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S1. T1 values and enhancement factors of hyperpolarized [15N]nitrate in individual dissolutions 

Various parameters in these experiments were modified to support the multiple questions 

presented in this study, therefore, the enhancement factor data cannot be averaged. The maximal 

value is reported in the main text (Experiment No.   2 in Table S1). Enhancement factors were 

calculated with reference to a spectrum of the same sample in the same spectrometer used to record 

the hyperpolarized signal (5.8T), as described in the Methods section. 
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Table S1. T1 values and enhancement factors determined on hyperpolarized [15N]nitrate dissolution experiments 

Experiment 

No. 

[NO3
-] in 

NMR tube 

(mM) 

Solvent for 

dissolution 

Frequency of 

irradiation 

(GHz) 

Polarization 

Time (min) 

Temperature 

range (°C) 

15NO3
- 

T1 

(s) 

Enhancement 

Factor  

at 5.8 T 

Polarization 

(%) 

1 26.4 H2O 94.116 157 36.6-39 94 4,281 0.82 

2 29.3 H2O 94.100 150 34.3-40.4 102 5,298 1.02 

3 28.3 Saline + 10% D2O 94.116 150 36.6-41.4 99 3,080 0.59 

4 17.9 Saline + Saliva 94.100 128 37-41.8 106 
Not 

determined 
- 

5 21.9 D2O 94.116 30 37.2-41.4 100 1,824 0.35 

6 21.8 D2O 94.116 60 37-39.2 109 2,339 0.45 

7 21.7 D2O 94.116 105 36-40.2 118 2,709 0.52 

8 27.5 D2O 94.116 164 36.5-44 122 4,709 0.90 

9 27.3 D2O 94.116 256 38.5-43 ** 4,024 0.77 

10 21.8 D2O 94.110 30 38-42 105 2,162 0.41 

11 21.6 D2O 94.122 30 35.5-39 ** 1,647 0.32 

12 21.1 D2O 94.092 30 36.4-40.4 ** 3,180 0.61 

13 18.7 D2O 94.104 30 36-41.5 98 3,228 0.62 

14 22.2 D2O 94.098 30 39.3-42.5 107 2,965 0.57 

15 22.1 D2O 94.128 30 38.6-41.5 99 1,436 0.28 

16 22.2 D2O 94.134 30 38.8-41 112 756 0.14 

17 20.8 D2O 94.086 30 38.1-39.6 117 3,894 0.75 

18 20.1 D2O 94.146 30 39-42.6 102 1,166 0.22 

19 18.8 D2O 94.080 30 Not recorded ** 3,778 0.72 

20 23 D2O 94.152 30 39.6-49.8 105* 1,615 0.31 

21 29 D2O 94.100 150 37-42 125 
Not 

determined 
- 

 

*The T1 of this experiment is not included in Figure 1b (T1 determinations) because the temperature was too high. ** The T1 of these measurements is not 

reported due to the following reasons: temperature not recorded (19) and insufficient confidence interval (9, 11, 12).   
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S2. Long term monitoring of the conversion of [15N]nitrate to [15N]nitrite in solutions containing 

human saliva 

The same sample of sodium [15N]nitrate in the saline-saliva solution presented in Figure 2g (which 

did not show metabolism) was scanned about a month later and showed about equal signals of 

[15N]nitrate and [15N]nitrite. To investigate the stability of the [15N]nitrate in saline and saline-

saliva solutions using controlled conditions, this experiment was repeated in the following way. 

First we investigated the stability of [15N]nitrate in the saline solution. In order to mimic the 

experiment with hyperpolarized [15N]nitrate in terms of the DNP formulation and the dissolution 

components, 9.97 mg of [15N]nitrate and 2.60 mg of glucose were dissolved in 26.15 mg of a 

D2O:glycerol mixture (66:34). Then, 4.59 mL saline and 0.66 mL of D2O were added to this 

mixture. This solution was transferred to an NMR tube and scanned for 5 days. 15N fully-relaxed 

spectra were recorded in blocks of about 4 h, whereas each block consisted of 720 averages with 

a 30° flip angle and a repetition time of 20 s. The summation of this 5 days scan is shown in Figure 

S2a. Only the [15N]nitrate signal appears in the spectrum, suggesting that [15N]nitrate is stable at 

room temperature in this solution for this period time.  

In the next step, this solution was divided into 2 samples, in the following manner: 3 mL of this 

solution were combined with 0.75 mL of human saliva and the combined solution was scanned for 

5 days. The rest of the solution (without human saliva) was kept outside the magnet at room 

temperature. The resulting spectrum of the [15N]nitrate in the saline-saliva solution (Figure S2b) 

shows the signal of [15N]nitrite in addition to [15N]nitrate, suggesting conversion due to the bacteria 

in the saliva. Figure S2c shows the resulting spectrum of an additional 5 days scan of the 

[15N]nitrate in saline solution without human saliva. Despite the longer duration of presence of 

[15N]nitrate in saline, exposed to environmental bacteria, no conversion to [15N]nitrite was 

observed. These results suggest that [15N]nitrate in saline solution is stable at room temperature 

for at least 19 days (10 days of actual measurements and 9 days in between measurements). In 

addition, it suggests that the conversion to [15N]nitrite was indeed catalyzed by human saliva 

microbiome. The conversion rate appeared to be about 23% in 5 days in a solution with a starting 

[15N]nitrate concentration of 22 mM. Assuming a linear conversion rate of nitrate to nitrite, the 

conversion rate appears to be about 3.8 µmole per day per 0.75 mL of saliva. The entire study was 

carried out using non-sterile lab ware to allow environmental bacteria to show effect – if any. 
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Figure S2. 15N-NMR long term monitoring of [15N]nitrate metabolism in saline and in saline-

saliva solution. 

a) A solution containing sodium [15N]nitrate (22 mM) and glucose (2.7 mM) in saline, scanned for 

5 days. b) A solution containing 3mL of the solution in (a) combined with 0.75 mL of human 

saliva, scanned for 5 days. The ratio of the [15N]nitrite to [15N]nitrate integrals is about 3:10. c) 

The same solution as in (a), scanned for 5 days. The scan started after 14 days at room temperature. 
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S3. Determination of the solid-state build-up time constant 

In order to find the optimal polarization time, a series of 5 dissolution experiments was performed 

in which the time for solid-state polarization buildup by the DNP process was varied from 30 min 

to 256 min. The microwave frequency was 94.116 GHz and the microwave power was 100mW. 

Each point was calculated by dividing the enhancement factor of the hyperpolarized [15N]nitrate 

signal in the solution by the [15N]nitrate concentration in the solution. 

Determination of the solid-state build-up time constant was performed by curve fitting of the data 

to the following equation: 𝑃(𝑡) = 𝑃𝑚𝑎𝑥 ∗ (1 − 𝑒(
−𝑡

𝐵𝑈
)) where BU is the build-up time constant. 

The build-up time constant was about 75 min. This result suggested that about 4 h of polarization 

are required to reach 96% of the maximal polarization level for this sodium [15N]nitrate 

formulation. 

 

Figure S3. The dependence of the enhancement factors of the [15N]nitrate hyperpolarized signal 

in solution on the polarization time in solid-state.  

 

 

S4. Optimization of microwave frequency for irradiation 

To select the microwave frequency for the current study, a series of dissolution experiments was 

performed in which only the microwave frequency for solid-state polarization buildup by the DNP 

process was varied. Initially we worked according to the previously recommended microwave 

frequency by Raynolds et al. 47, who found that the microwave irradiation frequency required for 

DNP of the 15N nuclei was similar to that of 13C nuclei in a pyruvate formulation. The results 
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shown in Figure S5 demonstrate that a slightly different frequency may be more adequate in the 

particular formulations used in our lab. 

Each point of 15N polarization in Figure S5 is the result of a polarization at the indicated microwave 

frequency for 0.5 h with a microwave power of 100 mW. Dissolution was performed in 4 mL of 

D2O. The 15N spectra were recorded with a 30 flip angle and a repetition time of 2 s. The highest 

signal in each decay series was used for the calculation of relative polarization level. After a series 

of a few such high flip angle pulses, the rest of the decay was sampled with 10 pulses and longer 

repetition times (up to 8 s) and this part of the data was used for T1 calculations as shown in Figures 

1 and 3 in the text. 

Sources of variability in such a measurement consist of inconsistent duration from the dissolution 

to recording of the specific spectrum used for evaluation and non-homogeneous dissolution- i.e. 

the possibility that only part of the material placed in the polarization cup is visible to the solution-

state spectrometer probe, variation in magnetic field homogeneity, and variation in probe tuning 

and/or pulse calibration. Despite all of these sources of variability, an optimal frequency for 

irradiation appears to be at 94.100 GHz and this frequency was used throughout the current study 

(unless otherwise stated). 

 

 

Figure S4. The dependence of the [15N]nitrate hyperpolarized signal amplitude in solution on the 

solid-state microwave irradiation frequency. 

The solid-state polarization build-up of [1-13C]pyruvic acid () was determined in solid-state using 

a 5 flip angle and a buildup time of 0.5 min for each point. The microwave power was 100 mW. 

The pyruvic acid formulation contained 94.93 mg of neat [1-13C]pyruvic acid and 1.70 mg of 
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OXO63 radical. 25.82 mg of this formulation were used. The polarization buildup is presented in 

arbitrary units obtained from the polarizer interface. For the purpose of presentation on the same 

graph with the nitrate polarization these arbitrary values were divided by the weight of the sample 

(the same sample used for all data points) and by the duration of the polarization, and then 

multiplied by 3000 (Y-axis on the right). 

The solid-state polarization build-up of sodium [15N]nitrate (●) was determined in the dissolved 

samples, i.e. in solution. The SNR of the sodium [15N]nitrate signal in solution in 15N magnitude 

spectra, was multiplied by the linewidth at half-height and divided by the nitrate formulation 

weight. The blue dotted line indicates the microwave frequency selected for irradiation of the 

sodium [15N]nitrate in the current study (0.012 GHz less than the optimal frequency of irradiation 

for pyruvic acid). 

 

S5. Monitoring of sample temperature during the NMR measurements and simultaneous T1 

determinations 

The temperature of the solutions in the NMR tubes was monitored during the NMR measurements 

with an MRI compatible temperature sensor. Two examples of such simultaneous temperature 

monitoring and hyperpolarized 15N-MRS recordings are shown below: 

 

Figure S5. Monitoring of sample temperature in the spectrometer, simultaneously with recordings 

of the polarization decays. 

a) and b) Online temperature recording of hyperpolarized [15N]nitrate solutions within the NMR 

tube, in the spectrometer. In a), the spectrometer temperature was set to 36 °C and the heating type 

a b

c d
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was set to 40 °C. The sample arrives to the NMR tube at about 42 °C and cools down to 36 °C 

during the spectral recording. 

b) The spectrometer and the heating tape temperature controllers were turned off, and the 4 mL 

dissolution medium was cooled by mixing with 4 mL D2O at 2 °C, the cold medium was injected 

to the NMR tube within the spectrometer 3 min after the mixing (for additional cooling in the ice-

cold water bath). The sample arrived to the NMR spectrometer at about 10 °C and has slowly 

heated to about 19 °C (approaching room temperature). 

c) and d) The hyperpolarized signal decay of the sodium [15N]nitrate in the respective solutions, 

each point represents the maximal intensity of the signal. 

Such measurements enabled the determination of the dependence of the T1 on the sample 

temperature. 
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