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NMR-based metabolomics, which emerged along with mass spectrometry techniques, is the preferred
method for studying metabolites in medical research and food industries. However, NMR techniques
suffer from inherently low sensitivity, regardless of their superior reproducibility. To overcome this, we
made two beneficial modifications: we detuned the probe to reach a position called “Spin Noise Tuning
Optimum” (SNTO), and we replaced the conventional cylindrical 5 mm NMR tube with an electric field
component-optimized shaped tube. We found that concerted use of both modifications can increase
the sensitivity (signal to noise ratio per unit volume) and detection of metabolites and decrease the
measurement time by order of magnitude. In this study, we demonstrate and discuss the achieved signal
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Introduction

Metabolites are the end products of biochemical processes in
biological systems. Since any physiological change is an inter-
play of multiple biochemical processes, the identification and
tracking of a particular set of metabolites can often help to
monitor and understand the details of the associated physio-
logical changes. Metabolomics has emerged as a useful tool to
identify specific biomarkers for the diagnosis and monitoring of
specific diseases. There has been a progressive increase in in-
depth metabolic studies for biomarkers specific to many
human diseases such as neurological' and cardiovascular
disease,>* cancer,” and in-born errors of metabolism (IEM)
diseases.®

NMR-based metabolomics relies mainly on one-dimensional
"H NMR spectroscopy. The significant limitations of 1D NMR
include inherently modest sensitivity and substantial signal
overlap.”® A computational approach® and, more recently,
multidimensional NMR have been proposed to enhance the
resolution. However, multidimensional NMR requires a higher
acquisition time.’ Therefore, a subset of two-dimensional
heteronuclear and homonuclear experiments'>** are
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occasionally used for characterization in the field of metab-
olomics. Efforts to increase the sensitivity of NMR include
hardware development. For instance, for NMR instruments
operating with a high static magnetic field up to 1.2 GHz, their
cryogenically cooled probe heads have been designed to mini-
mize thermal noise.” Experimental part modifications, like 1-
opt technique,'** selective optimized flip angle short tran-
sient (SOFAST) technique,'® ASAP-HMQC (acceleration by
sharing adjacent polarization heteronuclear multiple quantum
correlation spectroscopy),’”” BEST techniques (band-selective
excitation short-transient),’” and ALSOFAST-HMQC (alternate
implementation of SOFAST HSQC)"® have also been developed
for rapid data acquisition.

Here we propose and implement a non-invasive, general,
and easy-to-use approach to enhance the signal in NMR-based
metabolomics. The first modification is the implementation
of Spin Noise Tuning Optimum (SNTO), which utilizes the
concept of spin noise that was first predicted by Bloch in 1946."
Spin noise corresponds to intrinsic non-coherent magnetiza-
tion that originates from the spins of the sample due to random
fluctuation. This phenomenon is an interplay of multiple
parameters such as resonance offset, offset from the radio-
frequency (RF) circuit's tuning center frequency, circuit resis-
tance, sample temperature and probe temperature ratio,
radiation damping, etc.?** Since spin-noise arises from
intrinsic magnetization during collection, no RF pulses are
applied. The shape of the spin noise power signal shows
absorptive and dispersive components from the otherwise flat
baseline, which represents the thermal noise level. An absorp-
tive or bump profile represents more than thermal noise, while
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a dip or absorptive signal represents less than a thermal noise
situation. It has been experimentally observed that this line
shape has tuning dependence. Usually, the symmetrical dip is
found at a considerable offset from the conventional tuning
optimum, and this position of less noise is the SNTO, which
represents the optimized receiving condition for the signal.”” The
SNTO position must be determined for each probe separately as
SNTO depends mostly on the particular probe circuit tuning char-
acteristics and the electronic component properties and depends
firmly on good shimming. For room temperature probes, the NMR
noise signals may appear too weak to be observed. Thus, the solvent
signal is usually chosen to determine the SNTO position.

There is practically no sample dependence for the SNTO
position (below 40 kHz) for a particular probe.”® For a sample with
paramagnetic substances, a broadening of the noise signal is also
observed. The sample's ionic strengths can have a detrimental
effect on the probe quality factor, probe tuning, matching, and
pulse length. As a result, at a high salt concentration (200 mM and
above), sensitivity decreases significantly, especially for cryogeni-
cally cooled probes.” For triple channel inverse detection (TCI) and
triple resonance direct observation (TXO) probes, above 50-
100 mM, the signal height reduces by 25-33%.

Additionally, the pulse length also increases significantly (by
50% or more).> Previous studies have shown that when using
a glucose sample, or even a protein sample, signal enhance-
ment at the spin-noise tuning optimum decreases with
increasing salt concentration. For a one-dimensional experi-
ment, using glucose anomer peaks with no salt in the sample,
an SNR gain of about 7-22% is observed at SNTO optimiza-
tion.”® This varies over different experiments, depending on the
types and dimensions. However, for the same sample with
200 mM NaCl, there is hardly any effect on the signal-to-noise
ratio (SNR) upon moving from conventional tuning optimum
(CTO) to SNTO.?* To the best of our knowledge, this detuning
effect of SNTO has not been utilized for metabolomics studies
so far. However, many metabolomics samples, such as urine
containing high salt concentrations, are routinely used for high
throughput studies. We wanted a solution where both salty and
non-salty samples can have more sensitivity, and to this end, we
incorporated a second modification.

Signal enhancement can be achieved both from the instru-
ment setup (SNTO) and NMR sample preparation. Thus, we
attempted to achieve signal enhancement by focusing on these
two variables and changing to a shaped tube. This shaped tube
is constructed in such a way that magnetic susceptibility
matches the sample cavity, which is rectangular, and the
sample detection zone remains in the axial direction, which
provides tolerance to sensitivity loss in the sample space.*
Additionally, the temperature rise due to the RF pulse heating is
much lower because of this shape. This effect is most beneficial
for samples with high salt concentration because, in such cases,
the RF pulses tend to be longer and generate heat. Compared to
the regular 5 mm sample volume, the sample content is almost
three times less than the detection volume, which leads to
a narrow pulse width, which is also beneficial for less concen-
trated samples. The implementation of both these modifica-
tions is straightforward, which is essential for large-scale high-
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throughput studies that involve multiple samples running in
different batches. Since the SNTO position is independent of
the samples and mostly specific to probe circuit designs,
detecting for each scenario is not necessary. To be more precise,
for certain kinds of examples, the SNTO position can be
detected once using the involved solvent signal and can be
applied uniformly after that. Another significant advantage is
that these modifications are cost-effective because the amount
of instrument time saved is enormous. Previous methodology
advancements can easily be implemented further, and all
experiments can benefit from this altered tuning position using
the shaped tube. We have demonstrated these modifications on
both non-salty real metabolomics samples, such as bovine
serum albumin and media, and salty samples such as human
urine, on different spectrometers with "H RFs of 950 MHz and
800 MHz spectrometers with a 5 mm high-resolution triple
resonance cryoprobe, also equipped with an internal z-gradient
coil for shimming. For all cases, we observe at least an order of
magnitude increase in the SNR per unit volume, which proves
the robustness of the approach. Hence, this approach is
general, easy, and cost-effective, which will be attractive to the
metabolomics community.

Results and discussion

The simultaneous combination of this new instrument setup
and sample tube selection allowed us to achieve significant
signal enhancement (on average >3 times SNR per unit volume),
which corresponds to an order of magnitude decrease in
measurement time. We changed the tuning optimum from CTO
to SNTO, which was the best position for the excitation of RF
pulses. We found the symmetrical dip corresponding to SNTO
at 950.79 MHz, which is about 450 kHz away from the CTO
(Fig. 1). At the CTO (950.35 MHz), the noise profile had some
dispersive component (Fig. 1). In the newly developed cryoprobe
(2018 after) manufactured by Bruker, care was taken to lower
the gap between CTO and SNTO because SNTO is the best
receiving condition for the probe. Hence, in this kind of probe,
the SNTO effect will be less than older probes. For example, for
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Fig. 1 Representation of the wobble curve. The conventional tuning
optimum (CTO) and spin noise tuning optimum (SNTO) position are

noted. The spin noise profile at CTO and SNTO are presented in the
inset.
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a comparatively older 800 MHz Bruker Avance cryoprobe, the
gap between the CTO and SNTO was 600 kHz. Although the
SNTO position does not differ significantly between different
solvents and samples (+40 kHz), SNTO is recommended for
salty samples like human urine. Once we moved to a shaped
tube, we determined the SNTO once again on the sample. We
observed that for the same 800 MHz Bruker Avance cryoprobe,
the SNTO position was almost 450 kHz away from CTO in the
shaped tube, whereas in a 5 mm tube, the SNTO position was
600 kHz. The possible reason for this change in the SNTO
position in the case of highly salty samples is that, upon
changing from a 5 mm tube to the shaped tube, the sample
volume decreases by more than 3-fold. Furthermore, the relative
degradation in the probe circuit's quality factor is much less* in
the shaped tube, which affects the spin noise signal.

The presence of high concentrations of salt also abolishes
the sensitivity gain at SNTO, as reported in the previous
studies.”® Some of the most common physiological biofluid
samples contain considerable concentrations of salt or salt
substitutes, such as human urine that contains more than
250 mM urea alone, which is routinely analyzed in the field of
metabolomics. This decrease of sensitivity is even present for
cryogenically cooled probes due to ionic conductivity and
dielectric losses at high magnetic field strengths. This has been
a long-standing problem that severely limits NMR sensitivity for
salty samples; however, recent developments in sample tube
design have helped to compensate for these sensitivity losses.
The sensitivity loss is directly proportional to RF power dissi-
pation and heat generation. Upon placing a cylindrical tube in
a cryogenically cooled probe, the magnitude of RF power
dissipation increases with increasing distance from the center
of the tube in a perpendicular direction to the B1 field, which
results in the highest power dissipation at the regions nearest
the edges. This RF relationship thus prompted us to use
a cylindrical tube with a smaller diameter or a rectangular tube,

(A) (B)
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which reduces the heating effect significantly. Here, we have
chosen a simple rectangular-shaped tube instead of a Shigemi
or slot tube because it shows the highest sensitivity and also
restricts sensitivity loss for salty samples. Moreover, using
a shaped tube also requires less sample volume (1/3 of the
conventional 5 mm tube volume). We observed sensitivity gain
in most cases with less volume. Considering the volume effect,
we found more than a 3-fold increase in the sensitivity per the
number of spins (measured as SNR per unit volume), which
corresponds to an order of magnitude quicker experimental
time for the same number of spins, thus verifying the excep-
tional benefits for scarce samples with limited availability.

We first recorded the 1D spectra for proton employing exci-
tation sculpting for solvent suppression. Fig. 2 shows two 1D
proton NMR spectra of bovine serum (A) and media (B) used for
culturing human embryos in in vitro fertilization (IVF),*
respectively. We performed a similar measurement for human
urine. The data were processed identically, and we chose five
distinct peaks as representative cases for the calculation of the
SNR for the two different conditions: the first condition being
the SNR at CTO in a conventional 5 mm tube and the second
being at the SNTO position in a shaped tube. The results are
given in Table S3a-ct for bovine serum, media, and urine,
respectively.

We calculated the average SNR gain for the altered tuning
position in the shaped tube compared to the conventional
5 mm tube at CTO. The results presented in Table S3a-ct and
plotted in Fig. 3A show that, in all cases, there is a significant
gain in sensitivity per unit volume. The sensitivity enhancement
ranges from 3.26 to 3.78 times more SNR per unit volume. An
increase of 3.16 represents a decrease in measurement time by
order of magnitude for the same number of spins. Thus, we
achieved enough gain to justify this combination for setting up
the experiments.

S/N 967.4

5 mm Tube 500 pL
Shaped Tube 160 pL

S/N 1120.6

oty
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(A) Representation of the 1D NMR proton spectra of bovine serum albumin at CTO with a 5 mm tube (red) and at SNTO with a shaped tube

(blue). The peak at 5.25 ppm is highlighted as the signal to noise ratio (SNR), calculated for both the cases using this peak. The noise region was
kept at 11-12 ppm during the calculation of SNR. (B) Representation of the two 1D NMR proton spectra of media used for culturing human
embryos in in vitro fertilization (IVF) recorded on 800 MHz spectrometers (Bruker Avance) with a cryoprobe. The top profile represents the
spectra which was recorded at CTO with a 5 mm tube (red), and the bottom spectra were recorded at SNTO with a shaped tube (blue). The peaks
that are considered for the SNR calculation are given in Table S3b.f
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Fig. 3 (A) The ratios of average SNR gain in different situations for bovine serum (red), media (green), and urine (blue) for the 1D experiment. The

average SNR is calculated for five distinct peaks for each case, and all the values are reported in Table S3a—ct for bovine serum, media, and urine,
respectively. There are three bars for each sample. The first one represents average SNR (CTO, 5 mm)/average SNR (CTO, 5 mm); the second one
represents average SNR (SNTO, shaped tube)/average SNR (CTO, 5 mm); and the last one represents average SNR (SNTO, shaped tube) with
volume adjustment/average SNR (CTO, 5 mm). The volume adjustment is performed by multiplying by three the number of spins in the shaped
tube, which is 1/3 of the number of spins present in a 5 mm tube. Error bars represent standard error of the mean (SEM). (B) represents the 2D
[*H,**C] HSQC (Heteronuclear Single Quantum Correlation) spectra of bovine serum albumin at SNTO with a shaped tube. The same data was
acquired with a 5 mm tube at CTO also to compare sensitivity. Along the peaks highlighted in the red, green, and black circles, a trace along the
proton axis is taken, represented as the black dashed line. The overlay of the traces is shown in the above panels. The red represents the trace for
SNTO for the shaped tube case, while the blue represents the case for a 5 mm tube at the CTO situation. (C) The ratios of average SNR gain in
different situations for bovine serum (red), and urine (blue) Media (green) is presented for the 2D [*H,**C] HSQC experiment. The average SNR is
calculated for distinct peaks for each case, and all the values are reported in Tables S4-S6+ for bovine serum, urine, and media, respectively.
There are three bars for each sample. The first one represents average SNR (CTO, 5 mm)/average SNR (CTO, 5 mm); the second one represents
average SNR (SNTO, shape tube)/average SNR (CTO, 5 mm); and the last one represents average SNR (SNTO, shape tube) with volume
adjustment/average SNR (CTO, 5 mm). Error bars represent standard error of the mean (SEM).
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2D hetero-nuclear experiments can take considerably longer
than 1D proton NMR experiments, and thus, ways to reduce the
experimental time are sought. We also examined the effect on
2D heteronuclear ['H,'*C] HSQC, which has a significant
application in protein chemistry and small molecule chemistry,
and metabolomics.*>?* 2D ['H,"*C] HSQC has the unique
advantage of serving as a molecular fingerprint because spectral
dispersion in carbon is greater than the proton dimension,
which can resolve the peak overlap in the indirect dimension.
The main disadvantage of heteronuclear experiments is that the
measurement time required for this kind of experiment is
typically longer due to the low natural abundance of **C. In this
work, we recorded the conventional 2D ['H,"*C] HSQC spectra
of all three samples while implementing the same experimental
setup modifications as those used in the 1D experiments. We
also maintain (I) the CTO in a conventional 5 mm tube and (II)
the SNTO position in a shaped tube. Fig. 3B shows the HSQC
spectra of bovine serum at the SNTO position in the shaped
tube. To compare sensitivity, we also acquired the same data
with a 5 mm tube at CTO. The bovine serum data was recorded
using a 950 MHz Bruker Avance NEO operating with a TCI
inverse-detected cryoprobe following conventional linear
sampling. The same experiment was carried out for the media
sample and urine sample at 800 MHz spectrometers. Fig. S1 and
S27 represent the HSQC spectra of the media sample and urine,
respectively. Here we have additionally implemented non-
uniform sampling and recorded 50% points to decrease the
experimental time. Because we are proposing a new way of
setting up the experiment, we can, in principle, combine all the
previous modifications from the pulse programming side with
the newly proposed methods. To demonstrate, we used non-
uniform sampling because NUS has been implemented with
heteronuclear multidimensional NMR and has been explored in
the field of metabolomics.***

For a visual representation, we chose three isolated peaks
(highlighted by the red, green, and black circles in Fig. 3B) and
compared the trace along the proton axis for both situations.
Fig. 3B clearly shows that the modified strategy with SNTO with
the shaped tube (highlighted in red) has better SNR than the
5 mm tube at the CTO situation (highlighted in blue). Subse-
quently, for each sample, we processed the data acquired in
both conditions identically and calculated SNR for the observed
peaks in the 2D ["H,"*C] HSQC spectra for each situation. The
isolated peak positions that were considered for calculation of
the SNR are detailed in Tables S3-S5t for bovine serum, urine,
and media, respectively. In all cases, we considered the full
dynamic range of peaks of different intensities and reported the
average sensitivity. There are some variations in the increase
because of the dynamic range and relaxation effect. Fig. 3C
shows the average gain in the SNTO position in the shaped tube
over the conventional setting of the CTO position in the 5 mm
tube, considering the volume effect. As shown in Fig. 3C and
Tables S4-S6,T for the multidimensional heteronuclear experi-
ments, in all cases, we also observe a significant gain in sensi-
tivity per unit volume, which is between 3.33- to 3.63-fold gain
in sensitivity. This implies a decrease in measurement time by
more than an order of magnitude for the same number of spins,
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which becomes even more profound for hetero-nuclear multi-
dimensional experiments. Enhanced sensitivity can be easily
used for higher resolution because more data points can be
recorded in the indirect dimension. This is important because
moving to a larger magnetic field demands that a higher
number of points be recorded to implement the improvement
in resolution in the indirect dimension. This can now be ach-
ieved with fewer scans to ensure the same measurement time.
This new way of setting up the experiment is extremely general
and does not make any changes to the pulse program front.
These modifications ensure the best-receiving conditions for
the signal with the least possible sample heating. Hence, in
principle, this method can serve as the new benchmark, and all
the previous modifications from the pulse programming side
can easily be combined.*® We showed that a combination of
NUS with SOFAST could reduce the acquisition time without
compromising the sensitivity.** All these advanced methods can
be easily implemented. Continued studies to realize the full
potential of this new setting are underway to expand hetero-
nuclear multidimensional NMR in the realm of high-
throughput studies.

Experimental
Preparation of samples

We have chosen three different examples for demonstration.
The first sample is media, which contains a mixture of amino
acids similar to that of the medium used for culturing human
embryos in in vitro fertilization (IVF) (Table S17). Initially, the
individual components of the mixture were prepared as
a 10 mM stock solution for each component in 100% *H,O.
From this stock, each metabolite was mixed accordingly. The
volume used for the 5 mm tube was 500 pL and 160 pL for the
shaped tube. We also used fetal bovine serum (FBS) that was
purchased from corning (product no. 35-010-CV). Urine
samples were taken in compliance with the ethical guidelines of
the Indian Institute of Science (IISc) from a healthy donor. 1%
sodium azide was added to both the serum and urine samples,
and 10% D,O was used for locking.

NMR experiments

All NMR data were acquired at 298 K using Bruker Avance NEO
NMR spectrometers. We carried out the tests on two different
spectrometers operating at a resonance frequency of 800 MHz
and 950 MHz. Both spectrometers were equipped with TCI
cryogenic probes (the first two channels were cooled for the 950
MHz Triple channel H/C/N cryoprobe). The spin noise spectra
were recorded on a standard sample of uniformly 15N,13C
labeled ubiquitin in phosphate buffer (pH 6.5). The noise
spectra of water were also collected. All noise spectra were
recorded at 298 K without RF excitation pulses and relaxation
delays. Only 30 were kept and stored due to hardwire limita-
tions. Noise data were collected in a pseudo-two-dimensional
mode where each noise data block was stored separately. The
spectral width of 12 ppm and an acquisition time of 90 ms per
data block was used. 2048 data blocks were collected to achieve

© 2021 The Author(s). Published by the Royal Society of Chemistry
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good sensitivity. The data processing was carried out using the
Bruker software Top Spin 4.7. First Fourier transformation
along the direct dimension was performed in the magnitude
mode using the command xf2. Subsequently, individual noise
data blocks were added to produce a single spin noise spectrum
(command f2sum). Because the line-shape of the spin noise
spectrum depends on the type of probe tuning that is adopted,
the same sample was kept for determining the SNTO individ-
ually for each probe in 800 and 950 MHz. For the 800 MHz NMR
spectrometer, the SNTO position was 583 kHz away, whereas,
for 950 MHz, the SNTO position was 453 kHz from the
conventional tuning optimum (CTO). Fig. 1 shows the line
shape at the SNTO at 950 MHz. This symmetrical pure
absorptive dip signature in spin noise spectra represents less
than a thermal noise situation. In contrast, the spin noise
spectrum at CTO represents a mixed absorptive and dispersive
component. Carbon was decoupled with the GARP decoupling
sequence with the 11 W power level. One-dimensional proton
NMR spectra were recorded with water suppression using
exciting sculpting and 2D heteronuclear 2D [*H,"*C] HSQC at
both CTO and SNTO for each sample in each tube to compare
the sensitivity gain. Non-uniform sampling in 800 MHz for
HSQC was also implemented. The acquisition parameter for the
experiments in each sample is provided in Table S2 of ESL.{

Conclusion

The proposed approach based on setting the NMR experiment
and selecting the proper NMR tube can decrease the measure-
ment time of salty samples by more than an order of magnitude
for the same number of spins. Additionally, this approach is
straightforward to implement on every instrument without
modifications of the pulse programs. Our modifications focus
on the receiving condition for the probe with the least possible
sample heating, which promises robustness and excellent
reproducibility.
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