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ABSTRACT: At natural 3C abundance, metabolomics based on heteronuclear NMR is limited by sensitivity. We have re-
cently demonstrated how hyperpolarization by dissolution dynamic nuclear polarization (D-DNP) assisted by cross-polar-
ization (CP) provides a reliable way of enhancing the sensitivity of heteronuclear NMR in dilute mixtures of metabolites. In
this Technical Note, we evaluate the precision of this experimental approach, a critical point for applications to metabo-
lomics. The higher the repeatability, the greater the likelihood that one can detect small biologically relevant differences
between samples. The average repeatability of our state-of-the-art D-DNP NMR equipment for samples of metabolomic
relevance (20 mg dry weight tomato extracts) is 3.6% for signals above the limit of quantification (LOQ), and 6.4% when
all the signals above the limit of detection (LOD) are taken into account. This first report on the repeatability of D-DNP
highlights the compatibility of the technique with the requirements of metabolomics, and confirms its potential as an an-
alytical tool for such applications.

Metabolomics is increasingly used to examine metabolic
changes due to environmental or genetic modulations in
different fields such as health, food and environmental sci-
ences'. Advanced analytical methods are employed to
study a broad array of biological samples, such as plant, an-
imal or human extracts, biofluids, biopsies, etc. NMR and
MS are the most commonly used analytical methods in the
field of metabolomics as tens to hundreds of metabolites
can be identified in a single experiment*. MS can detect
thousands of metabolites with high sensitivity, but the
quantitation by MS is less reproducible than by NMR, and
the identification of biomarkers can be ambiguous3. While
less sensitive, NMR is very reproducible for quantitation
and enables the unambiguous identification of molecular
structures through multi-nuclear and multi-dimensional
methods. NMR and MS are therefore fully complementary,
and numerous studies have shown that their combination
can be beneficial for a better understanding of metabolic
pathways*®.

With current state-of-the-art proton NMR (high-field
magnets, cryogenic probes, micro-coils...), one can detect

biological samples with concentrations as low as 1 uM?. Un-
fortunately, proton NMR suffers from extensive overlaps,
particularly for biological samples, which is detrimental to
the identification and quantitation of metabolite signals.

Heteronuclear NMR benefits from much larger ranges of
chemical shifts of low-gamma nuclear spins such as 3C and
5N 8 However, heteronuclear NMR methods at natural
abundance are not sensitive enough for detecting metabo-
lites in complex mixtures, and they are rarely used for
metabolomics. The vast majority of routine NMR metabo-
lomics measurements rely on standardized 'H NMR proto-
cols >°. However NMR metabolomics would greatly ben-
efit from heteronuclear spectroscopy if the sensitivity
could be significantly boosted.

We have recently demonstrated how hyperpolarization
by dissolution dynamic nuclear polarization (D-DNP) as-
sisted by cross-polarization (CP) " provides a reliable way
of enhancing the 3C NMR sensitivity in dilute mixtures of
metabolites . The D-DNP approach was initially proposed
by Golman et al. 3 and further optimized as described in
Fig. 1. The sample to be analyzed is dissolved in a glass-
forming solvent mixture doped with free radicals, frozen at



temperatures below 4 K, and hyperpolarized by microwave
irradiation at a frequency close to the Larmor frequency of
the unpaired electron. After rapid melting and transport of
the hyperpolarized sample to a solution-state NMR spec-
trometer, enhancements of the polarization by factors up
to 5x10* can be achieved, providing a much-needed boost
in sensitivity to solution-state NMR experiments.

In our D-DNP experiments, ca. 10 s are needed to trans-
fer the sample from the polarizer to the NMR spectrome-
ter. This can lead to significant losses of hyperpolarization
through T, relaxation. Therefore, D-DNP works best for
slow-relaxing nuclei such as 3C or *N. D-DNP offers inter-
esting perspectives for metabolomics based on heteronu-
clear NMR, but the question of its analytical performance
has not yet been addressed. Most metabolomics studies
rely on a comparison of the relative amplitudes of metabo-
lite signals of samples from different groups. The precision
is therefore critical and the repeatability must be as high as
possible to reveal small differences. Although trueness (i.e.,
the closeness of the agreement between the measured
value and the true concentration) is not essential here, it
could be improved by proper calibration or standard addi-
tion procedures .
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Figure 1. Equipment for dissolution-DNP NMR experiments.

Here, we evaluate for the first time the repeatability of
CP-assisted D-DNP NMR experiments in the context of 3C
metabolomics. The instrumental repeatability is first as-
sessed on concentrated 3C-labeled metabolites, then for
plant extracts of metabolomic relevance with natural
abundance 3C. Our observations demonstrate that the re-
peatability of our experimental setting matches the re-
quirements of metabolomics. Future improvements are
suggested that should enhance the performance even fur-
ther.

EXPERIMENTAL
Standard mixture of metabolites

To evaluate the instrumental repeatability, a standard
solution containing five 50 mM metabolites was prepared:
[1-3C] L-alanine, [1-3C] sodium acetate, [3C] sodium for-
mate, and [3C] urea, dissolved in 1 mL of a H,0:D,0:Glyc-
erol-ds (1:4:5) mixture doped with 50 mM TEMPOL (4-hy-
droxy-2,2,6,6-tetramethylpiperidin-1-oxyl). For each disso-
lution experiment, 8o pL of the standard solution were
transferred to the sample holder (the same being used for
all experiments). All standard solutions were contained
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within the active volume of the radio-frequency (rf) coil
of the polarizer.

Preparation of plant extracts

Tomatoes (Solanum lycopersicum, L. Moneymaker vari-
ety) plants were grown following the protocol described
previously 2, and green fruits (28 days post anthesis) were
harvested. For each fruit, a quarter of the fruit pericarp
from the equatorial zone was immediately frozen in liquid
nitrogen. The frozen sample was ground in liquid nitrogen
and stored in a -80 °C freezer until freeze-drying. Ten ex-
tracts were prepared, each from 20 mg lyophilized powder
sample. Polar metabolites were extracted with a series of
four ethanol-water solutions at 80°C following the protocol
described in Ref. 2. Each of the ten supernatant solutions
was dried under vacuum, then solubilized in 500 pL MilliQ
water. The ten supernatant solutions were pooled, freeze-
dried, and dissolved in 2 mL of a H,0:D,0:Glycerol-ds
(1:4:5) mixture doped with 50 mM TEMPOL. Ethylene dia-
mine tetraacetate disodium salt (EDTA Na,, 2 mM final
concentration) was added to attenuate paramagnetic ef-
fects on the 3C NMR detection of carboxylic metabolites
such as citrate, malate, fumarate or various amino-acids.
From this stock solution, eight aliquots of 200 pL each
were transferred to the sample holder, taking the same pre-
cautions as for the standard samples.

For conventional NMR analysis, an additional 20 mg ex-
tract was solubilized in 700 pL D,O with 2 mM EDTA Na,
and transferred to a 5 mm NMR tube.

Dynamic Nuclear Polarization

DNP was performed at 1.2 K and 6.7 T in a home-built
polarizer by polarizing protons via microwave irradiation
at fuw =188.3 GHz and P, = 87.5 mW with frequency mod-
ulation over a range of Afyw= 50 MHz at a rate fimoq = 10 kHz.
The proton polarization was transferred to 3C by 7 consec-
utive cross-polarization (CP) contacts at intervals of 4 min,
with 10 W applied to 'H and 120 W to 3C (radio frequency
amplitudes of 20 kHz on both channels). After the 7 CP
contact (i.e. after 28 min), the samples were dissolved with
5 mL of D,O (preheated to T = 450 K at P = 1.0 MPa), taking
care to dissolve always in the same magnetic field and at
the same temperature, at the same height above the he-
lium bath. The samples were then transferred with helium
gas at 0.6 MPa to a 500 MHz NMR spectrometer through a
1.5 mm inner diameter PTFE tube in a 0.8 T magnetic tun-
nel *, and injected into a 5 mm NMR tube. The complete
dissolution, transfer and injection took 9.2 s.

NMR Spectroscopy

All D-DNP enhanced NMR experiments were recorded
at 298 K on a 500 MHz Bruker Avance spectrometer
equipped with an inverse cryogenic probe with triple axis
gradients. The BC spectra of the hyperpolarized standard
metabolite mixture were recorded in a single scan after ex-
citation with a 5° pulse with a 2.1 s acquisition time without
'H decoupling, then processed with 3 Hz Lorentzian line-
broadening and zero-filled to 128 K data points. The 3C
spectra of the hyperpolarized plant extracts were recorded



after a 9o° pulse in a single scan with a 4.7 s acquisition
time and Waltz-16 'H decoupling during acquisition, then
processed with a1 Hz line-broadening and zero-filled to 128
K data points.

The conventional C spectrum of the plant extract is the
same as the reference spectrum shown in Ref. ™. It was pre-
pared using a conventional sample preparation (i.e. dis-
solved in 700 pL D,0) as previously described. The NMR
acquisition was performed on a 700 MHz Bruker Avance
III HD equipped with a cryogenic probe for inverse detec-
tion with z-gradients. The spectrum was recorded in 11 h 43
min (1024 scans) with an inverse-gated decoupling pulse
sequence, with carefully calibrated 9o° pulses, a 40 s recov-
ery delay and a 1.2 s acquisition time. Waltz-16 'H decou-
pling was applied during the acquisition, with 5 Hz line-
broadening, and zero-filling to 128 k data points. After Fou-
rier transform, the baseline was automatically corrected
with a polynomial of degree 3.

Data processing

For experiments on standard samples, the peaks were in-
tegrated in Topspin 3.2. The spectra of extracts were pro-
cessed in NMRProcFlow (http://www.nmrprocflow.org)
where the peaks were aligned before integration. For each
experiment, the 3C peak integrals were normalized by di-
viding each integral by the sum of the integrals of interest.
The coefficients of variations were calculated by dividing
the standard deviation on successive experiments by the
mean value.

RESULTS AND DISCUSSION
Instrumental repeatability

We first evaluated the instrumental repeatability of the
experimental setting described in Fig. 1, under conditions
where the signal-to-noise ratio (SNR) is sufficiently high to
ensure that the repeatability of the integration is not af-
fected by noise. As described above, this evaluation was
performed on a standard mixture of 3C labeled metabo-
lites. The 3C spectrum (Fig. 2) was detected with a single
5° pulse after CP-assisted hyperpolarization and dissolu-
tion. The SNR was between 1500 and 4000 for the 5 peaks,
corresponding to signal enhancements epnp between 22000
and 41000 (calculated with respect to the thermal equilib-
rium signal at 1.4 T and 300 K, measured over night with
128 scans and a recycle delay of 300 s).

Under such conditions of high SNR, the repeatability of
the NMR signals mostly reflects the stability of the instru-
mentation. Table 1 summarizes this variability through the
coefficients of variation (CV) of the NMR peak areas meas-
ured from 8 successive experiments. The absolute varia-
tions are between 20 and 30%, which is not surprising
given the sources of variability involved in the experi-
mental setting (i.e., polarization efficiency, sample dissolu-
tion and transfer, and sample homogeneity after dissolu-
tion). However, in the context of metabolomics, the rele-
vant quantity is generally the normalized NMR signal, i.e.,
the area of an individual peak divided by the sum of all
peak areas in the spectrum ™. Table 1 shows that after such
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a normalization, the repeatability lies between 1.4 % and
4.3 %. These values are much smaller than the biological
variability, which is generally at least 10-20% in metabo-
lomics studies. This result demonstrates that after normal-
ization, the repeatability of our D-DNP experiments is suf-
ficient to meet the precision requirements of metabolom-
ics. In future developments, we could consider the intro-
duction of an internal reference compound of known con-
centration as an alternative to data normalization.

) 13
1-13C alanine C urea

1-13C acetate

13C formate

190 180 170 [ppm]

Figure 2. Single-scan 3C NMR spectrum of a standard mixture
containing four 3C labeled metabolites, recorded in a single
scan with a 5° pulse after D-DNP combined with CP. The ex-
tract was dissolved in a 200 pL mixture of H,O/D,O/glycerol-
ds (1: 4 : 5) doped with 50 mM TEMPOL, then polarized for 28
min at 1.2 K and 6.7 T, and finally dissolved with 5 mL of hot
D,O and transferred to a 500 MHz spectrometer equipped
with a cryogenic probe. No 'H decoupling was applied here.

Table 1. Instrumental repeatability of our D-DNP
NMR experiments for eight successive 3C spectra of a
mixture of four 3C labeled metabolites (as in Fig. 2).
The coefficients of variation (CV) are determined
both for the integrals of individual peaks, and for rel-
ative integrals normalized to the total integral.
Formate Urea

Alanine  Acetate

S (ppm) 183.7 178.0 1741  172.5  165.0

CV  (in-
dividual 26.6% 24.7%  301% 29.3% 28.8%
peaks)
cv
(norm. 1.4% 4.3% 3.0%0 27%  2.0%
peaks)

The actual sources of variability in the 3C NMR signal
after D-DNP were systematically evaluated (see Supple-
ment). Sample preparation and spectrometer stability lead
to minute variations of about 1%, while the manual disso-
lution process leads to 22% variations. These variations will
in principle be reduced dramatically by fully automating
the dissolution process. Uncertainties in the transfer time,
here typically 100 ms, do not lead to significant variation
sin BC intensities between analytes with different T1’s, here
less than 0.5%.


http://www.nmrprocflow.org/

Repeatability under conditions typical for metabolomics

In a metabolomics perspective, the repeatability should
be evaluated under conditions that are realistic for metab-
olomics, i.e.,, on biological samples at natural ®C abun-
dance. To do so, we prepared 8 identical extracts from to-
mato fruit pericarp. To remove sources of biological varia-
bility, all extracts were pooled and dissolved in a DNP mix-
ture, then aliquoted as described in the experimental part.
The single-scan 3C spectrum of one of these hyperpolar-
ized extracts is shown in Fig. 3 and compared to a conven-
tional signal-averaged spectrum of a similar but seven-fold
more concentrated extract (same mass of extract but dis-
solved in 700 pL D,O for conventional NMR analysis). The
spectra in Fig. 3 focuses on the quaternary 3C region, where
the sensitivity gain is the most remarkable and where the
polarization is best preserved because of favorably long
T,(3C). The limitation to quaternary 3C nuclei is not neces-
sarily crippling for metabolomics applications, since many
metabolites possess at least one quaternary carbon, but we
shall extend this study to all carbons in the near future,
provided we can reduce the transfer time from ca. 10 to ca.
1s as demonstrated by C. Hilty and co-workers 6. With our
current instrumentation, we can only obtain large sensitiv-
ity gains in the quaternary 3C region. Still, the single-scan
hyperpolarized 3C spectrum shows many more peaks than
the thermal spectrum, even though the latter was recorded
in ca. 12 h. Note that the peaks observed on the conven-
tional spectrum do not necessarily appear at the same
chemical shifts as in the hyperpolarized spectrum, since
the pH and solvent are different.

In NMR metabolomics, a standard data processing
method consists in dividing the spectra into user-defined
regions called ‘buckets’, the integrals of which serve as var-
iables for statistical analysis 7. The quality of integration
can be further improved through peak alignment-based
procedures ®. The hyperpolarized 3C spectra of our ex-
tracts (Fig. 3a) were subjected to this approach, leading to
26 buckets where signals above the limit of detection
(LOD, defined by SNR > 3) ® could be observed. These
buckets were normalized by the sum of all buckets, and
their repeatability was evaluated through 8 successive dis-
solutions. The coefficients of variation are shown in Fig. 4,
together with the SNRs of the corresponding buckets.
Here, the repeatability appears to be dominated by the
SNR, as in NMR experiments without hyperpolarization.
When all buckets above the LOD are considered, the aver-
age repeatability is 6.4% and the CV is inversely propor-
tional to the SNR. But if one considers only the 16 buckets
above the limit of quantification (LOQ, defined by SNR >
10)", the average repeatability is improved to 3.6% while all
CVs are below 10%. Thus, the precision of D-DNP NMR ex-
periments appears to be sufficient for metabolomics as
long as the SNR remains above the LOQ.

CONCLUSIONS

This note shows that the precision of CP-assisted D-DNP
experiments is sufficient to satisfy the requirements of
NMR metabolomics, provided the integrated signals are
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above the LOQ (i.e., provided their SNR > 10). The re-
maining variations on relative peak areas (3.6% on average)
may originate from different sources. The main source of
metabolite-dependent variations is the duration of the dis-
solution and transfer steps, since their non-repeatability
leads to variable relaxation losses during the transfer step.
Automating the dissolution process may reduce these var-
iations even further.

12 Center of buckets 2526

(a)

1 scan after 30 min DNP

500 MHz
i
(b) 1024 scans (11 h 45 min)
700 MHz, no DNP
T T | T T T T ‘ T T T T | T T T T | T T 1 T ‘ T T
180 175 170 165 [ppm]

Figure 3. Quaternary region of 3C NMR spectra of green to-
mato fruit pericarp extracts. (a) Single-scan 3C NMR spectrum
of a 20 mg extract (prepared from 20 mg lyophilized ground
tissue) recorded with a single 9o° pulse after D-DNP boosted
by CP. The extract was first dissolved in 200 pL of a mixture of
H.O/D,O/glycerol-ds (1:4:5) doped with 50 mM TEMPOL,
then polarized for 28 min at 1.2 K and 6.7 T, and finally dis-
solved with 5 mL of hot D,O and transferred to a 500 MHz
spectrometer equipped with a cryogenic probe. The lines
above the spectrum indicate the center of the 26 spectral re-
gions (‘bucket’) that were used for signal integration. (b) Con-
ventional spectrum -obtained without hyperpolarization- of
an identical extract dissolved in 700 pL D,O, recorded with
1024 scans (nh 45 min) at 700 MHz using a cryogenic
probe. No attempt was made to assign the peaks, since the two
spectra were recorded under different pH and temperature
conditions.

Applications of D-DNP technology to high-throughput
metabolomics will require reducing the transfer and injec-
tion times '® so as to maximize the number of 3C signals
above the LOQ. Reducing this time from 10 to 1s would not
dramatically improve the sensitivity of quaternary carbon
signals (one would merely expect a gain of 16% if T,(3C) =
60 s), but would result in a 5-fold gain for protonated car-
bons, assuming T,(3C) = 5 s. Other technological improve-
ments will be implemented to improve the repeatability,
such as a fully automated dissolution procedure and a bet-
ter control of the microwave irradiation. These improve-
ments would significantly broaden the perspectives of ap-
plications of D-DNP to metabolomics. Moreover, the cou-
pling of D-DNP with more sophisticated NMR methods
such as single-scan 2D NMR will increase the amount of
information that can be obtained from D-DNP >*°. This ap-
proach will significantly reduce peak overlap while provid-



ing useful assignment information. Peak assignment strat-
egies will be investigated in the future, with careful control
of the pH conditions and/or on the spiking of the biological
samples with commercial standards. Finally, potential in-
teractions between the polarizing radical and the metabo-
lites will be evaluated, and possibly removed if necessary
by the addition of chelating agents (such as EDTA) or by
using hybrid polarizing solids (HYPSO) *. Meanwhile, we
hope that this first report on the precision of D-DNP will
help highlighting its potential as a new analytical tool for
the analysis of complex metabolic mixtures.

V% — - — - Average precision for buckets with SNR > LOD SNR
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Figure 4. Repeatability and sensitivity of D-DNP 3C NMR
for metabolomics. The blue bars correspond to the coeffi-
cients of variation (CVs) of the individual bucket areas nor-
malized to the sum of all areas, determined for 8 successive
experiments performed on identical samples. The average pre-
cision, expressed in terms of repeatability, is 6.4% for all buck-
ets containing signals above the limit of detection (LOD), and
3.6% when only the 16 buckets with signals above the limit of
quantification (LOQ) are taken into account. The dashed or-
ange bars correspond to the SNR (average value determined
for the 8 spectra) of the corresponding buckets, showing that
the repeatability is proportional to the inverse of the SNR. The
buckets are numbered from 1 to 26, indicated by lines on top
of Figure 3 (left to right). Those in bold indicate buckets con-
taining signal above the LOQ.
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Additional discussion on the sources of irreproducibility in D-DNP experiments

The potential sources of variability in the 3C NMR signal after D-DNP can be classified into two
categories: those affecting all the analytes identically and those leading to analyte-dependent
variations. These two categories are discussed below.

1) Analyte-independent variations

These variations explain the absolute peak area variations observed in Table 1, and may arise from
different sources:

Sample amount variations is negligible: The mass of sample that is transferred to the DNP sample cup
can slightly vary, due to imprecisions in measuring the sample volume. Here, the sample was
systematically weighted before analysis, and the mass variations are reported in Table S-1. As can be
seen from these variations (1.1 %), the sample weighting is very reproducible and does not bring a
significant contribution to the signal variability.

Spectrometer stability is good enough: Quantitative *C NMR experiments are now performed with a
repeatability better than 1% on modern hardware (see for example E. Caytan et al., Talanta 2007, 71,
1016-1021), therefore we can reasonably assume that this is not significantly impacting our
measurements.

We will neglect these two first sources of variability that are an order of magnitude smaller than the
following ones.

Dissolution operator-dependent variations leads to significant variation in polarization (Voperator).
The dissolution process is currently a semi-automated step requiring intervention by an operator. The
operator first manually lifts the sample insert by c.a. 10 cm over the liquid helium bath, subsequently
manually inserts a dissolution device that physically couples to the sample holder. Finally, the operator
pushes a button at the top of the dissolution device to trigger the automated dissolution sequence.
Therefore, three critical factors can vary during which nuclear-spin lattice relaxation is active:

(1) the exact positioning of the sample insert, and therefore the magnetic field in which the sample
starts to relax.

(2) the time to physically couple the dissolution device to the sample holder

(3) the time between (a) the manual coupling of the dissolution insert to the cold sample and (b) the
manual triggering of dissolution by pushing a button on the dissolution insert. During this time, the
sample warms up in the solid state and paramagnetic relaxation is enhanced.

These three operator dependent variations will necessarily affect the absolute signals detected in the
liquid-state. These variations in dissolution steps may also impact the relative signal intensities (see
next page).

Dissolution turbulent variations lead to significant variations in concentration (VSurbulent)-
Additionally, even if full automation were made, the dissolution process is a very turbulent process,
therefore one can still expect significant variations in final concentration after dissolution, transfer,
and injection. Indeed, we have observed that part of the losses is simply due to the fact that only a
variable fraction of the sample initially polarizes is actually injected in the detection NMR tube.

In order to quantify these sources of variation, we have measured the 3C signals in the liquid state just
after dissolution, which provide a global assessment of all contributions. In addition, we have
measured the analyte concentrations by quantitative *H NMR after dissolution, at thermal equilibrium,
which provides a specific measure of V., ,u1cn:. Table S-1 shows the total H signal integrals, with an
overall variation of V& ,.pu1ent = 22.1%. This result highlights that there is a significant contribution of
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the automated part of the dissolution step in the signal variability. This variation is comparable to the
absolute liquid-state 3C signal variations. More interestingly, Figure S-2 shows that the 3C signal
variations are correlated to the relative concentrations detected by 'H NMR, so that most of the
variations come from the turbulent nature of the transfer process.

This contribution may be reduced by a better engineering of the fluid path, that would for example
make the dissolution process more laminar and less turbulent. But here this contribution can be easily
removed by normalizing the 3C liquid state signal integrals by the quantitative H liquid-state integrals
at thermal equilibrium, which only leaves us with the operator dependent and DNP efficiency
variability.

Solid-state DNP efficiency variations: DNP involves complex mechanisms and its efficiency is
dependent on many factors such as the temperature, the microwave power and frequency stability,
and the efficiency of the cross-polarization steps. The combined contribution of these effects to the
signal variations observed in D-DNP 3C spectra can in principle be evaluated by measuring the total
13C signal integral in the solid-state right before dissolution. Table 1 shows the solid-state integrals
measured just before the 8 successive dissolutions on the standard samples. These values show a
significant variation (VDNP = 11.6%). These variations, however, are not correlated with the liquid-
state 13C signals detected after dissolution (Figure S-1). This is probably because, in the current setup,
the solid-state NMR measurements are not fully reliable because of tuning instabilities and
approximate sample positioning, one cannot assign these variations to true differences of polarization.

2) Analyte-dependent variations
These variations will explain the relative peak area variations, and may arise from two main sources:

Transfer time between the two magnets does not lead to significant variations: each analyte relaxes
with a different T;, which can impact the relative *C NMR intensities after transfer. We therefore
estimated the Tis by measuring the 13C signal decay for each targeted peak after dissolution with small-
angle (5°) pulses at regular intervals (5 s). The resulting effective T;s are shown in Table S-2. Based on
these values, this Table also shows the relative intensity variations that would result from the current
variations in transfer time by £ 100 ms. The resulting variations are well below the relative errors
observed in Table 1. This means that small variations in the transfer time are irrelevant for the relative
variations observed in our study.

Dissolution step may lead to significant relative variations: As described above, when the sample
warms up in the solid state, paramagnetic relaxation is enhanced in an analyte-dependent fashion.
This effect is likely to explain the remaining relative signal variations.

Conclusion:

In conclusion, most of the absolute signal variations can be attributed to the operator dependent
variations, which needs to be improved by a full automation of the dissolution process. This
contribution can however be easily removed by normalizing the 3C liquid state signal integrals by the
quantitative H liquid-state integrals at thermal equilibrium. The remaining relative signal variations
can be explained by relaxation in the dissolution step.
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For the second part of the study (metabolic samples), these conclusions are still valid as long as the
SNR is above the limit of quantification. When this condition is not fulfilled, additional variability
sources arise from the irreproducibility of peak integration for low SNR values.

The tables and figures below provide additional information regarding the sources of irreproducibility
of the D-DNP experiment. All the data were obtained from experiments performed on a standard
mixture of four 13C labeled metabolites (as described in the experimental part).

Table S-1. Instrumental repeatability of the D-DNP NMR experiment for eight successive 3C spectra
of a mixture of four 3C labeled metabolites. Sample weight, solid-state !3C integrals before
dissolution, liquid-state '3C integrals after dissolution and liquid-state H integrals at thermal
equilibrium after dissolution.

Solid-state Liquid-state H integrals
Sample | 3Cintegral Liquid-state *3C integrals (thermal equilibrium)
Exp. weight before
(mg) dissolution | Alanine | Acetate Formate Urea | Alanine | Acetate | Formate
Chem. Shift | 183.7 178.0 174.1 | 172.5 | 165.0 1.37 1.81 8.34
1 100.4 2.392 1.000 0.937 0.380 | 0.320 | 1.370 1.000 1.000 1.000
2 99.2 1.998 0.876 0.866 0.312 | 0.271 | 1.129 1.024 1.006 0.957
3 100.1 2.682 0.880 0.880 0.310 | 0.255 | 1.103 0.773 0.766 0.697
4 101.5 2.430 0.914 0.933 0.320 | 0.270 | 1.177 0.909 0.896 0.829
5 101.4 2.512 0.979 0.985 0.347 | 0.287 | 1.234 0.848 0.841 0.779
6 99.5 2.182 1.555 1.496 0.582 | 0.492 | 2.098 1.394 1.371 1.260
7 100.6 2.753 1.576 1.476 0.614 | 0.496 | 2.116 1.246 1.219 1.122
8 98.3 2.066 1.370 1.353 0.512 | 0.434 | 1.801 1.390 1.355 1.274
cv
(absolute 1.1% 11.6% 26.6% 24.7% 30.1% | 29.3% | 28.8% 22.5% 22.0% 21.9%
variation)

Chemical shifts are indicated in ppm. 13C liquid-state integrals are absolute integrals (arbitrary scale).
'H Liquid-state integrals are normalized to the first experiment for each analyte. The coefficients of
variation (CV) are determined both for the integrals of individual peaks, and for relative integrals
normalized to the total integral.
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Figure S-1. Sum of the 13C integrals of the four analytes (alanine, acetate, formate, urea) measured in
the liquid state after D-DNP, as a function of the total 13C integral in the solid-state right before the
dissolution. No correlation is observed between these values.
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Figure S-2. 3C liquid-state integrals measured after D-DNP versus 'H integrals measured at thermal
equilibrium from the same samples, for three *C-labeled analytes of the standard mixture (alanine,
formate and acetate, from left to right —urea did not show any H signal since its protons were in fast

exchange with water).

Table S-2. Effective 13C longitudinal relaxation times for the carbons of interest in the 3C-labeled
metabolite mixture, measured from a series of small-angle pulse experiments (5° every 7.08 s)
after dissolution. Based on these values, the absolute and relative intensities that would result
from a = 1 s variation in the transfer time 7 (relative to the current value of 9.2 s) are calculated, as
well as the corresponding variation in %.

Alanine Acetate Formate Urea
Chem. Shift (ppm) 183.7 178.0 174.1 172.5 165.0
Effective T; (s) 40.7 22.8 17.6 18.1 60.1
t=91s 0.7998 0.6713 0.5961 0.6045 0.8595
Absolute :
intensity* t=935s 0.7959 0.6654 0.5894 0.5979 0.8566
. t=91s 0.2265 0.1901 0.1688 0.1712 0.2434
Relative :
intensity t=935s 0.2271 0.1898 0.1681 0.1706 0.2444
Intensity variation for a transfer 0.2% -0.1% -0.4% -0.4% 0.4%
time varying from 8.2t0 10.2 s

*The absolute intensity is calculated by e™™, where t is the transfer time and T1 the effective T1.
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