous as it increases T four times under our conditions, having
similar concentrations to what is routinely used in DNP, e.g., 40 mM TEMPOL [19], even
though the dissolution dilutes the radical.

Apart from the evident relaxation enhancement by the paramagnetic molecule, there
is also a strong carbon T, relaxation shortening upon the addition of AA (Figure 5, bottom
row). As opposed to the small enhancements of Ry (0.03 s~! at most, Figure 5, top row),
which are comparable or smaller to the values obtained for [1-1*CJ-acetate by 0.2 M AA
addition [57] or pH lowering [71], the magnitude of R; increase is comparable to the effect
of the paramagnetic electrons under the concentrations used in this work.

In the search for the reasons of this strong increase in spin—spin relaxation rate, further
experiments were conducted and we analysed the effects of acidity, mixed glycine iso-
topomers, 'HDO content, or the total concentration of nuclear spins. In conclusion, it is the
lower pH that enhances the R, because of the chemical exchange between the protonated
and dissociated carboxyl group at pD close to the pKgyc of glycine. This explains the
notable temperature dependence as well (Figure 5, bottom right).

Our relaxation experiments on the solutions containing both TEMPOL and AA were
undertaken under the conditions of fully scavenged radicals. Therefore, if only a partial
NR reduction is achieved at any given time during an actual dDNP process, the relax-
ation times shown here represent an upper limit of how they can be prolonged using the
corresponding concentrations.

3.3. Stability in Time

NMR concentration measurements additionally conducted several days or weeks after
the original experiments have shown no differences in the composition of samples except
for some increase of 'H,O (~10 mM per day). The perfect stability confirms that there is
no reaction in progress; it had terminated before the main measurements. Only traces of
spontaneous radical reduction were found with negligible effect on the glycine '3C T; and
a very slow degradation of AA was observed in the time scale of months (visible also by
the yellow—orange colour of the solution caused by DHA).

3.4. Influence of Viscosity on Relaxations

The addition of either AA or TEMPOL increases the dynamic viscosity, #, of the
solution (Table 1): on average, by 0.086 mPa's and by 0.061 mPa-s after a 200 mM AA
addition at 25 °C and 37 °C, respectively. For TEMPOL addition, linear regression shows
the viscosity increase 1.0 mPa-s-M~! and 0.70 mPa-s-M~! at 25 °C and at 37 °C, respectively.
In this way, viscosity can be responsible for changes in relaxation rates in samples with AA
and different TEMPOL concentrations (Figure 8). However, the scavenging of TEMPOL by
AA causes a clearly distinct effect caused by the removal of electronic spins.
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Figure 8. Longitudinal '3C relaxation times versus dynamic viscosities of mixtures containing
200 mM [2-13C]-glycine (25 °C). Open symbols: samples without TEMPOL; filled symbols: samples
with AA and TEMPOL-H.

3.5. Influence of pH on the Scavenging Reaction

We also tested the possibility that it could be the high acidity that enhances the
scavenging process according to reaction (4). Experiments with DCl additions to TEMPOL
instead of AA, reaching pH = 1.7, showed that this pathway proceeds only very slowly
with the rate constant of TEMPOL + TEMPOL-H" (using pK = —5.5 valid for TEMPO in
HyO [70]) k3 = 3.8 x 107* s~! M1, close to the value 1.8 x 10~* s~! M~ published for
TEMPO + TEMPO-H" in H,O [69]. Therefore, this reaction does not significantly contribute
to our results with AA.

4. Materials and Methods
4.1. Samples

Glycine (BioUltra), [1-'3C]- and [2-13C]-glycine (99% atom !3C), TEMPOL (97%), AA
(BioXtra), D,0O (99.9% atom D) with 0.05 wt. % 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid,
sodium salt (TMSP), and DCI (35 % in D0, 99% atom D) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). HCI (35%, analytical grade) and NaOH (pearls, analytical
grade) were purchased from Lach-Ner. Due to its better solubility than conventional
TEMPO, we used TEMPOL in D,O. Deuterated water is used for two reasons: it has only
a weak 1H signal coming from adsorbed HDO and the lack of 'H spins leads to slower
nuclear spin relaxations of the solutes.

The stock D,O with TMSP was heated to 90 °C and cooled back down to ambient
temperature before use to get rid of dissolved CO, that would otherwise influence acid-
ity. The solutions of TEMPOL (0.3 M) and glycine (0.6 M; non-enriched, [1-'3C]-, and
-glycine were treated separately) were mixed into individual samples to give the de-
sired concentrations. AA solution was always prepared fresh before every sample from
dry powder because of its spontaneous degradation in water [64,67,72,73]. The samples
(0.6 mL) were degassed using three cycles of freeze-pump-thaw method directly in the
NMR tube (5 mm Norrell S500) and sealed by krypton gas at ambient pressure.

All of the NMR samples contained 200 mM glycine (natural abundance, [1-'3C]-, and
[2-13C]-labelled). Samples with no TEMPOL and two samples with different TEMPOL
concentrations (chosen to have reasonable effects on glycine nuclear relaxation rates) were
prepared for all three glycine isotopomers used. One series of the samples was made
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without AA and one series with an initial 200 mM AA (Table 1). Additional samples with
different concentrations were prepared in the same way for kinetic studies.

4.2. NMR Spectroscopy

NMR spectra were acquired on a Bruker (Billerica, MA, USA) Avance III HD spec-
trometer at 11.7 T (Larmor frequency 500.13 MHz for 'H and 125.76 MHz for 13C) by
a two-channel 5 mm BBFO probehead. Pulse lengths on both isotopes were adjusted
from 360° nutation experiments for each sample. Chemical shifts were referenced to the
internal TMSP (0 ppm). Exponential line broadening (LB = 0.5 Hz), first-order phase cor-
rection, and automatic subtraction of a fifth-order polynomial from the spectral baseline
were performed in Topspin. The 1D 'H spectra were acquired using single-pulse excita-
tion by 4 scans after 4 dummy scans with 30 s repetition time and 2.6 s acquisition time.
The concentrations of the individual components of the samples were determined from
1D 'H NMR spectral integrals referenced to TMSP whose concentration was estimated as
(4.15 £ 0.23) mM by auxiliary experiments (Supporting Information). Therefore, the relative
error of concentrations is 5%.

Real-time 'H NMR data, used for the kinetic studies, were acquired as a series of
single-scan 1D spectra at desired time intervals by a pseudo-2D pulse program at 25 °C.

The T and T relaxation times of 13C in isotopically labelled glycine and Hin glycine,
AA, TEMPOL-H, residual HDO, and TMSP were measured at 25 °C (the ambient tempera-
ture) and 37 °C (the temperature of the human body); the temperature was equilibrated for
at least 15 min. The NMR experiments performed to detect the final effect of scavenging
were started at least one hour after the mixing of all of the components of a particular
sample which ensured that the reaction between TEMPOL and AA was finished. Inversion
recovery (IR) and Carr—Purcell-Meiboom-Gill (CPMG) pulse sequences were employed for
T1 and T, respectively. A composite-pulse decoupling (CPD) of the non-acquired isotope
(1.25 kHz waltz16 on 'H or 2.50 kHz garp on '3C for labelled glycine) was turned on during
signal acquisition only. Presaturation of 'H was applied during the repetition delay (D1)
of 3C CPMG. In all CPMG runs, 180-degree pulses were applied to the second channel
during echoes to remove relaxations due to DD-CSA cross-correlation. Four scans were
acquired for each of 10-15 relaxation delays or echo counts with repetition delays at least
5 T; and 1.8 Ty, but usually around 9 T; and 3 T; for IR and CPMG, respectively. The echo
time in all CPMG experiments was 800 ps. Based on repeated measurements on replicated
samples, the errors of relaxation times are estimated as 3%.

4.3. Viscosities, Densities, and pD

After all of the NMR experiments (except for the concentration determination of the
TEMPOL radical) were finished, pD and viscosity were measured.

Lovis 2000 ME/DMA 4100 (Anton Paar, Graz, Austria), a combined microviscome-
ter and density meter, was used to measure the dynamic viscosity, #, by falling ball
principle (1.5 mm steel ball in a 1.62 mm capillary made of polychlorotrifluoroethylene,
PCTFE) and density, p, by oscillating U-tube method at 25 °C and 37 °C [74,75]. Due
to the larger volume requirements of the method for p (1 mL), independently prepared
solutions of 200 mM glycine (without 3C labelling) as well as 200 mM glycine with
200 mM AA in D,O were used, neglecting the effect of the low concentration of TEMPOL
in the main sample series (Table S1).

The pD of all samples was measured by a pH meter (Cole Parmer, Vernon Hills, IL,
USA) with a calibrated micro-electrode (Hamilton, Reno, NV, USA) directly in the NMR tube
and corrected from the value read on the pH meter (pH*) as pD = pH* + 0.40 [76]. Since the
pD can change during the chemical reactions under study, the pD of experimentally inacces-
sible states were calculated from known parameters and reaction schemes as described in
Supporting Information.
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4.4. Kinetic Modelling

The least-square fits of theoretical models, described below, were applied to the
experimental concentrations of TEMPOL-H in time, [TEMPOL-H] (), obtained from the
integral intensities of TEMPOL-H methyl resonance in the real-time pseudo-2D 'H NMR
spectra, and were performed in MATLAB by the function Isqcurvefit.

For large excesses of AA over TEMPOL, k; was estimated by fitting the solution of
Equation (2):

[TEMPOL-H](t) = [TEMPOL-H] (6)

Besides ki, the optimized parameters were the final TEMPOL-H concentration [TEMPOL-
H]e and the origin of the reaction At before the start of the measurements.

More complex fits needed for the series of backward and forward reactions, including
(1) and (3), and more as described in Supporting Information, involved sets of differential
equations describing first and second order kinetics, analogous to Equation (2). A vector of
the time derivatives of the concentrations of individual compounds was calculated and the
set of ordinary differential equations was solved by the MATLAB function ode45 (Support-
ing Information). In this way, [TEMPOL-H] (f) was calculated from initial concentrations
and rate constants, compared to the experimental values, and fitted by varying selected
parameters as described in Supporting Information.

All of the errors in rate constants are estimated as 5%, coming mainly from uncertain-
ties in sample preparation.

5. Conclusions

The addition of TEMPOL radical causes a significant shortening of the transverse as
well as longitudinal spin relaxation times of 1*C and 'H nuclei in glycine. The paramagnetic
relaxation enhancements are described in terms of relaxivities. Ascorbic acid restores the
nuclear relaxations to the state before the introduction of the paramagnetic molecule,
which proves that a full disproportionation of TEMPOL to its diamagnetic hydroxylamine
occurs in the excess of AA. The radical reduction is confirmed by the measurements of
the concentrations of the final products, which are in agreement with the overall reaction
scheme and stoichiometry, although the kinetics indicate some further steps that have
not been described yet. We support these results by monitoring the initial kinetics and
agreement between experimental and theoretical pD. Apart from the presence of the
paramagnetic radical, chemical exchange in glycine and solution viscosity also contribute
to the nuclear spin relaxations observed.

Besides longitudinal 3C relaxation times, which are commonly measured in order to
monitor and better understand the scavenging process, we also measured the 'H longitudi-
nal as well as the 13C and 'H transverse relaxation times in solutes with variable sample
composition at two temperatures. In addition, we extended the kinetic data by real-time
NMR in samples with several different AA concentrations (Figures 3 and 4), and a rather
complex kinetics was observed.

Our results show qualitatively and quantitatively, how an addition of a radical-
reducing agent (e.g., ascorbic acid as in our study) would enhance the signal-to-noise
ratio in dissolution DNP. The reaction of TEMPOL with 200 mM AA has a characteristic
time around 10 s, which ensures sufficiently rapid radical quenching after dissolution.
Even a partial radical decrease in fast dDNP setups would be helpful to slow down the
polarization decay of the hyperpolarized nuclei. More repeats of the detection phase of
the experiment after a single polarisation run would be allowed by the slow longitudinal
relaxation of the carboxyl carbon when the radical is scavenged (from seconds in the pres-
ence of TEMPOL to almost one minute after its reduction). The same stays valid for 'H
experiments with even higher radical-caused relaxivities.

Supplementary Materials: The following Supporting Information can be downloaded at: https://www.
mdpi.com/article/10.3390 /molecules29030738/s1, Table S1: Densities of 200 mM natural-abundance
glycine without and with 200 mM AA; Figure S1: 'H relaxation rates of TMSP; Figure S2: Normalized
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integral intensities in relaxation experiments and their fits with respect to time delay; Figure S3: Decrease
of AA concentration with respect to final concentration of TEMPOL-H; Determination of concentrations
by "H NMR; Calculation of pD; Differential equations for kinetic models. References [77-80] are cited in
the Supplementary Materials.

Author Contributions: Conceptualization, E.ILB. and HS.; methodology, V.R. and H.S.; formal
analysis, investigation, and data curation, V.R,; writing—original draft preparation, V.R. and E.IB;;
writing—review and editing, VR, EIB.and HS,; supervision, project administration, and funding
acquisition, H.S. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the project OP VaVpI CZ.1.05/4.1.00/16.0340.
Data Availability Statement: Data are available from the authors upon request.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Ardenkjaer-Larsen, ].-H.; Boebinger, G.S.; Comment, A.; Duckett, S.; Edison, A.S.; Engelke, F,; Griesinger, C.; Griffin, R.G.; Hilty,
C.; Maeda, H,; et al. Facing and Overcoming Sensitivity Challenges in Biomolecular NMR Spectroscopy. Angew. Chem. Int. Ed.
2015, 54, 9162-9185. [CrossRef] [PubMed]

Jannin, S.; Comment, A.; Kurdzesau, F,; Konter, ].A.; Hautle, P.; Van Den Brandt, B.; Van Der Klink, J.J. A 140 GHz Prepolarizer for
Dissolution Dynamic Nuclear Polarization. J. Chem. Phys. 2008, 128, 241102. [CrossRef]

Ardenkjeer-Larsen, J.H.; Bowen, S.; Petersen, ].R.; Rybalko, O.; Vinding, M.S.; Ullisch, M.; Nielsen, N.C. Cryogen-free Dissolution
Dynamic Nuclear Polarization Polarizer Operating at 3.35 T, 6.70 T, and 10.1 T. Magn. Reson. Med. 2019, 81, 2184-2194. [CrossRef]
[PubMed]

Jannin, S.; Bornet, A.; Melzi, R.; Bodenhausen, G. High Field Dynamic Nuclear Polarization at 6.7T: Carbon-13 Polarization above
70% within 20min. Chem. Phys. Lett. 2012, 549, 99-102. [CrossRef]

Pinon, A.C.; Capozzi, A.; Ardenkjeer-Larsen, ].H. Hyperpolarization via Dissolution Dynamic Nuclear Polarization: New
Technological and Methodological Advances. Magn. Reson. Mater. Phys., Biol. Med. 2021, 34, 5-23. [CrossRef]

Bornet, A.; Melzi, R.; Perez Linde, A.J.; Hautle, P; Van Den Brandt, B.; Jannin, S.; Bodenhausen, G. Boosting Dissolution Dynamic
Nuclear Polarization by Cross Polarization. J. Phys. Chem. Lett. 2013, 4, 111-114. [CrossRef]

Tang, B.; Zhao, J.; Xu, J.-F.; Zhang, X. Tuning the Stability of Organic Radicals: From Covalent Approaches to Non-Covalent
Approaches. Chem. Sci. 2020, 11, 1192-1204. [CrossRef] [PubMed]

Cheng, T.; Capozzi, A.; Takado, Y.; Balzan, R.; Comment, A. Over 35% Liquid-State 13C Polarization Obtained via Dissolution
Dynamic Nuclear Polarization at 7 T and 1 K Using Ubiquitous Nitroxyl Radicals. Phys. Chem. Chem. Phys. 2013, 15, 20819.
[CrossRef]

Ardenkjaer-Larsen, ].H.; Macholl, S.; Johannesson, H. Dynamic Nuclear Polarization with Trityls at 1.2 K. Appl. Magn. Reson.
2008, 34, 509-522. [CrossRef]

Johannesson, H.; Macholl, S.; Ardenkjaer-Larsen, ].H. Dynamic Nuclear Polarization of [1-13C]Pyruvic Acid at 4.6 Tesla. ]. Magn.
Reson. 2009, 197, 167-175. [CrossRef]

Macholl, S.; Jéhannesson, H.; Ardenkjaer-Larsen, ].H. Trityl Biradicals and 13C Dynamic Nuclear Polarization. Phys. Chem. Chem.
Phys. 2010, 12, 5804. [CrossRef] [PubMed]

Lumata, L.; Merritt, M.E.; Malloy, C.R.; Sherry, A.D.; Kovacs, Z. Impact of Gd 3+ on DNP of [1- 13C]Pyruvate Doped with Trityl
0OX063, BDPA, or 4-Oxo-TEMPO. J. Phys. Chem. A 2012, 116, 5129-5138. [CrossRef]

Ardenkjaer-Larsen, ].H.; Fridlund, B.; Gram, A.; Hansson, G.; Hansson, L.; Lerche, M.H.; Servin, R.; Thaning, M.; Golman, K.
Increase in Signal-to-Noise Ratio of >10,000 Times in Liquid-State NMR. Proc. Natl. Acad. Sci. USA 2003, 100, 10158-10163.
[CrossRef] [PubMed]

Elliott, S.J.; Stern, Q.; Ceillier, M.; El Darai, T.; Cousin, S.E; Cala, O.; Jannin, S. Practical Dissolution Dynamic Nuclear Polarization.
Prog. Nucl. Magn. Reson. Spectrosc. 2021, 126-127, 59-100. [CrossRef]

Plainchont, B.; Berruyer, P.; Dumez, ].N.; Jannin, S.; Giraudeau, P. Dynamic Nuclear Polarization Opens New Perspectives for
NMR Spectroscopy in Analytical Chemistry. Anal. Chem. 2018, 90, 3639-3650. [CrossRef] [PubMed]

Wolber, J.; Ellner, F.; Fridlund, B.; Gram, A.; Jéhannesson, H.; Hansson, G.; Hansson, L.H.; Lerche, M.H.; Mansson, S.; Servin, R.;
et al. Generating Highly Polarized Nuclear Spins in Solution Using Dynamic Nuclear Polarization. Nucl. Instrum. Methods Phys.
Res. Sect. A Accel. Spectrometers Detect. Assoc. Equip. 2004, 526, 173-181. [CrossRef]

Lipse, K.W.; Bowen, S.; Rybalko, O.; Ardenkjeer-Larsen, ].H. Large Dose Hyperpolarized Water with Dissolution-DNP at High
Magnetic Field. ]. Magn. Reson. 2017, 274, 65-72. [CrossRef]

Pinon, A.C.; Capozzi, A.; Ardenkjeer-Larsen, ].H. Hyperpolarized Water through Dissolution Dynamic Nuclear Polarization with
UV-Generated Radicals. Commun. Chem. 2020, 3, 57. [CrossRef]

Albannay, M.M.; Vinther, ] M.O.; Petersen, J.R.; Zhurbenko, V.; Ardenkjaer-Larsen, ].H. Compact, Low-Cost NMR Spectrometer
and Probe for Dissolution DNP. J. Magn. Reson. 2019, 304, 7-15. [CrossRef]


https://doi.org/10.1002/anie.201410653
https://www.ncbi.nlm.nih.gov/pubmed/26136394
https://doi.org/10.1063/1.2951994
https://doi.org/10.1002/mrm.27537
https://www.ncbi.nlm.nih.gov/pubmed/30357898
https://doi.org/10.1016/j.cplett.2012.08.017
https://doi.org/10.1007/s10334-020-00894-w
https://doi.org/10.1021/jz301781t
https://doi.org/10.1039/C9SC06143F
https://www.ncbi.nlm.nih.gov/pubmed/34123243
https://doi.org/10.1039/c3cp53022a
https://doi.org/10.1007/s00723-008-0134-4
https://doi.org/10.1016/j.jmr.2008.12.016
https://doi.org/10.1039/c002699a
https://www.ncbi.nlm.nih.gov/pubmed/20458385
https://doi.org/10.1021/jp302399f
https://doi.org/10.1073/pnas.1733835100
https://www.ncbi.nlm.nih.gov/pubmed/12930897
https://doi.org/10.1016/j.pnmrs.2021.04.002
https://doi.org/10.1021/acs.analchem.7b05236
https://www.ncbi.nlm.nih.gov/pubmed/29481058
https://doi.org/10.1016/j.nima.2004.03.171
https://doi.org/10.1016/j.jmr.2016.11.008
https://doi.org/10.1038/s42004-020-0301-6
https://doi.org/10.1016/j.jmr.2019.04.016

Molecules 2024, 29, 738 14 of 16

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Comment, A.; van den Brandt, B.; Uffmann, K.; Kurdzesau, F.; Jannin, S.; Konter, J.A.; Hautle, P.; Wenckebach, W.T.; Gruetter, R.;
van der Klink, J.J. Principles of Operation of a DNP Prepolarizer Coupled to a Rodent MRI Scanner. Appl. Magn. Reson. 2008, 34,
313-319. [CrossRef]

Comment, A.; van den Brandt, B.; Uffmann, K.; Kurdzesau, F.; Jannin, S.; Konter, ].A.; Hautle, P.; Wenckebach, W.T.; Gruetter, R.;
van der Klink, J.J. Design and Performance of a DNP Prepolarizer Coupled to a Rodent MRI Scanner. Concepts Magn. Reson. Part
B Magn. Reson. Eng. 2007, 31B, 255-269. [CrossRef]

Mishkovsky, M.; Anderson, B.; Karlsson, M.; Lerche, M.H.; Sherry, A.D.; Gruetter, R.; Kovacs, Z.; Comment, A. Measuring
Glucose Cerebral Metabolism in the Healthy Mouse Using Hyperpolarized 13C Magnetic Resonance. Sci. Rep. 2017, 7, 11719.
[CrossRef]

Mishkovsky, M.; Comment, A. Hyperpolarized MRS: New Tool to Study Real-Time Brain Function and Metabolism. Anal. Biochem.
2017, 529, 270-277. [CrossRef] [PubMed]

Chavarria, L.; Romero-Giménez, J.; Monteagudo, E.; Lope-Piedrafita, S.; Cordoba, J. Real-Time Assessment of 13C Metabolism
Reveals an Early Lactate Increase in the Brain of Rats with Acute Liver Failure. NMR Biomed. 2015, 28, 17-23. [CrossRef]
Nelson, S.J.; Kurhanewicz, J.; Vigneron, D.B.; Larson, P.E.Z.; Harzstark, A.L.; Ferrone, M.; Van Criekinge, M.; Chang, ] W.; Bok, R,;
Park, I; et al. Metabolic Imaging of Patients with Prostate Cancer Using Hyperpolarized [1-13C]Pyruvate. Sci. Transl. Med. 2013,
5,198ral08. [CrossRef] [PubMed]

Peeters, T.H.; Kobus, T.; Breukels, V.; Lenting, K.; Veltien, A.; Heerschap, A.; Scheenen, T.W.J. Imaging Hyperpolarized Pyruvate
and Lactate after Blood—Brain Barrier Disruption with Focused Ultrasound. ACS Chem. Neurosci. 2019, 10, 2591-2601. [CrossRef]
Bastiaansen, J.A.M.; Cheng, T.; Lei, H.; Gruetter, R.; Comment, A. Direct Noninvasive Estimation of Myocardial Tricarboxylic
Acid Cycle Flux in Vivo Using Hyperpolarized 13C Magnetic Resonance. J. Mol. Cell. Cardiol. 2015, 87, 129-137. [CrossRef]
Flori, A.; Liserani, M.; Frijia, F; Giovannetti, G.; Lionetti, V.; Casieri, V.; Positano, V.; Aquaro, G.D.; Recchia, F.A.; Santarelli, M.F;
et al. Real-Time Cardiac Metabolism Assessed with Hyperpolarized [1-13C]Acetate in a Large-Animal Model. Contrast Media Mol.
Imaging 2015, 10, 194-202. [CrossRef]

Jensen, PR.; Peitersen, T.; Karlsson, M.; in 't Zandt, R.; Gisselsson, A.; Hansson, G.; Meier, S.; Lerche, M.H. Tissue-Specific Short
Chain Fatty Acid Metabolism and Slow Metabolic Recovery after Ischemia from Hyperpolarized NMR in Vivo. . Biol. Chem.
2009, 284, 36077-36082. [CrossRef]

Hesketh, R.L.; Brindle, KM. Magnetic Resonance Imaging of Cancer Metabolism with Hyperpolarized 13C-Labeled Cell
Metabolites. Curr. Opin. Chem. Biol. 2018, 45, 187-194. [CrossRef]

Karlsson, M.; Jensen, PR.; Duus, ].J.; Meier, S.; Lerche, M.H. Development of Dissolution DNP-MR Substrates for Metabolic
Research. Appl. Magn. Reson. 2012, 43, 223-236. [CrossRef]

Park, J.M.; Wu, M.; Datta, K.; Liu, S.-C.; Castillo, A.; Lough, H.; Spielman, D.M.; Billingsley, K.L. Hyperpolarized Sodium
[1-13C]-Glycerate as a Probe for Assessing Glycolysis In Vivo. . Am. Chem. Soc. 2017, 139, 6629-6634. [CrossRef] [PubMed]
Yoshihara, H.A IL; Bastiaansen, J].A.M.; Karlsson, M.; Lerche, M.H.; Comment, A.; Schwitter, J. Detection of Myocardial Medium-chain
Fatty Acid Oxidation and Tricarboxylic Acid Cycle Activity with Hyperpolarized [1-'3C]Octanoate. NMR Biomed. 2020, 33, e4243.
[CrossRef]

Bornet, A_; Jannin, S. Optimizing Dissolution Dynamic Nuclear Polarization. J. Magn. Reson. 2016, 264, 13-21. [CrossRef]
Jahnig, F.; Kwiatkowski, G.; Ernst, M. Conceptual and Instrumental Progress in Dissolution DNP. |. Magn. Reson. 2016, 264, 22-29.
[CrossRef] [PubMed]

Koutil, K.; Koutilova, H.; Bartram, S.; Levitt, M.H.; Meier, B. Scalable Dissolution-Dynamic Nuclear Polarization with Rapid
Transfer of a Polarized Solid. Nat. Commun. 2019, 10, 1733. [CrossRef]

Kurdzesau, F; van den Brandt, B.; Comment, A.; Hautle, P; Jannin, S.; van der Klink, J.J.; Konter, J.A. Dynamic Nuclear
Polarization of Small Labelled Molecules in Frozen Water—Alcohol Solutions. |. Phys. D Appl. Phys. 2008, 41, 155506. [CrossRef]
Belorizky, E.; Fries, PH.; Helm, L.; Kowalewski, J.; Kruk, D.; Sharp, R.R.; Westlund, P.-O. Comparison of Different Methods for
Calculating the Paramagnetic Relaxation Enhancement of Nuclear Spins as a Function of the Magnetic Field. ]. Chem. Phys. 2008,
128, 052315. [CrossRef] [PubMed]

gtépénkové, H.; Englich, J; gtépének, J.; Kohout, J.; Pfeffer, M.; Cernd, J.; Chlan, V.; Prochdzka, V.; Bunyatova, E.I. Nuclear
Spin-Lattice Relaxations in Ethanol with Dissolved TEMPO Radicals. Acta Phys. Slovaca 2006, 56, 141-144.

Ji, X.; Bornet, A.; Vuichoud, B.; Milani, J.; Gajan, D.; Rossini, A.J].; Emsley, L.; Bodenhausen, G.; Jannin, S. Transportable
Hyperpolarized Metabolites. Nat. Commun. 2017, 8, 13975. [CrossRef] [PubMed]

Razanahoera, A.; Sonnefeld, A.; Bodenhausen, G.; Sheberstov, K. Paramagnetic Relaxivity of Delocalized Long-Lived States of
Protons in Chains of CH, Groups. Magn. Reson. 2023, 4, 47-56. [CrossRef]

Vasos, PR.; Comment, A.; Sarkar, R.; Ahuja, P,; Jannin, S.; Ansermet, ].-P.; Konter, ].A.; Hautle, P.; van den Brandt, B.; Bodenhausen,
G. Long-Lived States to Sustain Hyperpolarized Magnetization. Proc. Natl. Acad. Sci. USA 2009, 106, 18469-18473. [CrossRef]
[PubMed]

Warren, J.J.; Mayer, ].M. Surprisingly Long-Lived Ascorbyl Radicals in Acetonitrile: Concerted Proton-Electron Transfer Reactions
and Thermochemistry. . Am. Chem. Soc. 2008, 130, 7546-7547. [CrossRef]

Capozzi, A.; Kilund, J.; Karlsson, M.; Patel, S.; Pinon, A.C.; Vibert, F; Ouari, O.; Lerche, M.H.; Ardenkjeer-Larsen, ].H. Metabolic
Contrast Agents Produced from Transported Solid '3C-Glucose Hyperpolarized via Dynamic Nuclear Polarization. Commun. Chem.
2021, 4, 95. [CrossRef] [PubMed]


https://doi.org/10.1007/s00723-008-0119-3
https://doi.org/10.1002/cmr.b.20099
https://doi.org/10.1038/s41598-017-12086-z
https://doi.org/10.1016/j.ab.2016.09.020
https://www.ncbi.nlm.nih.gov/pubmed/27665679
https://doi.org/10.1002/nbm.3226
https://doi.org/10.1126/scitranslmed.3006070
https://www.ncbi.nlm.nih.gov/pubmed/23946197
https://doi.org/10.1021/acschemneuro.9b00085
https://doi.org/10.1016/j.yjmcc.2015.08.012
https://doi.org/10.1002/cmmi.1618
https://doi.org/10.1074/jbc.M109.066407
https://doi.org/10.1016/j.cbpa.2018.03.004
https://doi.org/10.1007/s00723-012-0336-7
https://doi.org/10.1021/jacs.7b00708
https://www.ncbi.nlm.nih.gov/pubmed/28467066
https://doi.org/10.1002/nbm.4243
https://doi.org/10.1016/j.jmr.2015.12.007
https://doi.org/10.1016/j.jmr.2015.12.024
https://www.ncbi.nlm.nih.gov/pubmed/26920827
https://doi.org/10.1038/s41467-019-09726-5
https://doi.org/10.1088/0022-3727/41/15/155506
https://doi.org/10.1063/1.2833957
https://www.ncbi.nlm.nih.gov/pubmed/18266432
https://doi.org/10.1038/ncomms13975
https://www.ncbi.nlm.nih.gov/pubmed/28072398
https://doi.org/10.5194/mr-4-47-2023
https://doi.org/10.1073/pnas.0908123106
https://www.ncbi.nlm.nih.gov/pubmed/19841270
https://doi.org/10.1021/ja802055t
https://doi.org/10.1038/s42004-021-00536-9
https://www.ncbi.nlm.nih.gov/pubmed/36697707

Molecules 2024, 29, 738 15 of 16

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.
68.

69.

Milani, J.; Vuichoud, B.; Bornet, A.; Miéville, P.; Mottier, R.; Jannin, S.; Bodenhausen, G. A Magnetic Tunnel to Shelter Hyperpolar-
ized Fluids. Rev. Sci. Instrum. 2015, 86, 024101. [CrossRef] [PubMed]

Capozzi, A.; Hyacinthe, ].N.; Cheng, T.; Eichhorn, T.R.; Boero, G.; Roussel, C.; Van Der Klink, J.J.; Comment, A. Photoinduced
Nonpersistent Radicals as Polarizing Agents for X-Nuclei Dissolution Dynamic Nuclear Polarization. J. Phys. Chem. C 2015, 119,
22632-22639. [CrossRef]

Capozzi, A.; Patel, S.; Gunnarsson, C.P.; Marco-Rius, I.; Comment, A.; Karlsson, M.; Lerche, M.H.; Ouari, O.; Ardenkjaer-Larsen,
J.H. Efficient Hyperpolarization of U- 13 C-Glucose Using Narrow-Line UV-Generated Labile Free Radicals. Angew. Chem. Int. Ed.
2019, 58, 1334-1339. [CrossRef] [PubMed]

Eichhorn, T.R.; Takado, Y.; Salameh, N.; Capozzi, A.; Cheng, T.; Hyacinthe, ].-N.; Mishkovsky, M.; Roussel, C.; Comment, A.
Hyperpolarization without Persistent Radicals for in Vivo Real-Time Metabolic Imaging. Proc. Natl. Acad. Sci. USA 2013, 110,
18064-18069. [CrossRef]

Baudouin, D.; van Kalkeren, H.A.; Bornet, A.; Vuichoud, B.; Veyre, L.; Cavailles, M.; Schwarzwiélder, M.; Liao, W.-C.; Gajan,
D.; Bodenhausen, G.; et al. Cubic Three-Dimensional Hybrid Silica Solids for Nuclear Hyperpolarization. Chem. Sci. 2016, 7,
6846-6850. [CrossRef]

Gajan, D.; Bornet, A.; Vuichoud, B.; Milani, J.; Melzi, R.; van Kalkeren, H.A.; Veyre, L.; Thieuleux, C.; Conley, M.P,; Gruning, WR,;
et al. Hybrid Polarizing Solids for Pure Hyperpolarized Liquids through Dissolution Dynamic Nuclear Polarization. Proc. Nat!.
Acad. Sci. USA 2014, 111, 14693-14697. [CrossRef]

Cavailles, M.; Bornet, A.; Jaurand, X.; Vuichoud, B.; Baudouin, D.; Baudin, M.; Veyre, L.; Bodenhausen, G.; Dumez, J.-N.; Jannin,
S.; et al. Tailored Microstructured Hyperpolarizing Matrices for Optimal Magnetic Resonance Imaging. Angew. Chemie Int. Ed.
2018, 57, 7453-7457. [CrossRef]

Cheng, T.; Mishkovsky, M.; Junk, M.].N.; Miinnemann, K.; Comment, A. Producing Radical-Free Hyperpolarized Perfusion
Agents for In Vivo Magnetic Resonance Using Spin-Labeled Thermoresponsive Hydrogel. Macromol. Rapid Commun. 2016, 37,
1074-1078. [CrossRef]

Harris, T.; Bretschneider, C.; Frydman, L. Dissolution DNP NMR with Solvent Mixtures: Substrate Concentration and Radical
Extraction. J. Magn. Reson. 2011, 211, 96-100. [CrossRef]

Miéville, P.; Ahuja, P; Sarkar, R.; Jannin, S.; Vasos, P.R.; Gerber-Lemaire, S.; Mishkovsky, M.; Comment, A.; Gruetter, R.; Ouari,
O.; et al. Scavenging Free Radicals to Preserve Enhancement and Extend Relaxation Times in NMR Using Dynamic Nuclear
Polarization. Angew. Chem. Int. Ed. Engl. 2010, 49, 6182-6185. [CrossRef]

Negroni, M.; Turhan, E.; Kress, T.; Ceillier, M.; Jannin, S.; Kurzbach, D. Frémy’s Salt as a Low-Persistence Hyperpolarization
Agent: Efficient Dynamic Nuclear Polarization Plus Rapid Radical Scavenging. J. Am. Chem. Soc. 2022, 144, 20680-20686.
[CrossRef] [PubMed]

Liu, Y.-C,; Liu, Z.-L.; Han, Z.-X. Radical Intermediates and Antioxidant Activity of Ascorbic Acid. Rev. Chem. Intermed. 1988, 10,
269-289. [CrossRef]

Cheng, T.; Mishkovsky, M.; Bastiaansen, ].A.M.; Ouari, O.; Hautle, P.,; Tordo, P.; van den Brandt, B.; Comment, A. Automated
Transfer and Injection of Hyperpolarized Molecules with Polarization Measurement Prior to in Vivo NMR. NMR Biomed. 2013, 26,
1582-1588. [CrossRef] [PubMed]

Njus, D.; Kelley, PM. Vitamins C and E Donate Single Hydrogen Atoms in Vivo. FEBS Lett. 1991, 284, 147-151. [CrossRef]
Weinberg, D.R.; Gagliardi, C.J.; Hull, ].E; Murphy, C.E,; Kent, C.A.; Westlake, B.C.; Paul, A.; Ess, D.H.; McCafferty, D.G.; Meyer,
T.J. Proton-Coupled Electron Transfer. Chem. Rev. 2012, 112, 4016-4093. [CrossRef]

Sajenko, L; Pilepi¢, V.; Brala, C.J.; Ursi¢, S. Solvent Dependence of the Kinetic Isotope Effect in the Reaction of Ascorbate with the
2,2,6,6-Tetramethylpiperidine-1-Oxyl Radical: Tunnelling in a Small Molecule Reaction. J. Phys. Chem. A 2010, 114, 3423-3430.
[CrossRef]

Lin, Y.;; Liu, W,; Ohno, H.; Ogata, T. Determination of Ascorbate Concentration in a Raw Leaf with Electron Spin Resonance
Spectroscopy. Anal. Sci. 1999, 15, 973-977. [CrossRef]

Okazaki, M.; Kuwata, K. A Stopped-Flow ESR Study on the Reactivity of Some Nitroxide Radicals with Ascorbic Acid in the
Presence of B-Cyclodextrin. J. Phys. Chem. 1985, 89, 4437-4440. [CrossRef]

Bielski, B.H.J.; Allen, A.O.; Schwarz, H.A. Mechanism of the Disproportionation of Ascorbate Radicals. ]. Am. Chem. Soc. 1981,
103, 3516-3518. [CrossRef]

Njus, D.; Kelley, P.M. The Secretory-Vesicle Ascorbate-Regenerating System: A Chain of Concerted H+/e(-)-Transfer Reactions.
Biochim. Biophys. Acta 1993, 1144, 235-248. [CrossRef]

Kerber, R.C. “As Simple as Possible, but Not Simpler”—The Case of Dehydroascorbic Acid. J. Chem. Educ. 2008, 85, 1237.
[CrossRef]

Kimoto, E.; Tanaka, H.; Ohmoto, T.; Choami, M. Analysis of the Transformation Products of Dehydro-L-Ascorbic Acid by
Ion-Pairing High-Performance Liquid Chromatography. Anal. Biochem. 1993, 214, 38—44. [CrossRef]

Creutz, C. The Complexities of Ascorbate as a Reducing Agent. Inorg. Chem. 1981, 20, 4449-4452. [CrossRef]

Bobko, A.A; Kirilyuk, L A.; Grigor’ev, I.A.; Zweier, ].L.; Khramtsov, V.V. Reversible Reduction of Nitroxides to Hydroxylamines:
Roles for Ascorbate and Glutathione. Free Radic. Biol. Med. 2007, 42, 404-412. [CrossRef]

Sen’, V.D.; Golubev, V.A. Kinetics and Mechanism for Acid-Catalyzed Disproportionation of 2,2,6,6-Tetramethylpiperidine-1-Oxyl.
J. Phys. Org. Chem. 2009, 22, 138-143. [CrossRef]


https://doi.org/10.1063/1.4908196
https://www.ncbi.nlm.nih.gov/pubmed/25725861
https://doi.org/10.1021/acs.jpcc.5b07315
https://doi.org/10.1002/anie.201810522
https://www.ncbi.nlm.nih.gov/pubmed/30515929
https://doi.org/10.1073/pnas.1314928110
https://doi.org/10.1039/C6SC02055K
https://doi.org/10.1073/pnas.1407730111
https://doi.org/10.1002/anie.201801009
https://doi.org/10.1002/marc.201600133
https://doi.org/10.1016/j.jmr.2011.04.001
https://doi.org/10.1002/anie.201000934
https://doi.org/10.1021/jacs.2c07960
https://www.ncbi.nlm.nih.gov/pubmed/36322908
https://doi.org/10.1007/BF03155996
https://doi.org/10.1002/nbm.2993
https://www.ncbi.nlm.nih.gov/pubmed/23893539
https://doi.org/10.1016/0014-5793(91)80672-P
https://doi.org/10.1021/cr200177j
https://doi.org/10.1021/jp911086n
https://doi.org/10.2116/analsci.15.973
https://doi.org/10.1021/j100267a008
https://doi.org/10.1021/ja00402a042
https://doi.org/10.1016/0005-2728(93)90108-R
https://doi.org/10.1021/ed085p1237
https://doi.org/10.1006/abio.1993.1453
https://doi.org/10.1021/ic50226a088
https://doi.org/10.1016/j.freeradbiomed.2006.11.007
https://doi.org/10.1002/poc.1439

Molecules 2024, 29, 738 16 of 16

70.
71.

72.
73.

74.

75.

76.

77.
78.

79.

80.

Malatesta, V.; Ingold, K.U. Protonated Nitroxide Radicals. J. Am. Chem. Soc. 1973, 95, 6404-6407. [CrossRef]

Hundshammer, C.; Grashei, M.; Greiner, A.; Glaser, S.J.; Schilling, F. PH Dependence of T 1 for 13 C-Labelled Small Molecules
Commonly Used for Hyperpolarized Magnetic Resonance Imaging. ChemPhysChem 2019, 20, 798-802. [CrossRef]

Hvoslef, J.; Pedersen, B. The Structure of Dehydroascorbic Acid in Solution. Acta Chem. Scand. B 1979, 33, 503-511. [CrossRef]
Golubitskii, G.B.; Budko, E.V.; Basova, E.M.; Kostarnoi, A.V.; Ivanov, V.M. Stability of Ascorbic Acid in Aqueous and Aqueous--
Organic Solutions for Quantitative Determination. J. Anal. Chem. 2007, 62, 742-747. [CrossRef]

Ballereau, P; Truong, D.; Matias, A. Absolute Falling Ball Viscometer, Adapted to the Low Viscosities of Liquids. Int. . Metrol.
Qual. Eng. 2016, 7, 305. [CrossRef]

Valtz, A.; de Meyer, F; Coquelet, C. Density, Viscosity, and Excess Properties of Aqueous Solution of 1,3-Dimethyl-2-
Imidazolidinone (DMI). J. Chem. Eng. Data 2023, 68, 781-792. [CrossRef]

Glasoe, PK.; Long, F.A. Use of Glass Electrodes to Measure Acidities in Deuterium Oxide. . Phys. Chem. 1960, 64, 188-190.
[CrossRef]

Ball, E.G. Studies on Oxidation-Reduction XXIII. Ascorbic Acid. J. Biol. Chem. 1937, 118, 219-239. [CrossRef]

Haynes, W.M,; Lide, D.R.; Bruno, T.J. (Eds.) Thermochemistry, Electrochemistry, and Solution Chemistry. In CRC Handbook of
Chemistry and Physics; CRC Press: Boca Raton, FL, USA, 2012; Chapter 5; pp. (5-1)-(5-206).

Israeli, A.; Patt, M.; Oron, M.; Samuni, A.; Kohen, R.; Goldstein, S. Kinetics and Mechanism of the Comproportionation Reaction
between Oxoammonium Cation and Hydroxylamine Derived from Cyclic Nitroxides. Free Radic. Biol. Med. 2005, 38, 317-324.
[CrossRef] [PubMed]

Niwa, K,; Toda, S.; Fuwa, K.; Haraguchi, H. A Study of Dissociations of Glycinepeptides in D,O Solution by Nuclear Magnetic
Resonance Spectroscopy. Agric. Biol. Chem. 1977, 41, 1287-1294. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1021/ja00800a041
https://doi.org/10.1002/cphc.201801098
https://doi.org/10.3891/acta.chem.scand.33b-0503
https://doi.org/10.1134/S1061934807080096
https://doi.org/10.1051/ijmqe/2016015
https://doi.org/10.1021/acs.jced.2c00613
https://doi.org/10.1021/j100830a521
https://doi.org/10.1016/S0021-9258(18)74532-8
https://doi.org/10.1016/j.freeradbiomed.2004.09.037
https://www.ncbi.nlm.nih.gov/pubmed/15629861
https://doi.org/10.1080/00021369.1977.10862656

	Introduction 
	Results 
	Reactions Observed 
	Nuclear Spin Relaxation Rates 

	Discussion 
	Scavenging Mechanism and Kinetics 
	Carbon Relaxations 
	Stability in Time 
	Influence of Viscosity on Relaxations 
	Influence of pH on the Scavenging Reaction 

	Materials and Methods 
	Samples 
	NMR Spectroscopy 
	Viscosities, Densities, and pD 
	Kinetic Modelling 

	Conclusions 
	References

