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Hyperpolarized 'H and ®C NMR spectroscopy in a single experiment
for metabolomics

Arnab Dey*t, Benoit Charrier, Victor Ribay, Jean-Nicolas Dumez, Patrick Giraudeau*

Nantes Université, CEISAM UMR 6230, 44000, Nantes, France

ABSTRACT: The application of NMR spectroscopy to complex mixture analysis, and in particular to metabolomics, is limited
by the low sensitivity of NMR. We recently showed that dissolution Dynamic Nuclear Polarization (d-DNP) could enhance the
sensitivity of 13C NMR for complex metabolite mixtures, leading to the detection of highly sensitive 3C NMR fingerprints of
complex samples such as plant extracts or urine. While such experiments provide heteronuclear spectra, which are comple-
mentary to conventional NMR, hyperpolarized 'H NMR spectra would also be highly useful, with improved limits of detection
and compatibility with existing metabolomics workflow and databases. In this technical note, we introduce an approach ca-
pable of recording both 'H and 13C hyperpolarized spectra of metabolite mixtures in a single experiment and on the same
hyperpolarized sample. We investigate the analytical performance of this method in terms of sensitivity and repeatability,
then we show that it can be efficiently applied to a plant extract. Significant sensitivity enhancements in 'H NMR are reported
with a repeatability suitable for metabolomics studies, without compromising on the performance of hyperpolarized 3C NMR.
This approach provides a way to perform both 'H and 3C hyperpolarized NMR metabolomics with unprecedented sensitivity

and throughput.

Nuclear Magnetic Resonance spectroscopy (NMR) is a
major analytical tool for the quantitative and structural
analysis of complex mixtures, thanks to its high accuracy
and robustness!. NMR spectroscopy is therefore widely
used in bioanalytical applications such as metabolomics
which impacts several scientific areas such as clinical and
preclinical studies? microbiology3, forensics*, and food®> and
plant sciences®. On the one hand, the majority of NMR
metabolomics studies rely on 1D 'H NMR spectroscopy
thanks to its high sensitivity compared to other nuclei. How-
ever, the analysis of complex mixtures by 1D 'H spectros-
copy is hampered by ubiquitous overlap between peaks. On
the other hand, 3C NMR offers a much better separation be-
tween peaks, but it suffers from a 2900-fold reduced sensi-
tivity at natural abundance compared to 'H NMR (owing to
its low natural abundance and low gyromagnetic ratio).

Recent developments of hyperpolarization techniques in
13C NMR have broadened the scope of NMR metabolomic
studies by considerably improving sensitivity while retain-
ing the spectral resolution advantages of 3C NMR®-15, Dis-
solution Dynamic Nuclear Polarization (d-DNP) is particu-
larly promising for 3C NMR spectroscopy of complex meta-
bolic mixtures, as it can improve signal sensitivity by more
than 10,000 for *3C nuclei with long longitudinal relaxation
times!®. In d-DNP, nuclear spins are polarized in the solid-
state at cryogenic temperatures (typically 1-2 K), in a high
magnetic field (3-7 T), by microwave irradiation in the pres-
ence of a free radical. This is followed by rapid dissolution
and transfer of the sample to a nearby NMR spectrometer
where hyperpolarized signals are acquired in the liquid-

state. Since the inception of d-DNP, significant progress has
been made to obtain improved throughput, precise and ro-
bust data that are essential for metabolomics studies. d-
DNP enhanced stable-isotope resolved metabolomic studies
were reported by quantifying the 3C isotopic patterns to
understand the metabolic activity of cancer cell extracts in-
cubated with 3C-enriched glucose 17-1°. Recent investiga-
tions also focused on the development of d-DNP methods to
analyze metabolic samples at natural 13C abundance, taking
advantage of 'H — 13C cross polarization (CP) in the solid-
state to reach high 13C polarization levels in a short time?2021,
In 2015, we showed that d-DNP could be used to detect me-
tabolites of plant and cell extracts at 13C natural abundance.®
The suitability of d-DNP for metabolomics applications was
further strengthen by reporting the good repeatability of
this approach®. The first proof-of-concept application of a d-
DNP based 13C metabolomics workflow at natural abun-
dance was then successfully reported on model plant ex-
tracts’. Recently, a fine optimization of the d-DNP setting
provided a significant sensitivity improvement (about 5
times improvement on quaternary 13C and 50 times im-
provement on protonated 13C) with an excellent repeatabil-
ity (in the range of 3%)?22. This optimization enabled the ac-
quisition of hyperpolarized 13C spectra of freeze-dried urine
at natural abundance, allowing the quantification of key me-
tabolites that were difficult to access with conventional
NMR23,

While hyperpolarized 13C NMR spectra are highly valua-
ble, hyperpolarized 'H NMR spectra would also be of high
interest for complex mixture analysis, since i/ they can



provide improved limits of detection; ii/ extensive work-
flows and databases are available for their analysis. Hy-
perpolarized 13C and 'H NMR are thus expected to be highly
complementary. The detection of hyperpolarized 'H signals
with d-DNP is challenging, since the shorter longitudinal re-
laxation times (T1) of 'H nuclei make the corresponding hy-
perpolarization short-lived and less likely to survive trans-
fer between the two magnets. Recent developments to
shorten the transfer time and/or extend the lifetime of 'H
hyperpolarization have enabled the acquisition of hyperpo-
larized 'H spectra,?42> but these have not been applied to
metabolite mixtures, neither evaluated from an analytical
point of view. In addition, classic d-DNP strategies rely on
the polarization of a single class of nuclei, and this would
mean that separate sets of dissolution are needed to obtain
both 'H and 13C NMR data.

In this article, we show that both hyperpolarized 13C and
1H NMR spectra can be recorded within a single experiment
to maximize the spectral information that can be retrieved
from a single sample. This is made possible by multiple re-
ceiver channels available on modern spectrometers. Paral-
lel acquisitions on multiple nuclei have been extensively
demonstrated on small molecule examples, including the
parallel acquisition of multi-dimensional spectra on metab-
olite mixtures?627. The parallel acquisition of 'H and '3C re-
laxation data after d-DNP was also reported?®2°. In this
study, we show how this concept can be adapted to maxim-
ize the spectral information that can be retrieved from a sin-
gle d-DNP experiment, by sequentially recording 'H and 13C-
{*H} spectra on a single hyperpolarized metabolite mixture.
The repeatability of this experiment -a key feature for
metabolomics applications- is demonstrated, as well as its
feasibility on a real biological extract.

Experimental section
d-DNP operational procedure

d-DNP experiments were carried out with a semi-auto-
mated d-DNP workflow in which samples were polarized in
a prototype Bruker d-DNP Polarizer of 7.05 T and at the
temperature of 1.15 K with frequency-modulated, gated mi-
crowave. The operational timeline and the simplified pulse
diagram are presented in Figure 1. 'H spins were hyperpo-
larized directly from microwave(MW)-irradiated electrons
of the TEMPOL radical and 3C spins were hyperpolarized
using cross-polarization (CP) to reach high 13C polarization
levels in about 20 minutes3%31. In the cross-polarization
(CP) experiment, a train (k=64) of /2 pulses was applied to
both RF channels for pre-saturation. Then the adiabatic half
passage pulses (tw = 175 ps) were applied before and after
the the-contact pulse (tus = 1.5 ms). In total 16 CP contacts
(n=16) were made and for each contact, a low-flip-angle
pulse (5°) was applied on the 3C channel to monitor the
build-up of the polarization from 'H to 3C. Microwave irra-
diation was selectively switched on after each CP contact for
80 s.2021.32 A]] the parameters involved in the DNP experi-
ment were optimized as described in our previous study?2.
After hyperpolarization, 5 mL of hot solvent (D20 and/ or
CDs0D) were used to rapidly dissolve the sample and bring
itto the nearby liquid-state spectrometer through a transfer
line equipped with a 0.56 T magnetic tunnel. The

dissolution time depends on the choice of the dissolution
solvents as indicated in Figure 1. CD30D has a smaller vis-
cosity and surface tension than D20, allowing a shorter
transfer and stabilization delay. Further details on the d-
DNP system including the choice of optimum dissolution de-
lays may be found in a previous study?2.

Signal acquisition

'H and 13C signal acquisition were performed on a
400 MHz Bruker NEO spectrometer equipped with a direct-
detection nitrogen cooled cryoprobe and double receiver
channels at room temperature. The sequential acquisition
pulse sequence was suitably adapted for our d-DNP experi-
ment from the available Bruker double receiver pulse se-
quence library. Such acquisition pulse sequence enables
minimal delay (20 ps) between the completion of 'H acqui-
sition and the start of the 13C read pulse. After an optimized
stabilization delay, the sequential acquisition pulse se-
quence automatically triggered the 'H signal acquisition
with a 90° excitation pulse followed by the 13C acquisition
using a 90° excitation pulse on 13C with a 'H decoupling
scheme (WALTZ-65). The 'H signal was recorded for 1.99 s
(tacqu (*H)) with a spectral width of 12 kHz and the 3C signal
was recorded with an acquisition time of 1.72 s (tacqu (*3C)).
Apodization (*H: 1b = 0.5 Hz; 13C: b = 1 Hz) and zero filling
(*H and 3C: 131K) were applied prior to Fourier Transform.
Phase and baseline were corrected automatically. Chemical
shifts were calibrated on the TSP methyl group (0 ppm). the
'H and 13C signal areas were normalized to the methyl 'H
signal of TSP (0 ppm) and quaternary 13C TSP signal (188.5
ppm) respectively. All the spectra were acquired in the
same conditions and processed the same way.

Standard Mixture of metabolites

To evaluate the instrumental repeatability, a standard
metabolite mixture solution at natural abundance contain-
ing three metabolites at 5 mM each was prepared (alanine,
sodium acetate, sodium pyruvate) in an optimized glassy
matrix of H20/D20/glycerol-ds (1:3:6) doped with 50 mM
TEMPOL (4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl).
Sodium 3-trimethylsilylpropionate-ds (Na-TSP-ds; 98% D;
20 mM) was added as an internal standard, as previously
reported?®. For each dissolution experiment, 200 pL of the
standard solution were transferred to the sample holder
(the same being used for all experiments) from the same
stock solution to avoid unwanted variation from the differ-
ences in sample measurement.

Tomato Extract Preparation for d-DNP

A green tomato extract from a previous study’ was used.
The detailed description of the tomato extract preparation
is given in that study’. The green tomato extract (20 mg)
was dissolved with 2 mM of EDTA.Na2.2H20, 20 mM Na-
TSP-ds (internal reference) in 0.2 mL of a H20/D20/glyc-
erol-ds (1:3:6) glass-forming mixture doped with 50 mM
TEMPOL. After proper mixing, and ripening?? for 30 mins,
the resulting single-sample solution (approx. 200 puL) was
transferred to the sample holder ensuring the solutions
were contained within the active volume of radio frequency
(RF) coil of the polarizer.
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Figure 1. Operational timeline and pulse diagrams of the d-DNP experiment. In the cross-polarization (CP) pulse diagram, a train
(k=64) of 7/2 pulses was applied to both RF channels for pre-saturation. Here CP pulses (referred as “CP block” in grey) consisting
of adiabatic half passage pulses (tw = 175 ps) were applied before the start of the contact pulse (tun = 1.5 ms) and after the contact.
In total 16 CP contacts (n=16) were made. For each contact, a sequence of m=4 low-flip-angle pulses (5°) was applied on the 13C
channel to monitor the build-up of the polarization from H to 13C. Microwave irradiation was selectively switched on after each CP
contact for 80 s (“MW block” in blue). After dissolution, the sequential acquisition pulse sequence automatically triggered the 1H
signal acquisition with 90° excitation pulse followed by the 13C signal using 90° excitation pulse on 13C with a 1H decoupling scheme
(WALTZ-65). The delay between the H acquisition and !3C read pulse was 20 ps (indicated with a red coloured double headed

arrow).

Results and discussion
1H and 13C spectra from a single hyperpolarized sample

Figure 2 presents the 'H and '3C spectra obtained (follow-
ing the operational timeline as in Figure 1) from a single hy-
perpolarized metabolite mixture. Spectra show 'H signal
enhancements of metabolites in the 150-1800 range, as well
as a high 13C signal sensitivity (except alanine which con-
stantly reported exceptionally poor 'H polarization and
poor 13C sensitivity, as observed in previous studies??). In
this study, SNR (signal to noise ratio) values were used as a
measure of sensitivity. The liquid-state 'H enhancements
were calculated by comparing the hyperpolarized signal
SNR with thermal SNR on spectra recorded in 128 scans on
the same sample, 30 min after dissolution. The liquid-state
13C enhancements were determined by comparing the sin-
gle scan thermal signal integral of a higher concentrated
metabolite sample (500 mM each) with the single scan hy-
perpolarized signal of the metabolite mixture. Spectra are
shown with two different dissolution solvents (D20,
CD30D). Indeed, we recently reported that both solvents of-
fered a great complementarity, with dissolution parameters
that could be tuned on a sample-dependent basis?2. Here,
the sample stabilization delay (relax time) was tuned to ob-
tain optimum sensitivity and lineshape for each solvent (re-
lax time = 6 s for D20 and 2 s for CD30D). Figure 2 shows

that under such optimized conditions, the 'H signal en-
hancementis an order of magnitude higher after dissolution
in CD30D compared to D20 (see also Figure S1 for SNR com-
parison). This can be attributed to the reduced hyperpolar-
ization losses when a shorter stabilization delay is used and
to the stronger impact of residual sample motion with the
likely presence of (micro-)bubbles in D20, leading to ca. 3x
broader line shapes compared to CD30D. Based on the hy-
perpolarized 'H signal sensitivity (average SNR of metabo-
lites is 550 with D20 and 3000 with CD30D) and on the me-
tabolite concentrations (5 mM in the sample cup and ca.
0.05 mM after dissolution), one can extrapolate limits of de-
tection (SNR>10) in the range of 50 pM in the sample cup
for 'H spectra recorded in methanol. In contrast to the 'H
signal, a slightly higher sensitivity (in the range of 20-150)
was observed for 13C spectra of metabolites recorded in D20
compared to CD30D. The 13C enhancements reported here
are in agreement with a previous report?2. In the case of 13C
NMR, the difference in the delay between detection and dis-
solution between the two solvents is not significant with re-
spect to the long T1 of quaternary carbons, and the line
shapes are much less impacted by residual sample motion.
The sensitivity difference in favor of D20 can be explained
by the higher solubility of metabolites in this solvent.
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Figure 2. Spectra of a 5 mM metabolite mixture obtained from a single d-DNP experiment. Hyperpolarized 1H spectra after dissolu-
tion in D20 (a) and in CD30D (b) compared to spectra at thermal condition (ns= 128) in D20 (c) and CD30D (d). The hyperpolarized
13C spectra recorded after dissolution in D20 (e) and in CD30D (f) are presented as well. 13C thermal spectra could not be detected
here due to the insufficient sensitivity even after a long experiment time (> 3 hr). The signal enhancement (&) is indicated for each
peak of the hyperpolarized spectra, and was calculated as indicated in the results and discussion section. For (c) and (d), vertical

zooms are provided with scaling factors as an inset.

Evaluation of repeatability

To evaluate the analytical performance of the method, the
signal integral repeatability of each metabolite was calcu-
lated from the d-DNP experiments on 5 samples from the
same stock solution. Figure 3 compares the average value
of absolute 'H and 13C signal integrals of metabolites ob-
tained with the two dissolution solvents. The 'H signal com-
parison revealed higher signal integrals with CD30D com-
pared to D20. However, 13C signal integrals with D20 were
higher compared to CD30D. This observation agrees with
the sensitivity comparison discussed in the previous sec-
tion. Note that additional T1 measurements (data not
shown) excluded the impact of solvent dependent relaxa-
tion in that case. Overall, the absolute signal integral and
SNR (figure S1) of both 13C and 'H spectra, particularly with
D20, showed high variability (in between ~ 26% to 62%).
Such variability may be attributed to the visual observation
that microbubbles occur in D20 during sample transfer and
injection, causing irregular flow and leading to variations in
the final sample volume of the NMR tube. As previously sug-
gested in the case of hyperpolarized 13C metabolomics’,
such challenge can be addressed by normalizing the metab-
olite signal with the reference signal (TSP) (See SI; table 1
and 2). Normalized 'H and *3C signal integral (Tables SI1
and SI2) show good repeatability (between 3% to 11%)

with both dissolution solvents. The repeatability of 13C inte-
grals is in line with previously reported results??, and the
repeatability of both spectra appears suitable for typical
metabolomics applications. The repeatability of SNR values
is given for information but is a less relevant metric than the
repeatability of integral values for metabolomics applica-
tions.

Demonstration on a biological extract

The d-DNP enhanced 'H-13C sequential acquisition
scheme was applied to record the 'H and !3C spectra of a
green tomato extract, already used as a model biological
sample in recent studies. Figure 4 presents the single-scan
DNP enhanced 'H spectra of the green tomato extract with
both dissolution solvents. When comparing the two disso-
lution solvents, the DNP enhanced 'H spectra with CD30D
provided much sharper and more sensitive signals com-
pared to D20, resulting in a rich and well resolved 'H finger-
print. The linewidth obtained in CD30D is close to the one of
typical liquid-state spectra in such extracts, ie. 2 Hz versus
10 Hz for D20. These results, in line with those obtained on
the model mixture, are clearly in favor of the use of CD30D
as a dissolution solvent to obtain exploitable hyperpolar-
ized 'H metabolomics spectra. It should be noted that the
hyperpolarization was performed ata MW frequency corre-
sponding to the negative EPR resonance, which results in a



“negative” signal enhancement. Therefore, a 180° phase
shift between the “thermal” signal of the residual proto-
nated methanol in the dissolution solvent and the hyperpo-
larized analyte signals in the solution state was observed.
Such negative signal is not observed for dissolution in D20
since the hyperpolarized sample does contain 10 % of Hz0,
whose hyperpolarized signal largely outweighs the thermal
signal from residual protonated water in the dissolution sol-
vent.

In contrast to the 'H study, the d-DNP enhanced !3C spec-
tra of the tomato extract with D20 showed better sensitivity
compared to CD30D (Figure 5). As discussed before, d-DNP
enhanced 13C signals were less perturbed by the presence of
the microbubbles and less impacted by the polarization de-
cay rate due to longer relaxation time. Therefore, the quality
of the d-DNP enhanced *3C spectra essentially depends on
the solubility of the metabolites in the dissolution solvent.
This means that the choice of the optimum dissolution sol-
vent for a given sample will depend on the analyzed matrix,
and also on the user’s need to record both 'H and 3C spectra
or only 13C spectra.
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Figure 3. Comparison of absolute (a) H and (b) 13C signal inte-
grals for hyperpolarized spectra of a model metabolic mixture
after dissolution in two different solvents. The error bar

represents the standard deviation of average signal integrals
over 5 repetitions.

'H and 13C hyperpolarized spectra of the tomato extract
were also compared with conventional thermal spectra rec-
orded on an extract from the same batch dissolved in 0.6 mL
of D20, obtained in 5 min for 'H and 1h 20min for 13C spectra
(see green spectra in Fig. 4 and 5). A detailed sensitivity
comparison is beyond the scope of this study, but a clear
trend is observed towards a much higher sensitivity of hy-
perpolarized spectra obtained in CD30D for nuclei with suf-
ficient typical T1 values (eg., quaternary carbons, aromatic
protons). On the contrary, the added value of d-DNP in the
case of fast-relaxing nuclei (aliphatic protons in particular)
is much less obvious. The aliphatic region of the hyperpo-
larized 'H spectra is also hampered by signals from residual
non-deuterated glycerol, pointing out towards the need to
implement selective signal saturation strategies.

*

Figure 4. d-DNP hyperpolarized single scanned H d-DNP signa

of the Green tomato extract with two different dissolution sol-
vents (Blue: with CD30D; Red: with D20) compared to the ther-
mal spectrum in green, acquired on the same amount of extract
dissolved in 0.6 mL of D20 (acquired no of scans=32 and exper-
iment time ~ 5 min). Different regions of the spectra (indicated
as 1,2, 3) were enlarged at the bottom of the figure to highlight
the metabolites signals and the thermal spectra were scaled as



indicated in the Figure for the sake of readability. The * marked
peaks referred to the signals from the solvent and residual pro-
tonated glycerol.

Conclusions

We demonstrated the possibility to record both hyperpo-
larized 'H and 13C spectra of complex metabolite mixtures,
in a single experiment and at 3C natural abundance. For 'H
hyperpolarized spectra, signal enhancements >103 were ob-
tained, with a repeatability of a few percent that matches
the requirements of metabolomics and a sub-millimolar
limit of detection. For 13C hyperpolarized spectra, the sensi-
tivity and repeatability were in line with recently reported
results where only 13C spectra were recorded. This shows
that 'H hyperpolarized data can be accessed essentially for
free, without significant penalty on hyperpolarized 13C data.
These results open application perspectives for metabo-
lomic studies on a variety of samples and scientific ques-
tions. The performance of the method would benefit from
ongoing developments that enable faster and less turbulent
transfer between the polarizer and the NMR spectrome-
ter?425, In addition, the parallel acquisition of multi-nuclear
1D and single-scan 2D experiments could further extend the
hyperpolarized metabolomics pulse sequence toolbox.
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Figure 5. d-DNP hyperpolarized single scanned 13C d-DNP sig-
nal of the Green tomato extract with two different dissolution
solvents (Blue: with CD30D; Red: with D20) compared to the
thermal spectrum in green, acquired on the same amount of

extract dissolved in 0.6 mL of D20 (acquired no of scans=32 and
experiment time ~ 5 min). Different regions of the spectra (in-
dicated as 1, 2, 3) were enlarged at the bottom to highlight the
metabolites signals and the thermal spectra were scaled as in-
dicated in the Figure for the sake of readability. The * marked
peaks referred to the signals from the residual protonated
methanol in the dissolution solvent.
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and 2) showcasing the repeatability of 'H and 3C signals,
and SNR comparison plots of 'H and 13C signals with two
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