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ABSTRACT: NMR-based metabolomics approaches have been used in a wide range of applications, for example, with medical,
plant, and marine samples. One-dimensional (1D) 1H NMR is routinely used to find out biomarkers in biofluids such as urine, blood
plasma, and serum. To mimic biological conditions, most NMR studies have been carried out in an aqueous solution where the high
intensity of the water peak is a major problem in obtaining a meaningful spectrum. Different methods have been used to suppress the
water signal, including 1D Carr−Purcell−Meiboom−Gill (CPMG) presat, consisting of a T2 filter to suppress macromolecule signals
and reduce the humped curve in the spectrum. 1D nuclear Overhauser enhancement spectroscopy (NOESY) is another method for
water suppression that is used routinely in plant samples with fewer macromolecules than in biofluid samples. Other common 1D 1H
NMR methods such as 1D 1H presat and 1D 1H ES have simple pulse sequences; their acquisition parameters can be set easily. The
proton with presat has just one pulse and the presat block causes water suppression, while other 1D 1H NMR methods including
those mentioned above have more pulses. However, it is not well known in metabolomics studies because it is used only occasionally
and in a few types of samples by metabolomics experts. Another effective method is excitation sculpting to suppress water. Herein,
we evaluate the effect of method selection on signal intensities of commonly detected metabolites. Different classes of samples
including biofluid, plant, and marine samples were investigated, and recommendations on the advantages and limitations of each
method are presented.

■ INTRODUCTION
Metabolomics employs different analytical platforms such as
high- or ultrahigh-performance liquid chromatography
(UHPLC),1 liquid chromatography coupled with mass
spectrometry (LC−MS),2−5 gas chromatography coupled to
mass spectrometry (GC−MS),3,6−8 and nuclear magnetic
resonance (NMR) spectroscopy.9−11 Among different ana-
lytical platforms, MS-based and NMR-based are the most used
approaches in current metabolomics studies.12−14 Although
NMR spectroscopy has many advantages such as high
reproducibility and minimal sample preparation, low sensi-
tivity, and signal overlap are the main drawbacks of NMR
compared to MS.14,15

One-dimensional (1D) 1H NMR-based metabolomics
studies utilize different methods to analyze metabolites in
biological samples of plants, animals, humans, and marine
organisms. These samples may include serum; plasma; urine;

cell extracts; intestinal content; tissue;16−27 plant seeds, flesh,
leaves, stems, and roots;28−34 and corals, algae, and jelly-
fish.35−42 In high-resolution NMR spectroscopy, the focus is
on the relational quantification of metabolites and estimation
of metabolite concentrations in response to some perturbation.
Metabolomics is used to observe relative quantitative changes
and find out biomarkers.43−49 Higher-dimensional NMR like
pulse sequences of two-dimensional (2D) NMR is also used in
metabolomics.50−54 However, compared to a matching 1H
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NMR data set, 2D NMR data-processing time is significantly
shorter because the signal overlap is not a significant issue and
deconvolution is not necessary.53

Metabolomics is usually combined with multivariate
statistical analyses such as principal component analysis
(PCA), analysis of variance (ANOVA)-simultaneous compo-
nent analysis (ASCA), and partial least squares-discriminant
analysis (PLS-DA) chemometric methods.55

Preferred 1D methods for 1H NMR-based metabolomics
include 1D 1H nuclear Overhauser effect spectroscopy
(NOESY) presat pulse sequence, Carr−Purcell−Meiboom−
Gill (CPMG) presat (T2 filter),56,57 1D 1H presat, and 1D 1H
excitation sculpting (ES) with gradients.58 Despite the utility
for 1D 1H NMR of the first two methods, the pulse sequences
of these methods have drawbacks.59 Numerous pulse
sequences have already been developed for water suppression,
such as WET,60,61 presaturation,62 composite pulses,63

WATERGATE,64−66 or PURGE.67 1D NOESY presat pulse
sequence (noesypr1d on Bruker spectrometers) has emerged
as the preferred option for NMR-based metabolomics, because
of its ability to significantly suppress the water signal. However,
1D NOESY presat does have a few drawbacks, including the
inability to suppress signals of “faraway water” completely.68

A CPMG spin-echo sequence with presaturation is also a
preferable 1D 1H NMR-based metabolomics method, specif-
ically for macromolecules like lipids, lipoproteins, and fat-
bound lysis,69 because of the incorporation of a T2 filter into its
pulse sequence (Figure 1). A T2 filter in coupled spin systems
is conventionally optimized to use very short interpulse spacing
2τ for spin-echo with a higher number of replications to filter
out offsets of macromolecules and reduce the appearance of a
humped curve in the high magnetic field region, which can
cause severe sample heating, and suppresses the effects of slow
chemical exchange processes.70,71 This spin-echo causes
transverse relaxation due to its large spacetime and also the
self-diffusion of small molecules, resulting in a loss of
sensitivity that is less considerable than the loss of sensitivity
of macromolecules.72−74 Another 1D 1H NMR method with
water suppression is a 1D 1H pulse with excitation sculpting
(ES),58 which provides a spectrum with a well-suppressed
water signal as well as pure phase spectra.75 It consists of shape
pulses and pulse field gradients, which cause artifacts and

distortion in signals.58,76−79 For nonaqueous solutions, 1D 1H
NMR experiment without presaturation (presat) of water is
used routinely for chloroform extraction of nonpolar
metabolites.80 1D 1H NRM experiment with presat is also
commonly used in the methanolic extraction of polar
metabolites;15,81−83 however, its spectrum suffers from
humped curves in the methyl and methylene regions due to
macromolecules like plasma and serum, caused by the absence
of a T2 filter like CPMG presat. In addition, enhancement in
the sensitivity of these kinds of methods can be achieved by
implementing spin-noise tuning optimum for salt and nonsalty
samples.84

In this work, we evaluate and compare the effects of applied
water suppression methods on the signal intensities of major
metabolites classes. Moreover, we report a robust method
providing highly reproducible spectra for compounds specif-
ically in plasma, serum, plant flesh and seeds, and jellyfish
(steroids, lipoproteins, terpenols, fatty acids, albumin-bound
fatty acids, albumin lysis, primary metabolites, and mono- and
disaccharides). The selection of pulse sequences is optimized
to avoid dephasing and distortion in line shapes from an
inappropriate relaxation rate and incomplete water suppres-
sion.

■ MATERIALS AND METHODS
Sample Preparation and Collection. For date palm

samples, Phoenix dactylifera belonging to Anbara (Ar), Ajwa
(AJ), Deglet Nour (DN), and Sukkaari (SR) dates were
obtained from local farms in Medina and Qassim, Saudi
Arabia, at the Tamar stage.

The plasma sample was purchased from Sigma-Aldrich
(product no. H4522).

Fetal bovine serum (FBS) was purchased from Corning
(product no. 35-010-CV).

For jellyfish samples, A Cassiopea (upside-down jellyfish)
was collected from the red sea, SA. It dried for 24 h.
Metabolite Extraction. Dates. Following the protocol

from ref 85, extractions of metabolites from the polar layer
were carried out using methanol and LC-grade water. 100 mg
of dried powder of each date type (fruit and seed) was
homogenized in 1 mL of 80% methanol in water.85 800 μL of

Figure 1. Pulse sequences of 1D 1H NMR methods. (A) 1D NOESY presat, (B) 1D 1H ES, (C) 1D 1H presat, and (D) CPMG presat. Narrow and
wide black-filled rectangles are 90 and 180° hard pulses, respectively, broad half-filled rectangles show presat of water resonance frequency during
d1, and half-black-filled sine shapes are soft 180° pulses used for water resonance frequency.61 The d1, d8, d20, and t2 are relaxation delay, mixing
time, half-spin-echo time, and acquisition time, respectively, and ϕ1, ϕ2, ϕ3, ϕ4, and ϕ5 are phases of pulses, while ϕR is the phase of the receiver. G1
and G2 are pulse field gradients for the coherence transfer pathway.
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the polar sample was dried in a CentriVap concentrator
(Labconco), without heating, and stored at −20 °C for the
NMR analysis.

1H NMR Sample Preparation. Date Palms Fruits and
Seeds. Samples were prepared by dissolving the pellets in 400
μL of D2O and 200 μL of potassium phosphate buffer (K +
buffer) of concentration 20 mM and pH 7.4 in 1.5 mL
Eppendorf tubes. The samples were vortexed until they
dissolved completely and then centrifuged at 13,000 rpm for
5 min, and 500 μL was transferred into 5 mm NMR tubes.

Methanol-Extracted FBS and Plasma. 200 μL of serum or
plasma was dissolved in 400 μL of methanol, vortexed for 30 s
and then incubated at −20 °C for 20 min, followed by
centrifugation for 30 min at 4 °C, 12,000 rpm. The supernatant
(500 μL) was dried for 12 h till fully dried. Then, the pellet
dissolved in 300 μL of D2O and 300 μL of potassium
phosphate buffer (20 mM and pH of 7.4) and was centrifuged
for 10 min, at 4 °C, 12,000 rpm. 500 μL of supernatant was
transferred into an NMR tube.

Fetal Bovine Serum (FBS). 200 μL of serum was dissolved
in 400 μL of K+ potassium phosphate buffer (20 mM and pH
of 7.4) and vortexed for 30 s, followed by centrifugation for 10
min at 4 °C, 12,000 rpm. The supernatant (500 μL) was taken
for NMR analysis.

Jellyfish. 50 mg was dissolved in 1 mL of So1 (MeOH/
H2O, 80:20) and vortexed for 10 min. It was homogenized by
shaking at 4 °C for 90 min at 14,000 rpm and centrifuged at
13,000 rpm for 5 min to collect the supernatant to be
lyophilized to obtain pellets. Pellets were dissolved in 300 μL
of D2O and 300 μL of K + potassium phosphate buffer (20
mM and pH of 7.4) and centrifuged for 10 min at 4 °C, 12,000
rpm. 500 μL of supernatant was transferred into an NMR tube.

1H NMR Experiments and Processing Parameters for
All 1D 1H NMR Experiments. A Bruker 800 MHz
AVANACE NEO NMR spectrometer equipped with Bruker
TCI (1H/13C/15N) cryogenic probe (Bruker BioSpin,
Rheinstetten, Germany) was used to record all NMR spectra
at 298 K. Transformed spectra were processed for phase and
baseline distortions using Topspin 4.0.7 (Bruker BioSpin) and
then automatically calibrated to the proton signal of DSS at
0.00 ppm. The applied acquisition and processing parameters
for all 1D 1H methods were shown in Table 1.

■ RESULTS AND DISCUSSION
For Palm Anbara Date Flesh and Its Seeds (P.

dactylifera). Among several applied methods, a few 1D 1H
NMR spectra from different experiments were collected to find
the highest signal-to-noise ratio (SNR) and phased signals
without artifacts over the same acquisition and processing
parameters for a few samples belonging to plants, biofluids, and
marine. The pulse sequences of four selected methods which
are common in metabolomics are shown in Figure 1.

1D 1H NMR spectra were depicted in different colors in
Figure 2, showing 1D 1H presat (green), 1D NOESY presat
(blue), 1D 1H ES (red), and CPMG presat (purple). 1D 1H
ES (red) shows gradient imperfections and partial evolution of
scalar coupling due to shape pulses with long pulse lengths
compared to hard pulses and pulse field gradients with long
pulse lengths.58 This causes line-shape distortions, as shown
enclosed in the green box in Figure 2, while other methods do
not have such shape distortions since they do not have pulse
field gradients. Qualitative and quantitative analyses of signals
in the spectra were performed in the extended sections from

Table 1. Experimental Acquisition and Processing Parameters

methods NS DS
SW

(ppm) AQ (s) D1 (S)
mixing time

(ms)
half-spin

-echo time/loops
shape

pulse/length SI/LB WDW

CPMG presat 128 4 20.1567 2 5 300 μs/120 131072/0.3 Hz EM
1D NOESY presat 128 4 20.1567 2 5 100 131072/0.3 Hz EM
1D 1H ES 128 4 20.1567 2 5 Sinc/2 ms 131072/0.3 Hz EM
1D 1H presat 128 4 20.1567 2 5 131072/0.3 Hz EM

Figure 2. Comparative 1D 1H NMR spectra of different 1D 1H NMR methods. The spectra show palm date flesh with each method differentiated
by color: 1D NOESY presat (d, blue), 1D 1H ES (c, red), 1D 1H presat (b, green), and CPMG presat (a, purple).
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0.79 to 3.15 ppm in toggled mode with overlapped spectra
(Figure 3). Normalization of signal-to-noise ratios of normal
protons with presat was performed to compare with the most
common 1D proton methods used routinely in metabolomics.
Distortions were present in line shapes at chemical shifts of
1.31(d), 1.60(m), 1.76(m), 2.34(m), 2.65(dd), 2.85(m),
2.90(m), and 3.00(t). Figure 3 shows carbohydrate signals
with less distortion than signals in the higher-magnetic-field
region. Figure 4 shows the effect of a gradient on shape
distortion, proportional to the strength of the applied external
magnetic field in 1D 1H ES. There is no such effect in the
other three methods. These effects mean that measurement of
the area under the signal is imperfect, therefore showing the
unsuitability of the 1D 1H ES method for metabolomics in
palm anbara date flesh samples. The signal-to-noise ratio
(SNR) values of metabolites obtained from these four 1D 1H
NMR experiments have been calculated manually and are
shown in Table S1. The formula for finding the increment and
decrement in percentages are given below in Table S1.

The SNR of this 1D 1H ES method was compared with the
normal proton with the presat (normalized) method. This
showed a general reduction of signal, which was 10% for
steroids, 0% for terpenols, 4% for fatty acids, 1% for primary
metabolites, 44% for α-glucose, 96% for β-glucose, and 6% for

sucrose, as shown in Table S2. The SNR was close to CPMG
presat for all metabolite types but lower by 42 and 84% for α-
glucose and β-glucose, respectively. For disaccharides, it was
the same but around 40% higher than 1D NOESY presat and
not the same as carbohydrates as shown in Table S2.
Robustness was measured by taking an average of SNR values
in Table S1 for selective kinds of metabolites. The shape pulses
have excited the near signals close to the water signal, which
resulted in the suppression of the close signals to the resonance
frequency of water. The singlet signals have higher SNR values
than 1D 1H presat by 10% (Table S1). The CPMG with presat
spectra provided more flattened baselines in the methyl and
methylene regions compared to other samples, with non-
distorted line shapes like 1D 1H presat and 1D NOESY presat.
The SNR values of these signals were measured with an
overlapping baseline. SNR values in the CPMG presat
spectrum were abnormal in the case of a few metabolites like
steroids, α-glucose, β-glucose, and sucrose with values that
were 90, 96, 86, and 94% of 1D 1H presat SNR normalized
values, respectively. For fatty acids and primary metabolites,
there was no significant variation (Table S2).

In contrast and unexpectedly, we found a significant loss in
the SNR of 1D NOESY presat, which was around 35% for
most of the metabolites, 44% for steroids, and 51% for β-

Figure 3. Comparative 1D 1H spectra of different 1D 1H NMR methods. (a) Overlapping spectra from all experiments with their colors as
mentioned above: (b) CPMG presat, (c) 1D 1H presat, (d) 1D 1H ES, and (e) 1D NOESY presat. Extended sections from 0.79 to 3.15 ppm are
shown in all plots, measuring palm anbara date flesh.
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glucose for a signal at 4.63 ppm (Table S2). Therefore, we
recorded for the same palm anbara date flesh and another type
of palm sukkari date flesh to check its reproducibility, as shown
in Figures S3 and S4. The results were similar to Table S2
results. The plant flesh was palm anbara date flesh consisted of
minerals in the form of metal ions,86,87 resulting in increased
conductivity, which caused inhomogeneity in the magnetic
field and affected the optimized pulse length of the 1H hard
90° pulse because it is more sensitive to the ionic effect.
Electrical noise produced by conductive substances can

significantly lower the sensitivity of NMR probes. A high salt
concentration has an impact on tuning, matching, and probe
performance. High ionic strength impacts T1 relaxation and
90° pulses (particularly in 1H).88

In the case of seeds from the same palm anbara date flesh,
the result was quite different in SNR values of 1D NOESY
presat compared to 1D 1H presat (Table S8). Increments in
SNR values for primary metabolites, fatty acids, α-glucose, β-
glucose, and sucrose were found to be 6, 4, 7, 7, and 3%
respectively, while for others, they were the same, without any
line-shape distortions as shown in Figures S5−S7. 1D 1H ES
had different SNR values resulting in losses of 10% for steroids,
4% for fatty acids, 5% for primary metabolites, and 48% for α-
glucose. The β-glucose signal at 4.60 ppm was completely
suppressed, and the sucrose signal increased by 6%. The SNR
value for terpenols (Table S9) was similar to line-shape
distortions in a few signals as shown in Figure S6. The
spectrum of CPMG with presat was like palm anbara date flesh
with a flattened baseline, without distortions in the line shapes
(Figures S5−S7), but a significant reduction in the SNR values
was found, by 10% for steroids, 14% for β-glucose, and 6% for
sucrose, while insignificant for others (Table S9).
Methanol-Extracted Plasma Samples in Which the

Macromolecule (Lipoproteins, Steroids, Albumin−Fatty
Acid) Precipitate Is Filtered Out by Methanol. Figure 5
shows all overlapping 1D 1H NMR spectra of methanol-
extracted plasma. The baselines were not flat due to a higher
concentration of different types of macromolecules (Table
S12), which causes a humped curve inside the signals (with the
exception of CPMG presat). The line shapes of these spectra
were analyzed qualitatively in the extended portions from 0.75
to 3.01 ppm along with the toggled form of these spectra
shown in Figure 6 and other extended portions from 3.02 to
5.45 ppm and from 5.30 to 8.6 ppm in Figures S10 and S11.
Distortion in the shape of a few lines of multiplets was found in
the 1D 1H ES spectrum at chemical shifts of ppm 0.95(m),
1.31(d), 1.46(d), 1.75(m), 2.90(m), and 3.70(m), shown in
Figures 6 and 7 in red. SNR values were found to be like 1D
1H presat in the methyl region, 10 and 4% higher for
lipoprotein and albumin-bound fatty acids in the methylene
region, respectively. Overall, the SNR values for categorized
molecules were like 1D 1H presat, 1D NOESY presat, and

Figure 4. Extended 1D 1H NMR spectra of palm anbara date flesh
from 3.25 to 5.45 ppm. (a) Overlapped spectra with colors
representing abovementioned different 1D 1H NMR methods and
their toggled forms from (b−e).

Figure 5. Overlapped plasma (methanol extract) 1D 1H NMR spectra with different 1D NMR methods distinguished by color: 1D NOESY presat
(d, blue), 1D 1H ES (c, red), 1D 1H presat (b, green), and CPMG presat (a, purple).
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CPMG presat for steroids and lipoproteins, while no significant
change in values was present for albumin-bound fatty acids.

Primary metabolites increased by 3 and 4% respectively and
had an increase of 7−12% for singlet signals from higher- to
lower-magnetic-field regions. There was also a large reduction
of about 46 and 98% for α-glucose and β-glucose (Table S13),

respectively, and an increase of 12% in multiplets of glucose
(Table S12) with a humped curve in the methyl and methylene
regions. The 1D NOESY presat spectrum had SNR values
mostly equal to 1D 1H presat; however, the signals of a few
metabolites increased by a minimum of 3% for multiplets and a
maximum of 10% for singlet signals (Table S12). Overall, there

Figure 6. Displays extended sections from 0.79 to 3.15 ppm of the overlapped (a) and toggled 1D 1H NMR spectra of different 1D NMR methods
with their colors as mentioned in above overlapped 1D 1H spectra of CPMG presat (purple, b), 1D 1H presat (green, c), 1D 1H ES (red, d), and
1D NOESY presat (blue, e) of the plasma (methanol extract) sample.

Figure 7. Overlapping serum (non-methanol extract) 1D 1H NMR spectra of different 1D NMR methods. Colors are 1D NOESY presat (d, blue),
1D 1H ES (c, red), 1D 1H presat (b, green), and CPMG presat (a, purple).
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was an increased percentage in SNR, 3% for primary
metabolites, 2% for lipoproteins, and 7% for β-glucose, while
other signals had equal values (Table S13) with the same
humped curve in the methyl and methylene regions. This
humped curves under the signals were suppressed in the
spectrum of CPMG presat shown in Figure 6b and the rest of
the extended portions in Figures S10 and S11 as well as having
equal SNR values for steroids, lipoproteins but decreased of
13% for albumin-bound fatty acids, and the most important
result is the increment of 4% for primary metabolites and
decrement of 5% for both α-glucose and β-glucose.
Non-Methanol-Extracted Fetal Bovine Serum (FBS).

Figure 7 shows overlapping 1D 1H NMR spectra of methanol-
extracted serum samples. The baseline of all experiments
except CPMG presat was not flat due to a higher concentration
of different types of macromolecules, categorized into groups
of molecules (Table S15).

An extended portion of the 1D 1H NMR spectra from 0.79
to 3.15 ppm from all experiments is shown in Figure 8, with
3.15−8.65 ppm in Figure S14. The nonextracted serum
contains macromolecules in higher concentrations, which
causes the humped curve in the baseline shapes of all spectra
except CPMG presat. SNR values of signals from all 1H 1D
NMR experiments were analyzed, and CPMG presat had SNR
values close to 1D 1H presat and 1D 1H ES but higher by 10%
compared to 1D NOESY presat.

An extended portion of the 1D 1H NMR spectra from 0.79
to 3.15 ppm from all experiments is shown in Figure 8, with
3.15−8.65 ppm in Figure S14. The nonextracted serum
contains macromolecules in higher concentrations, which
causes the humped curve in the baseline shapes of all spectra
except CPMG presat. SNR values of signals from all 1H 1D
NMR experiments were analyzed, and CPMG presat had SNR

values close to 1D 1H presat and 1D 1H ES but higher by 10%
compared to 1D NOESY presat.

Finally, there was a decrease in steroids by 23%, terpenols by
9%, lipoproteins by 11%, albumin-bound fatty acids by 12%,
albumin lysis by 11%, primary metabolites by 9%, α-glucose by
11%, and β-glucose by 14%. However, fetal bovine serum
(FBS) that was methanol-extracted to filter out precipitates of
macromolecules had a different ratio of SNR values and had
insignificant humped curves under the signals in the methyl
regions of all spectra as shown in Figure S17. 1D 1H presat
showed the highest humped curve under its signals but the
highest sensitivity, while CPMG presat showed the highest
flattened baseline but the lowest signal sensitivity. The
reduction of sensitivity in the CPMG presat spectrum was a
decrease of 3−5% for multiplets and an exceptional 2% for
doublets of lactate compared to 1D 1H presat shown in Table
S16. 1D NOESY presat and 1D 1H ES showed sensitivity like
CPMG presat and had a higher humped curve than CPMG
presat. Overall, 1D 1H presat and CPMG presat were robust
for fetal bovine serum (FBS), both methanol- and non-
methanol-extracted.
Jellyfish (Cassiopea). The full overlapped 1D 1H NMR

spectra of all experiments presented the insignificant humped
curves in all of the 1D 1H NMR spectra (Figure S18), while
1D NOESY presat provided the lowest SNR values compared
to others, but CPMG presat with the highest flat baseline of
shapes of its spectrum in methyl and methylene regions
resulted in SNR values close to 1D 1H presat. The 1D 1H
presat spectrum had the highest SNR values overall as shown
in Figures S19−S21. A significant reduction in the SNR values
was present for 1D 1H ES, close to 10% compared to 1D 1H
presat (Table S22). 1D 1H ES had no steroid and fatty acid
signal, a reduction of 10% for terpenols and sucrose, 8% for

Figure 8. Extended sections of fetal bovine serum (FBS) (non-methanol extract) 1D 1H NMR spectra from 0.79 to 3.15 ppm, with overlapped (a)
and toggled 1D 1H NMR methods denoted by colors: CPMG presat (purple, b), 1D 1H presat (green, c), 1D 1H ES (red, d), and 1D NOESY
presat (blue, e).
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Figure 9. Full overlapped 1D 1H NMR spectra of palm anbara date flesh, showing CPMG presat (c, blue) with half-spin-echo time and number of
loops of 300 μs and 120, CPMG presat (b, red) with 900 μs and 40, CPMG presat (a, green) with 600 μs and 60, respectively. The red spectrum
showed a more dephased signal than the others.

Figure 10. Extended portions of 1D 1H NMR spectra from 0.71 to 3.05 ppm of overlapped spectra (c) with (a, b) extended section of its few parts
of experiments of CPMG presat (green, d) with half-spin-echo time and number of loops of 600 μs and 60, CPMG presat (red, e) with 900 μs and
40, CPMG presat (blue, f) with 300 μs and 120, respectively, top of overlapped spectra of all for palm anbara date flesh samples. The red spectrum
had more distortions in quantity and quality than green, while blue did not have any distortions compared to those but had higher sensitivity of
signals than signals of red and green spectra. The reduction in sensitivities of the red spectrum is higher than that of the blue and green spectra.
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primary metabolites, 24% for α-glucose, and 63% for a β-
glucose at 4.60 ppm (Table S23). There was an increase in
lipoproteins by 2% compared to the 1D 1H presat spectrum.
This table also shows a decrease in the SNR of CPMG presat
for lipoproteins (5%), terpenols (10%), primary metabolites
(7%), sucrose (6%), and α-glucose and β-glucose (2 and 5%,
respectively) compared to 1D 1H presat. Similarly, there was a
significant reduction in the SNR for all molecules in 1D
NOESY presat (Table S22). Overall, there was a complete
disappearance of steroids and fatty acids compared to 1D 1H
presat, while other signals were reduced (terpenols: 27%,
lipoproteins: 17%, primary metabolites: 11%, sucrose: 10%, α-
glucose: 5%, and β-glucose: 8%) (Table S23). SNR values
obtained from 1D 1H ES and 1D NOESY presat showed a
significant reduction compared to 1D 1H presat and no
significant reduction in carbohydrates and primary metabolites
in CPMG presat compared to zgpr. The robustness of the 1D
1H presat method dominated the rest of the experiments for
jellyfish (Cassiopea).
Comparison of CPMG Presat with Different Half-

Spin-Echo Times and the Number of Loops. For the
Palm Anbara Date Flesh. Varying half-spin-echo times and
number of loops for CPMG presat altered the phase of a few
signals (Figure 9). For a clear vision of signal line shapes,
overlapped spectra are shown from 0.7 to 3.05 ppm, from 1.55
to 1.84 ppm, and from 2.25 to 3.00 ppm (Figure 10). The
remaining extended sections from 3.00 to 4.65 and 5.10 to 8.50
ppm with the extended region from 5.10 to 5.41 ppm are
shown in Figures S24 and S25, respectively. For CPMG presat
with a half-spin-echo time of 900 μs and loops of 40, there was
a significant decrement in the sensitivity, with dephased signals
in the spectrum (red). This is due to the longer half-spin-echo
time, which causes evolution under scalar coupling (mis-
matching J-coupling values) of small molecules. It also results
in dephased signals, and transverse relaxation results in a
reduction of sensitivity compared to a smaller time (300 μs
and 120, blue). A smaller number of loops also cause less
heating of the sample. Spectra from 600 μs half-spin-echo time
and 60 loops caused less evolution under scalar coupling of the
small molecules compared to the spectrum from 900 μs half-
spin-echo time. Therefore, reduction of sensitivity and
dephasing of signals was less than for the spectrum from
longer half-spin-echo as discussed above. Overall, there was a
reduction of sensitivity by 27 and 7% in red and green spectra,
respectively, compared to smaller half-spin-echo time (300 μs)
and 120 larger loops. This showed the robustness of using
smaller values for half-spin-echo time for CPMG presat for
primary metabolites in palm anbara date flesh.

Palm Anbara Date Seeds. Figure S26 compares CPMG
presat with different half-spin-echo times and loop numbers.
The same dephased and distorted signals are seen as in the
palm date flesh. Similarly, the extended portions of the spectra
from 0.71 to 3.05 ppm (Figure S27), 3.01 to 4.65 ppm (Figure
S28), and 5.10 to 8.50 ppm (Figure S29) are seen. Palm anbara
date seeds showed similar trends as the flesh. Suitable
acquisition parameters for half-spin-echo and the number of
loops for CPMG presat are also 300 μs and 120, respectively.

For the Sample of Plasma (Methanol-Extracted). The full
overlapped spectra of CPMG presat with different values of
half-spin-echo times and number of loops showed dephasing of
a few signals, and suppression of macromolecules was obtained
identical for each different times and loops, while dephasing
and distortions in line shapes were also observed (Figure S30).

The extended portion from 0.78 to 3.00 ppm showed higher
dephasing and reduction of sensitivity in the green (600 μs and
60 loops) spectrum compared to the rest of the spectra. The
sensitivity of the signals in the blue (300 μs and 120 loops)
spectrum without any dephasing was higher than that of the
red and green spectra (Figure S31). The other extended
portions from 3.0 to 4.65 and 5.10 to 8.50 ppm are shown in
Figures S32 and S33, respectively. In the lower-magnetic-field
region, the shape and sensitivities of lines in the spectra were
similar and equal, except for the signal at 4.10 ppm (q), which
was dephased and close to being suppressed in the green
spectrum. The spectral quality and sensitivity of the blue
spectrum (300 μs and 120 loops) dominated over the red and
green spectra.

Non-Methanol-Extracted Fetal Bovine Serum. The full
overlapped spectra of CPMG presat with different values of
half-spin-echo times and the number of loops showed
dephasing and reduction of sensitivity in a few signals at
2.90 (m) and 4.10 (q) ppm in the green spectrum (Figure
S34). The extended portions from 0.71 to 3.05 ppm, from 3.0
to 4.65 ppm, and from 5.10 to 8.50 ppm are shown in Figures
S35−S37, respectively. Similarity in the shapes and sensitivities
of signals as in the plasma sample indicated the suitability of
the blue spectrum (300 μs and 120 loops) for non-methanol-
extracted fetal bovine serum.

Finally, the proton with presat (1D 1H presat) is a robust
method for the samples of plant fleshes and methanol-
extracted plasma and fetal bovine serum, and jellyfish (Table
S38 and Bar Chart S39), 1D NOESY presat for plant date
seeds, and CPMG presat is better for non-methanol-extracted
plasma and serum. For this observation, we have shown (Table
S40) the application of 1D 1H NMR methods in previous
studies for biological, plant, and marine samples in ratios as
29% of CPMG presat for mostly serum and plasma samples,
39% of 1D NOESY presat for mostly urine and plant samples,
14% of 1D 1H ES for all types of samples, and 18% of 1D 1H
presat for all types of samples but mostly urine and plant
samples shown in Pie Chart S41.

The maximum T1 values of all molecules of that sample
should be used for full longitudinal relaxation of all
magnetizations for quantification of primary metabolites by
1D 1H NMR. Therefore, we have measured the maximum
range of T1 values of all molecules of sukkari palm date flesh,
plasma, fetal bovine serum, and jellyfish samples. We have
shown the 1D 1H spectra for T1 measurements for palm date
flesh in Figures S42 and S43, plasma (methanol-extracted) in
Figure S44, and fetal bovine serum (methanol-extracted) in
Figure S45. The maximum T1 values of all molecules of these
samples are presented in Table S46 where 3.0 and 5.0 s for
singlet and multiplet signals, respectively, for palm date flesh,
plasma, and fetal bovine serum, which are higher than 3 and 5
times relaxation delays, respectively, are used in the four
different 1D 1H NMR experiments for comparative quantifi-
cation of metabolites in the metabolomics. Our given
relaxation delay and acquisition time are suitable for
comparative quantification like metabolomic profiling, and
accordingly measured T1 values show the required relaxation
delay between 15 and 25 s for absolute quantification. Our
study focused on comparison of methods for comparative
quantification as metabolomics with a suitable 1D 1H NMR
method, which followed the acquisition parameters from
reported journal for the protocol of metabolomics.16,17
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■ CONCLUSIONS
In summary, comparative analysis of the spectra from different
1D 1H NMR methods resulted in the selection of a method
specific to the samples. For anbara palm date-flesh, the 1D 1H
presat spectrum is the best and 1D NOESY presat is the worst,
being highly sensitive to ionic effects in the solution. For seeds
of the same anbara palm dates, the spectrum of 1D NOESY
presat is a little better in comparison to 1D 1H presat and the
other two methods. In the case of plasma (methanol-
extracted), all methods showed similar SNR values with
insignificant reduction, incrementation, and no distortion or
dephased signals, except for small levels of the humped curve
in the methyl region. CPMG presat shows its robustness with
the best flat baselines in its spectrum for fetal bovine serum
(non-methanol-extracted) as well as an insignificant reduction
in SNR values to 1D 1H presat. However, the overall SNR
values of the 1D 1H presat spectrum show that it is a robust
method for fetal bovine serum in methanol-extracted samples.
The 1D 1H presat spectrum provided SNR values greater than
those of 1D NOESY presat, 1D 1H ES, and CPMG presat. 1D
1H presat is robust over other methods for jellyfish samples.
1D 1H presat has high and uniform SNR values for all
metabolites because it does not have extra pulse sequences like
the T2 filter in CPMG presat, mixing pulse in 1D NOESY
presat, and shape pulses and gradients in 1D 1H ES, which
cause different levels of fluctuations in the values of SNR for
different types of signals like singlet, doublet, and multiplet due
to the evolution of magnetizations under scalar couplings,
unwanted coherence transfer among magnetizations, dephasing
by gradients, and excitation of nearby magnetizations to water
magnetization. Overall, the proton with presat (1D 1H presat)
is a robust method for samples of plant fleshes, methanol-
extracted plasma, and fetal bovine serum, and jellyfish, 1D
NOESY presat for plant palm date seeds, and CPMG presat is
better for non-methanol-extracted plasma and serum with
appropriate acquisition parameters for metabolomics. The
CPMG presat method suppresses macromolecule signals in the
methyl and methylene regions by applying a T2 filter, which
depends on half-spin-echo time and the number of loops. A
half-spin-echo time of 300 μs and 120 loops are more
appropriate for suppressing signals of macromolecules than the
half-spin-echo times of 900 μs with 40 loops and 600 μs with
60 loops because this lowest time and highest loops values
cause CPMG presat to avoid a humped under curve area of
signals without dephasing or reducing the sensitivity of signals
in the spectrum than rest of the values of half-spin-echo time
and the number of loops.
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