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Reports on gadolinium deposits in the body and brains of adults and children who underwent contrast-
enhanced MRI examinations warrant development of new, metal free, contrast agents for MRI. Nitrate is
an abundant ion in mammalian biochemistry and sodium nitrate can be safely injected intravenously. We
show that hyperpolarized [15N]nitrate can potentially be used as an MR tracer. The 15N site of hyperpo-
larized [15N]nitrate showed a T1 of more than 100 s in aqueous solutions, which was prolonged to more
than 170 s below 20 �C. Capitalizing on this effect for polarization storage we obtained a visibility win-
dow of 9 min in blood. Conversion to [15N]nitrite, the bioactive reduced form of nitrate, was not observed
in human blood and human saliva in this time frame. Thus, [15N]nitrate may serve as a long-lived hyper-
polarized tracer for MR. Due to its ionic nature, the immediate applications appear to be perfusion and
tissue retention imaging.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

New MRI contrast agents are needed as long lasting gadolinium
deposits have been observed in people who have undergone a
contrast-enhanced MRI examination [1–9] and with the rise of this
metal in the environment, which is linked to medical use [10].
Gadolinium deposits in humans have not yet been associated with
adverse events, excluding the nephrogenic systemic fibrosis dis-
ease which had been effectively almost eradicated with screening
of patients for renal function prior to contrast administration
[10,11]. Also, some gadolinium chelates appear to be much safer
than others – meaning that the gadolinium ion is hardly released
in the body [12,13]. Nevertheless, new, metal-free, and safe con-
trast agents for MRI, that leave no traces behind, are needed. Given
the high number of such examinations – about 30 million annually
worldwide [14], research and development in this direction are
warranted.

The inorganic nitrate anion (NO3
�) is found in many foods, espe-

cially vegetables [15], and is an endogenous mammalian metabo-
lite. NO3

� in the plasma is both the result of nitrate from the diet
and the final product of nitric oxide (NO) metabolism [16–18].
The biological activities of nitrate originate from the reduction to
nitrite [19,20] which in turn is reduced to the vasodilator NO.
The reduction of nitrate to nitrite in mammals is catalyzed mainly
by the bacterial nitrate-reductase enzymes present in saliva
[16,19–24], while in mammalian tissues the rate of this reduction
is low [23].

Hence, nitrite (NO2
�) is a bioactive ion in mammals and serves as

a reservoir of NO, while nitrate is considered biologically relatively
inactive [23] and was even used as a control in studies of nitrite
activity [25]. The half-life of nitrate in the circulation is about 5–
6 h while that of nitrite is 20 min [16]. About 60–70% of the plasma
nitrate is excreted in the urine [15,26] and only about 5% of
ingested nitrate is converted to nitrite [15]. In healthy volunteers,
a concentrated solution of sodium nitrate (0.15 M, 0.75 L, 1 h) was
injected intravenously without any side-effects [27]. Since the dis-
covery that nitrate reductase activity occurs also in mammalian
tissues and not only in bacteria [9], much research into the nature
and level of this activity ensued [28] and beneficial effects of
nitrates have been reported in the context of several diseases
and conditions such as diabetes [29] and heart failure [30].

Here we propose a new use for this widely used and researched
endogenous metabolite as a hyperpolarized contrast agent for MRI.
We show that when labeled with the stable isotope 15N, the signal
of nitrate can be enhanced 5,300-fold relative to its thermal signal
at 5.8 T corresponding to 1% polarization, and this enhanced signal
will decay slowly before injection even in biocompatible saline
solutions. This new use relies on the dissolution dynamic
nuclear polarization technique (dDNP) which offers 3–4 orders of
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Fig. 1. Observation of hyperpolarized [15N]nitrate and the effects of solvent
protonation and salinity on its T1. (a) Stacked 15N spectra of hyperpolarized sodium
[15N]nitrate in D2O. The spectra were recorded with a flip angle of 10� and a
repetition time of 8 s. The time frame of 20–620 s from the onset of the dissolution
process is shown. (b) T1 values of hyperpolarized [15N]nitrate in solution, at
concentrations of 19–29 mM sodium [15N]nitrate. T1s were determined in D2O, H2O,
and medical grade physiological saline (154 mM NaCl in H2O), at a temperature
range of 34–44 �C. *One sample was dissolved in 4 mL of saline solution and another
sample was dissolved in 4 mL of saline which were then mixed with 1 mL human
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magnitude increase in the signal of small molecules in solution for
nuclear magnetic resonance (NMR) detection [31]. As this
enhanced signal achieved with dDNP will decay at a rate deter-
mined by the longitudinal relaxation time (T1) of the hyperpolar-
ized site, sites with long T1s are the holy grail of dDNP studies.
Non-protonated carbons have relatively long T1 and have been
used as metabolic and non-metabolic dDNP probes, for example,
[1-13C]pyruvate with a T1 of 65 s [32] and [13C]urea with a T1 of
58 s [33], respectively. The T1s of 15N sites have been reported to
be similar and longer when the nitrogen is not covalently bound
to a hydrogen. For example, pyridine, acetonitrile, and nitroben-
zene, showed T1s of 58 s, 110 s, and 135 s [34], respectively, and
quaternary amines such as [15N]choline and [15N]trimethylpheny-
lammonium ([15N]TMPA) showed T1s of 200 s [35] and 275 s [36],
respectively. It was also shown that the T1 of 15N could be pro-
longed by deuterium substitution of protons that are remote to
the 15N site [35–37] and by substitution of exchangeable protons
directly bound to 15N sites [38,39]. This technology has been
applied previously for the observation of 15N sites in compounds
that are of metabolic potential [35,37,40], and in non-metabolic
compounds aimed as contrast agents for perfusion or tissue reten-
tion imaging [38]. Additionally, it is well known that temperature
will influence a site’s T1. In 1970, Saluvare et al. [41] reported that
the T1 of the 15N site in nitrate varied inversely with the tempera-
ture, showing an increase in the T1 from �100 s at 100 �C to �300 s
at 10 �C. Based on the above prior research we hypothesized that
[15N]nitrate could be hyperpolarized and, in this state, serve as a
valuable contrast agent with favorable visualization time window
and safety profile for intravenous injection, which is the common
administration route for contrast material on MRI examinations.
Our investigation shows hyperpolarized [15N]nitrate for the first
time and discusses routes to maintain the polarization at high
levels prior to the injection and the likely signal behavior in the
body.
saliva (experiment to be described further in the following). The T1 values and the
exact concentration of sodium [15N]nitrate in individual dissolutions are given in
the Supporting Information S1. The temperature in the NMR tube was continuously
monitored during the hyperpolarization decay. Because the temperature changed
during the hyperpolarized decay, a temperature range is reported (Methods and
Supporting Information S5).
2. Results

2.1. [15N]nitrate is observed in a hyperpolarized state and its decay is
not significantly affected by water protonation or salinity

Applying the dDNP technology to formulations of [15N]nitrate
with the trityl radical we could observe the hyperpolarized state
of [15N]nitrate in solution at 5.8 T, for about 10 min (Fig. 1a). The
maximal enhancement factor, calculated for the 1st signal in solu-
tion, was 5,300, corresponding to 1% polarization. This enhance-
ment factor was obtained following 2.5 h of polarization at 1.5–
1.6 K. This 15N polarization level (1%) compares well with other
measurements of 15N in other molecules (3.1–5.3% after 1–3 h at
1.4–1.5 K) [35,37,38,40]. Other enhancement factors that were
found on varied experimental conditions are summarized in the
Supporting Information S1.

The T1 of the 15N site in [15N]nitrate was long – reaching
109 ± 9 s (n = 12) in D2O at a temperature range of 34–44 �C
(Fig. 1b). However, for several hyperpolarized compounds, dissolu-
tion in D2O has been shown to prolong the T1 time significantly
[38,42]. For this reason, we were interested in testing whether this
long T1 will remain also in naturally abundant water. We found
that the [15N]nitrate T1 was not significantly affected by the water
protonation (Fig. 1b), with the T1 in water reaching 98 ± 5 s (n = 2).
For biological applications, it is necessary to investigate the T1 in
solutions isosmotic to blood plasma (physiological saline,
�300 mOsm), such that they can be safely injected. In general, it
has been shown that in such saline solutions the hyperpolarized
site’s T1 is shortened [42,43]. Dissolution of hyperpolarized [15N]
nitrate in physiological saline did not reduce its T1, which was
found to be 102 ± 5 s (n = 2) (Fig. 1b). These findings suggested that
the T1 relaxation of [15N]nitrate is relatively immune to changes in
the basic physicochemical properties of the lattice, and therefore
are encouraging with regards to the potential use of [15N]nitrate
as a long-lived contrast agent for MRI.
2.2. Metabolism of hyperpolarized [15N]nitrate is not seen in body
fluids

In order to predict the stability of hyperpolarized [15N]nitrate
in vivo, we monitored the 15N signal upon dissolution of hyperpo-
larized [15N]nitrate in human blood and saliva. In order to monitor
the potential conversion of [15N]nitrate to [15N]nitrite in these flu-
ids, we first aimed at characterizing the hyperpolarized signal of
[15N]nitrite (Fig. 2). The 15N chemical shift of the [15N]nitrite was
226.2 ppm (Fig. 2d), and its T1 was found to be 14.8 ± 0.6 s (n = 2)
and 13.6 ± 0.5 s (n = 2) in D2O and in H2O, respectively. The effect
of this shorter T1 of [15N]nitrite compared to [15N]nitrate can be
observed in the co-polarization and simultaneous decay experi-
ment shown in Fig. 2a, which demonstrates the smaller and faster
decaying signal of hyperpolarized [15N]nitrite, although its concen-
tration was 1.6-fold higher. While the signal of the [15N]nitrate can
be observed for more than 500 s, the [15N]nitrite signal is observed
for only 55 s (Fig. 2a). We attribute this smaller signal to the fast
decay due to T1, however, we cannot rule out differences in maxi-



Fig. 2. Hyperpolarized spectra of [15N]nitrate and [15N]nitrite. (a) 15N spectra of co-
polarized sodium [15N]nitrate and sodium [15N]nitrite in D2O (29 mM and 47 mM,
respectively), at 37–42 �C. The signals of [15N]nitrate and [15N]nitrite appear at�6.8
and 226.2 ppm, respectively. (b) A summation of the spectra shown in a), in which
both of the signals were observed (a total of 15 spectra with repetition time of 5 s,
recorded with a flip angle of 10�). (c) A summation of the spectra recorded from a
hyperpolarized sample of sodium [15N]nitrate in D2O (28 mM), at 37–44 �C, (a total
of 60 spectra with repetition time of 8 s, recorded with a flip angle of 10�). (d) A
summation of the spectra recorded from a hyperpolarized sample of sodium [15N]
nitrite in D2O (37 mM), at 38–41 �C (a total of 15 spectra with a repetition time of
5 s, recorded with a flip angle of 10�). A small hyperpolarized [15N]nitrate signal is
observed which may be due to an impurity. (e) A summation of the spectra
recorded from a hyperpolarized sample of sodium [15N]nitrate (25 mM) in a blood
and saline mixture, at 32–36 �C, (a total of 48 spectra with repetition time of 5 s,
recorded with a flip angle of 10�). (f) A summation of the spectra recorded from a
hyperpolarized sample of sodium [15N]nitrate (18 mM) in a saliva and saline
mixture, at 37–42 �C, (a total of 82 spectra with repetition time of 5 s, recorded with
a flip angle of 10�). (g) A summation of thermal equilibrium spectra of sodium [15N]
nitrate (18 mM) in a saliva and saline mixture (same sample as in f), recorded at
room temperature for 20 h, (a total of 12,000 averages with repetition time of 6 s,
recorded with a flip angle of 10�). The spectra are presented with an exponential
multiplication of 10 Hz. The line widths of the signals prior to the exponential
multiplication were as follows: in (a) and (b) the [15N]nitrate signal 3.2 Hz and the
[15N]nitrite signal 3.6 Hz; in (c) 1.1 Hz; in (d) 4.4 Hz; in (e) 4.3 Hz, in (f) 2.1 Hz; and
in (g) 1.6 Hz. HP – hyperpolarized; TE – thermal equilibrium.
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mal solid-state polarization levels that may have been obtained for
the two compounds or differences in the buildup time constants.
Nevertheless, although the T1 of [15N]nitrite is much shorter, it
appears sufficiently long that a conversion of [15N]nitrate to [15N]
nitrite could be observed during the hyperpolarization decay,
(assuming that the reaction itself does not lead to loss of
polarization).

In the next step, we wanted to examine the stability of [15N]ni-
trate in blood – i.e. we have searched for signs of conversion to
[15N]nitrite. To this end, hyperpolarized [15N]nitrate was dissolved
in 4 mL of medical grade saline and quickly injected to an NMR
tube containing 10 mL of whole human blood (healthy volunteer),
to form a homogenous mixture, and the hyperpolarized signal was
monitored for 4 min at 32–36 �C. The T1 was found to be 29 ± 1 s
(the error represents the 95% confidence interval for the individual
fit). The final concentration of the [15N]nitrate in this saline/blood
mixture was 25 mM. Throughout the decay time, only the [15N]ni-
trate signal was detected. Also, when averaging all of the spectra
that showed a signal, still the nitrate signal was the only signal that
could be detected (Fig. 2e). This result suggests that the nitrate sta-
bility was not affected by the contact with the blood components.
NO2

� formation, if any, occurred with such a low rate that it was
outside the current limits of detection.

Although the intended route of administration for hyperpolar-
ized [15N]nitrate is intravenous, the entero-salivary circulation
recycles nitrate from the blood to the saliva, where it can be bacte-
rially converted to [15N]nitrite. For this reason it was important to
determine also the potential conversion to hyperpolarized [15N]ni-
trite in human saliva. To this end, hyperpolarized [15N]nitrate was
dissolved in 4 mL of medical grade saline and quickly injected to an
NMR tube containing 1 mL of human saliva from a healthy volun-
teer (not using anti-bacterial mouth wash). The [15N]nitrate hyper-
polarized signal was monitored for more than 400 s at a
temperature range of 37–42 �C. Throughout this time, only the
[15N]nitrate signal was observed and a hyperpolarized [15N]nitrite
signal was not observed (Fig. 2f). To test for the presence of [15N]
nitrite in this saline-saliva sample after the hyperpolarized state
had decayed, the same sample was scanned at thermal equilibrium
as well. The sample was scanned for 20 h, at room temperature.
The summed spectrum shows the [15N]nitrate signal only (Fig. 2g).

These results suggest that [15N]nitrate was not metabolized in
blood or in saliva of the individual volunteer at detectable levels.
Further tests with human saliva, conducted for longer measure-
ment times, are described in the Supporting Information S2.

2.3. Hyperpolarized [15N]nitrate exhibits prolonged T1 in colder
solutions

Saluvare et al. [41] have previously shown that the T1 of nitrate
can be prolonged at colder temperatures. For the duration required
for transfer of the hyperpolarized solution from the polarizer to the
subject, prior to intravenous administration (storage duration), the
temperature of the solution is not limited to body temperature.
Therefore, it may be beneficial to store the hyperpolarized solution
at a colder temperature. To test this possibility, we designed an
experimental system in which the hyperpolarized [15N]nitrate
solution is either 1) heated and directly injected to the spectrome-
ter or 2) cooled down (with online temperature monitoring), and
then injected to an NMR tube in the spectrometer where the tem-
perature is continuously monitored as well, and the T1 decay is
determined in parallel. Hyperpolarized decays in temperatures at
a range of 10–50 �C were monitored in this way (Fig. 3). At a range
of temperatures close to the human body temperature, 34–44 �C,
the T1 was found to be 109 ± 9 s (n = 12), and at 40–50 �C the T1
was similar at 105 s (n = 1). Despite many attempts to analyze seg-
ments of the decay data and resolve better a possible dependence
of the decay rate on temperature, we could not detect any such
dependence and we concluded that in the temperature range of
34–50 �C, the T1 of [15N]nitrate does not change. However, at tem-
peratures of 20–23 �C the T1 was prolonged, reaching 139 ± 6 s



Fig. 3. The dependence of the 15N T1 of sodium [15N]nitrate on temperature.
Solutions of sodium [15N]nitrate at 11–29 mM in D2O were used. The temperature
was monitored online with an MRI compatible temperature sensor. For each point -
the X-axis error bar represents the temperature range in which the T1 was
determined, and the Y-axis error bar represents the 95% confidence interval for the
individual fit (see Methods). The data points shown here in the range of 34–44 �C
are also included in Fig. 1b.
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(n = 2), and at 10–19 �C the T1 was found to be 172 ± 6 s (n = 4).
These findings support the possibility that in order to preserve
the hyperpolarized state of [15N]nitrate it is advantageous to
quickly cool the hyperpolarized solution.
Fig. 4. Multiple hyperpolarized [15N]nitrate injections to blood from a single
hyperpolarized [15N]nitrate dose. A solution of 32.6 mM hyperpolarized sodium
[15N]nitrate in saline was kept in an ice-water bath and ca. 1 mL volumes were
injected to heparinized whole human blood in an NMR tube (4.5 mL). The injected
volumes ranged in temperature from 16.4 to 1.7 �C. The corresponding temperature
range in the blood sample was 36.4–28.4 �C. The red marks on the time axis show
the injection times (0, 180, 360, 435, and 550 s). (a) 15N spectra of the consecutively
injected hyperpolarized [15N]nitrate in whole blood. The spectra were acquired
with a repetition time of 5 s and a flip angle of 10�. (b) An online temperature
recording of the sample in the spectrometer. It can be seen that the injection of the
hyperpolarized medium first lowers the temperature of the sample by up to 5 �C,
and then the temperature stabilizes. (c) The signal intensities of the hyperpolarized
site in the consecutive injections. *The intensities are shown normalized to the
highest signal for each injection. The relative multiplication factors are 6 (decay 2),
39 (decay 3), 76 (decay 4) and 297 (decay 5). The T1s in blood corresponding to the
decays 1 and 2 were found to be 29 ± 2 s and 30 ± 3 s, respectively, the error
represents the 95% confidence interval for the individual fits.
2.4. Storage of hyperpolarized [15N]nitrate in cold solution enables
prolonged use for injection

This prolonged T1 of [15N]nitrate in colder solutions can be cap-
italized on when observing hyperpolarized [15N]nitrate signal
in vivo, in particular when multiple perfusion measurements are
desired, such that the hyperpolarized solution must be stored for
long time periods before injection. To demonstrate the potential
advantage of cold storage of the hyperpolarized solution for
repeated injections, Fig. 4 demonstrates the visibility of this signal
in blood for up to 9 min, while in a previous injection to blood the
signal was observed for only 4 min (Fig. 2e, decay not shown). To
achieve this dramatic prolongation, the hyperpolarized [15N]ni-
trate solution was injected to a collection tube placed in an ice-
water bath in the fringe field of the magnet and containing 1 mL
of ice-cold saline at (2 �C). The hyperpolarized solution reaches
the collection tube at a minimum of 26–27 �C and cools down
throughout the duration of the experiment. Small amounts of this
cold hyperpolarized [15N]nitrate solution (about 1 mL) were then
injected into a blood sample (4.5 mL) already placed in the NMR
spectrometer and maintained at 36 �C. The small amounts of
hyperpolarized solution were added to the blood sample at 0, 3,
6, 7.25, and 9.17 min from arrival of the solution to the collection
tube. The corresponding solution temperatures upon injection to
the blood sample were 16.4, 5.8, 2.9, 2.1, and 1.7 �C. The signal of
hyperpolarized [15N]nitrate was observed in the blood for 2.9,
2.2, 1.0 and 0.6 min for the first four injections (marked 1–4 in
Fig. 4a). In the last injection, the signal was observed only in one
spectrum (marked 5 in Fig. 4a, signal to noise ratio of 4). This
experiment demonstrates the feasibility of storing the polarization
of a single hyperpolarized [15N]nitrate dose for several injections to
blood, which is made possible by the long T1 outside the blood.
3. Discussion

We showed here that sodium [15N]nitrate is a potential contrast
agent for biomedical magnetic resonance applications in a hyper-
polarized state. It is strictly water-soluble and its T1 was found to
be long (>100 s) compared to other water-soluble hyperpolarized
sites. This long T1 appeared insensitive to the water protonation
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status or to salinity. However, as is the case for many compounds
including water protons [44], its T1 did decrease upon mixing with
whole blood (T1 of 29 ± 1 s, three measurements in two different
blood samples, as described in Fig. 2e and in Fig. 4c – decay 1
and 2). Shortening of hyperpolarized sites T1 in whole blood was
previously shown by Harris et al. for [15N2]urea [38] and by
Allouche-Arnon for [13C1]pyruvic acid [45].

Another important factor is the stability of this compound in
whole blood and saliva. We could not detect any metabolism of
nitrate to nitrite in the time frames investigated thus far (several
minutes in blood and several hours in saliva). Therefore, these
results suggest that the conversion to the reduced form is indeed
low and that nitrate remains intact throughout the visualization
window. In a much longer investigation of the order of several days
to a month, we were able to detect conversion of [15N]nitrate to
[15N]nitrite in two samples that contained human saliva (Support-
ing Information S2), showing that this conversion does occur, as
expected, but that this conversion is likely far from detrimental
to the safety of nitrate administration.

Nevertheless, the apparently favorable safety profile does not
rely on the current NMR measurements but on previous direct
investigation of nitrate injection to humans [27] which found the
compound safe for injection for a dose that is very similar to the
doses used in the current study. Converting the intravenous dose
injected by Ellen et al. [27], which was found to be safe, to mL
per min units we get 12.5 mL/min of a 0.15 M solution, which
can be further converted to 6 mL/10 s of 50 mM solution. This is
a routinely tolerable volume/time for human intravenous injection.
A sodium nitrate solution of 50 mM is higher in concentration than
the solution that was used here for consecutive injections to blood
(32.6 mM). Suggesting that indeed such a safe dose of sodium [15N]
nitrate could be observed in vivo.

The non-metabolic nature of [15N]nitrate is important in two
ways: 1) in terms of safety, as nitrite is the bioactive product of
nitrate, and 2) in terms of MR imaging. As for the latter, the non-
metabolic nature makes this molecular probe suitable for perfu-
sion or tissue retention imaging. Although many dDNP agents have
been used in MR spectroscopic examinations– i.e. with the aim of
demonstrating the hyperpolarized substrate metabolism– here
we target another MR application in which such metabolism is
not desired. First, because a bioactivity is not desired, and second
because a single signal is easier to image without artifacts com-
pared to simultaneous imaging of several signals, each with differ-
ent chemical shifts (in the case of nitrate and nitrite – more than
230 ppm apart).

Another advantage of sodium [15N]nitrate is that it is readily
available from multiple suppliers and is a relatively inexpensive
15N-labeled small molecule. Using holding in ice-cold tempera-
tures, outside the blood, we were able to observe the hyperpolar-
ized signal in blood for up to 9 min, using multiple injections,
without any chemical modifications.

When comparing the T1 of the [15N]nitrate anion with the T1 of
the [15N]nitrite anion, we note a significant difference. In the same
solvent (D2O), and in fact in the same sample, the T1s of the [15N]
nitrate and the [15N]nitrite were 100 s and 14 s, respectively. Nitric
acid, HNO3, is a strong acid, in contrast to nitrous acid, HNO2,
which is a weak acid, with a pKa of 3.15 [20]. This pKa difference
may explain the T1 difference: while the nitric acid is completely
ionized in all solutions, the nitrous acid is in an equilibrium with
the ionic form. At neutral pH, most of the nitrous acid is dissociated
and the anion concentration is about 4 orders of magnitude higher
than the concentration of the protonated nitrous acid. Therefore,
the amount of nitrous acid expected in a sodium nitrite solution
is very small. However, the quickly exchanging proton (or a deu-
teron) on the oxygen close to nitrogen, is likely to shorten the T1
as has been previously observed for inorganic phosphate in acidic
conditions [42].

We note that the polarization level achieved here for [15N]ni-
trate, of 1%, although in line with previous studies [35,37,38,40],
does suggest that this polarization could be improved. For 13C sites,
polarization levels of up to 37% were recorded in solution [31] and
it appears reasonable that given optimization of the formulation
for solid state polarization (glassing agents and radical) and phys-
ical conditions for DNP (magnetic field, temperature, and micro-
wave irradiation), such an improvement in the polarization level
may be attained for [15N]nitrate as well. However, we note that
commercial dDNP devices are currently not equipped with a
solid-state polarization buildup monitoring capabilities for nuclei
other than 13C. This is a major limitation for such an optimization
as these studies must be carried out by serial dissolutions, which
are unfortunately costly and time consuming. Nevertheless, in
the supporting information we describe such serial dissolutions
designed for calculating the solid-state build-up time constant
and then to optimize the microwave irradiation used for solid-
state polarization (Supporting information S3 and S4, respectively).

The limitations of hyperpolarized nitrate imaging may include
low sensitivity of 15N compared to protons (sensitivity will
decrease as the ratio of the gyromagnetic ratios to the third power)
and high gradient power that will be required to achieved image
resolution adequate for clinical imaging (gradient power is inver-
sely proportional to the gyromagnetic constant of the nucleus).
Despite these likely limitations, the promising nature of hyperpo-
larized [15N]nitrate, the likely lack of background signal (leading
to high contrast), and the need to develop new and safe contrast
agents for MRI that leave no traces behind, warrants further
research.

A possible limitation to the conclusions drawn from this study
with regard to the ability to store the polarization of [15N]nitrate
for longer duration in cold temperatures is that we did not explore
the influence of the magnetic field on the T1 of [15N]nitrate and the
cold solution was maintained at the fringe field of the 5.8 T magnet
(about 2 mT). Colell et al. [46] and Truong et al. [47] investigated
the dependence of the T1 of 15N on the magnetic field for various
substances. Colell et al. found for [15N]a-cyano-4-hydroxycinnamic
acid ([15N]CHCA) and [15N]nicotinamide that at a magnetic field
larger than 1 T, the 15N T1s decreased at higher magnetic fields.
For [15N]CHCA, Colell et al. also reported that at magnetic fields
lower than 1 T the 15N T1 increased with an increase in the mag-
netic field. However, Truong et al. found for [15N]pyridine, that
the 15N T1 decreased with a decrease in the magnetic field in the
low magnetic field regime and possibly also in the high magnetic
field regime (15N T1

9.4 T > 15N T1
6 mT > 15N T1

lT). Thus, the storage of
the cold solution in the fringe field of the spectrometer was not
necessarily advantageous for prolonging the T1 of the hyperpolar-
ized compound.

In summary, we show here a novel compound for studies of
dDNP hyperpolarization that may become a useful agent for MRI.
The likely MRI applications appear to be imaging of blood flow in
blood vessels and human tissues either normal or pathological
(perfusion) and possibly, due to its ionic nature, also demonstrate
tissue retention- as it may linger in the extracellular space. The T1
characteristics were shown to be favorable with regard to solvent
protonation and salinity, and the stability in body fluids was
observed by NMR, in agreement with a previous safety study for
a similar dose. Further studies are warranted in order to 1) opti-
mize the polarization process, and 2) visualize the hyperpolarized
compound distribution in the body. For the latter, experiments in
small animals are a necessary step. Unfortunately, our lab is pre-
sently not equipped to perform such a study and we hope that
other labs in the field may capitalize on this knowledge.
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4. Methods

4.1. Chemicals

Sodium [15N]nitrate and sodium [15N]nitrite were purchased
from Sigma-Aldrich, Rehovot, Israel. The OXO63 radical (GE
Healthcare, UK) was obtained from Oxford Instruments Molecular
Biotools (Oxford, UK). [15N2]urea was purchased from Cambridge
Isotope Laboratories (Andover, MA, USA).

4.2. Nitrate and nitrite formulations

To explore the hyperpolarized state of nitrate and the nitrite
anions in solution the following formulations were prepared for
solid-state polarization: for the nitrate anion, 85.2 mg of Na15NO3,
3.7 mg of OXO63 radical, 76 mg of glycerol, and 145 mg D2O. For
the nitrite anion, 59.5 mg of Na15NO2, 2.2 mg of OXO63 radical,
and 129.65 mg of D2O:[13C3]glycerol 7:3 mixture. Carbon-13
labeled glycerol was used to monitor the presence of the sample
in the polarization chamber. For the samples that were not pre-
pared with [13C3]glycerol, a small amount of [13C,D7]glucose (up
to 13.3 mg) or [1-13C]pyruvic acid (up to 1.8 mg) formulation
was added as a dot on the cup wall – to indicate, using the polar-
izer 13C spectrometer, that the sample is in the polarization cham-
ber. A vitrification assay [48] showed that these formulations
indeed formed a glass upon rapid freezing to cryogenic tempera-
ture (liquid nitrogen).

4.3. DNP spin polarization and dissolution

Spin polarization and fast dissolution were carried out in a
dDNP set-up (HyperSense, Oxford Instruments Molecular Biotools,
Oxford, UK). A microwave frequency of 94.100 GHz was deter-
mined as optimal (Supporting Information S4) and is in a general
agreement with the findings of Reynolds et al. [49].

The dissolution process was performed as previously described
[31] and detailed in the results section. Briefly: 20–90 mg of the
sodium [15N]nitrate formulation were placed in a polarization
sample cup, polarized by microwave irradiation, and then quickly
dissolved in 4 mL of superheated aqueous media (170 �C and
10 bar). Unless otherwise stated, the dissolved hyperpolarized
solution was directly injected to a screw cup 10 mm NMR tube
in a 5.8 T NMR spectrometer via a PTFE line of about 2.4 m length
with 3 s of He(g) chase. This line was wrapped with a heating tape
(MRC, Holon, Israel) that enabled control over the temperature of
the dissolution medium arriving to the NMR tube directly or to a
collection tube in the fringe field of the spectrometer. 15N NMR
spectra were continuously recorded immediately at the start of
the dissolution process. The hyperpolarized signals appeared in
the spectra at about 10–14 s from the start of the dissolution pro-
cess (meaning that the dissolution process and the chase of the
media into the NMR tube occurred within about 10–14 s). In the
experiments in body fluids and in experiments in which the hyper-
polarized solution was first cooled to temperatures below room
temperature, the dissolution media was first collected in a conical
tube placed in the spectrometer’s fringe field, and then was
injected by syringe via a PEEK line to the NMR tube that was placed
in the magnet.

4.4. Modification of the hyperpolarized solution temperature prior to
arrival to the spectrometer

The temperature of the solution leaving the dDNP device was
not lower than 26 �C. For heating this hyperpolarized solution prior
to arrival to the NMR tube, the PTFE line leading the hyperpolar-
ized solution out of the spin polarization device was wrapped with
a heating tape connected to a temperature controller (MRC, Holon,
Israel). In this way, hyperpolarized solutions at temperatures
higher than 26 �C could be obtained. For cooling the hyperpolar-
ized solution, the heating tape was not turned on and the dissolu-
tion medium was mixed with 0 to 4 mL of D2O at 2 �C in a
collection tube placed in ice-water bath in the fringe field of the
magnet, prior to injection.

4.5. 15N NMR

15N NMR spectroscopy was performed in a 5.8 T NMR spectrom-
eter (RS2D, Mundolsheim, France), using a 10 mm broad-band
NMR probe. The chemical shift scale of the spectra presented
herein was calibrated based on a separate measurement of a
[15N2]urea standard sample (4 M in H2O:D2O 80:20), carried out
prior to hyperpolarized 15N acquisitions, calibrating the [15N2]urea
signal to �306 ppm (relative to nitromethane) [50–52]. For
enhancement factor calculation, the spectra were collected with
a high flip angle of 30� and a repetition time of 2 s. For T1 calcula-
tion, the spectra were acquired with a low flip angle of 10� and a
longer repetition time of 5–10 s.

4.6. Online temperature sensing in the NMR spectrometer

The temperature in the NMR tube was continuously monitored
using an NMR compatible temperature probe (Osensa, Burnaby,
BC, Canada). A typical example of such a measurement is shown
in the Supporting Information S5.

4.7. Processing and data analysis

Spectral processing was performed using MNova (Mestrelab
Research, Santiago de Compostela, Spain).

Determination of the T1 of the hyperpolarized sites was per-
formed by curve fitting of the signal decay to the following equa-

tion: M tð Þ ¼ Mo � e
�t
T1

� �
� cos h t

TRð Þ, in which TR, the time between
excitations, and h, the nutation angle of excitation, are known.

Curve fitting was performed using Matlab (Mathworks, Natick,
MA, USA).

The absolute enhancement factor was determined by compar-
ing the maximal SNR of the magnitude signal multiplied by the
linewidth at half-height obtained under hyperpolarized conditions
to the intensity of the thermal equilibrium signal of the same sam-
ple (analyzed in the same way). The spectrum at thermal equilib-
rium was acquired with the same nutation angle under fully
relaxed conditions. The same spectral acquisition parameters
(spectral width, number of points, receiver gain) and processing
parameters (apodization, zero-filling) were used in the analysis
of both spectra and the thermal equilibrium signal was corrected
for the number of scans.
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