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Lipids play crucial roles in human biology, serving as energy stores, cell membranes, hormone production,
and signaling molecules. Accordingly, their study under lipidomics has advanced the study of living
organisms. 1-Dimensional (D) and 2D NMR methods, particularly 1D *H and 2D *H-'H Total Correlation
Spectroscopy (TOCSY), are commonly used in lipidomics for quantification and structural identification.
However, these NMR methods suffer from low sensitivity, especially in cases of low concentrated
molecules such as protons attached to hydroxy, esters, aliphatic, or aromatic unsaturated carbons. Such
molecules are common in complex mixtures such as dairy products and plant oils. On the other hand,
lipids have highly populated fractions of methyl and methylene groups that result in intense peaks that
overwhelm lower peaks and cause inhomogeneities in 2D TOCSY spectra. In this study, we applied
a method of suppression to suppress these intense peaks of methyl and methylene groups to detect
weaker peaks. The suppression method was investigated on samples of cheese, butter, a mixture of
lipids, coconut oil, and olive oil. A significant improvement in peak sensitivity and visibility of cross-peaks
was observed, leading to enhanced comparative quantification and structural identification of a greater
number of lipids. Additionally, the enhanced sensitivity reduced the time required for the qualitative and

Received 23rd April 2024 . o . L
Accepted 18th August 2024 comparative quantification of other lipid compounds and components. This, in turn, enables faster and

more reliable structural identification and comparative quantification of a greater number of lipids.
DOI: 10.1039/d4ra0301b Additionally, it reduces the time required for the qualitative, and comparative quantification due to the

rsc.li/rsc-advances enhancement of sensitivity.

dysfunction is associated with many diseases including
cardiovascular diseases,'*>* Alzheimer's disease,**** inflamma-

Introduction

(cc)

Lipids play crucial roles in the human body, serving various
functions essential for health and normal physiological
processes. Lipids contribute to cell structure, membrane func-
tions, energy storage, insulin resistance, temperature regula-
tion, hormone growth, brain functions, cell signaling,
cushioning, inflammation, immunity, vitamin absorption,
electrochemical gradients, and more.**® At the same time, lipid
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tions,* and metabolic disorders such as hypertension,*>** dia-
betes,*”*® hyperlipidemia,* and obesity.***

Lipidomics, a subdivision of metabolomics, involves the
comprehensive investigation of pathways and interconnected
networks related to cellular lipids at several biological hierar-
chies - proteins, cells, tissues, and organisms.**?** It entails the
precise assessment and categorization of lipids across both
temporal and spatial dimensions, encompassing both quanti-
tative and qualitative analysis, the examination of lipid trans-
porters, enzymes involved in lipid metabolism, and the
exploration of fatty acids—protein interactions.**"*

In the field of metabolite research, nuclear magnetic reso-
nance (NMR) and mass spectrometry (MS) are frequently used
in metabolite profiling.*** NMR analysis is advantageous
because of its high reproducibility, but it has the disadvantage
of low sensitivity, making it unsuitable for the analysis of low-
concentration metabolites in samples, such as lipid metabo-
lites.>** The precise chemical identification of lipids is impor-
tant for assessing the metabolite composition and nutritional
content of food products as well as in creating accurate nutri-
tional labels tailored to specific functions or purposes.”
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Analyzing lipids is notably intricate and challenging, as it
involves significant time and labor, along with the need for
diverse preparatory and analytical procedures.*

Lipidomics has been studied using an array of chromatog-
raphy and mass spectrometry techniques, such as gas
chromatography-mass spectrometry (GC-MS), gas
chromatography-tandem mass spectrometry (GC-MS/MS),
liquid chromatography-mass spectrometry (LC-MS), and liquid
chromatography-tandem mass spectrometry (LC-MS/MS).>*>®
However, the use of GC involves multiple manipulation and
derivatization steps, potentially leading to lipid oxidation® and
undesired isomerization processes.®® NMR-based metabolomics
is widely used in various fields, including nutrition research,**
and in the realm of food-omics, NMR-based approaches have
proven successful in exploring variations in metabolite
profiles.®*** Research on the lipid fractions of milk and other
dairy products has focused on the "H-NMR characterization of
cow and buffalo milk,*>* the "*C-NMR investigation of milk
across various animal species,”*® and "H and “C-NMR tech-
niques for the identification of the production chain of Asiago
d'Allevo cheese.®® These studies have demonstrated that NMR
spectroscopy is a reliable, rapid, and effective tool for analytical
and structural investigations and requires minimal derivatiza-
tion steps or specific sample preparation procedures.*>* 1D 'H
NMR is used for the qualitative, and quantitative analysis of
lipids,”®”* but it produces a wide range of peak intensities that
complicate the quantification of weak peaks. Because aliphatic
and aromatic unsaturated protons have longer longitudinal
relaxation times, quantifying such peaks requires more experi-
mental time.* 2D TOCSY NMR has been used for the structural
identification of different types of molecules, such as amino
acids, small organic compounds, biomolecules, and lipids®* by
correlating protons within a molecule. However, it has exhibited
limited performance for low concentrations of molecules,
unsaturated aliphatic, and aromatic components of lipids.”>”*

To expand the effectiveness of NMR to low-concentration
molecules, in the present study, we suppressed methyl and
methylene lipid signals (SMLS) in the 1D 'H, and 2D TOCSY.”
This approach improved the sensitivity and visibility of other
lipid signals in both 1D "H and 2D TOCSY. The method, fol-
lowed by a recently published technique known as suppression
of sugar's moiety signals (SSMS),” was applied to different types
of samples including stock solutions containing lipids, dairy,
and oil products.

Pulse sequences of SMLS with and
without 1D *H and 2D TOCSY NMR

Fig. 1A shows the pulse sequence for acquiring the 'H-SMLS
spectra. A conventional 'H pulse sequence is shown in Fig. 1B.
Both experiments were recorded in magnitude mode using the
window function exponential multiplication (EM). 'H-SMLS
involves the strategic application of selective excitation to
selected regions of chemical shifts for the effective suppression of
unwanted signals. This method employs double band-selective
excitation pulses at a specified frequency with dephasing
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gradients, featuring a 90° flip angle. Subsequently, dephasing
gradients, known as homogeneous spoiling gradients, are
applied to the dephasing of the signal coherence.”” This process
leads to a condition where there is a minimal residual magneti-
zation of undesirable signals, with the desired signals remaining
entirely unaltered and preserving their z-magnetization. The
mechanism for SMLS has been described elsewhere.”

The band-selective excitation pulses for the SMLS block are
integrated into 2D TOCSY, as shown in Fig. 1C. The pulse
sequence of SMLS method shown in dotted green line boxes in
(Fig. 1A and C) utilized in the structured based on the principles
of the WET method.”””® This methodology, originally designed
for signal suppression, shares common elements, including
band-selective pulses for the targeted excitation of undesirable
signals and dephasing gradients for their effective dephasing.
The pulse sequence of conventional 2D TOCSY NMR is shown in
Fig. 1D and was used as a comparison with the SMLS-TOCSY
NMR method for different types of samples.

Results

A "H NMR spectrum assigned with respective functional groups
of lipids in dairy products dissolved in deuterated chloroform is
shown in Fig. 2(A-C).

The assigned peaks of lipids are as follows: -C-CH; (0.70
ppm), -CH-CHj (0.78 ppm), (CH,),,~CHj3 (0.84 ppm), and (-CHj)
(0.98 ppm) adjacent to vinyl groups in lipids, the (CH,),— (1.34-
1.75 ppm) methylene groups are bones of lipids, (-CH,~-CH=
CH-CH,-),, (2.00 ppm), and (OOC-CH,-CH,-), (2.35 ppm)
shown in (Fig. 2A), (-CH=CH-CH,-CH=CH-), (2.75 ppm),
(-CH,),~CHOH-(CH,),~ (3.50-3.75 ppm), (-CH=CH-CHOR-
CH-), (4.11-4.35 ppm), (~CH,~CH=CH-CH,-), (5.12-5.92
ppm), and (HOOC-CH=CH-),, (6.54 ppm) shown in (Fig. 2B),
aromatic (Ar) (-CH=CH-),, of phenolic compounds,*" primary
oxidized lipid into lipid-hydroperoxides®*** (7.11-8.20 ppm),
and secondary oxidized aldehydic-lipids® (9.20-9.80 ppm)
shown in (Fig. 2C). Double bonds show unsaturated fatty acids.
C-CH; and -CH-CHj; groups are found in cholesterol, and
(-CH=CH-CHOR-CH-),, indicates ester groups.®***%’

Application of the suppression method
to the cheese sample

Fig. 3A shows two parts as 1D 'H (Fig. 3m) and 'H-SMLS
(Fig. 3n) were used to analyze of cheese sample. The results
show that by selectively suppressing the methyl (0.71-0.98 ppm)
region by a residue factor of 0.08 and the methylene (1.34-1.75
ppm) region by a residue factor of 0.20 in "H-SMLS compared to
1D 'H where original intensity of peaks was considered as
normalized unit, the enhanced sensitivity of the low intense
peaks by a factor of 2.77 in the "H-SMLS spectrum compared to
the "H spectrum shown in sections (a)-(c) of Fig. 3A. Residue
factor was measured as the relative intensity of signals of 1D 'H
and "H-SMLS spectra where intensity of signals of 1D 'H was
considered as one.*® At the highest noise levels of both spectra
in the regions of the aromatic, aldehydic, amine, and carboxylic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 (A) Pulse sequences obtained by 1D *H-SMLS NMR. The SMLS block was combined with the conventional 1D *H NMR method. The SMLS
block had two 90° pulses of EBurp2 7¢ for excitation of the selected bandwidth. The bandwidth of the pulse was 1000 Hz for 5 ms to cover the
regions of signals of methyl, methylene, and methylene near the first methylene groups which are found in higher numbers compared to the
number of other functional groups, and the phases are ¢; = x. 4 is the evolutionary duration of the homonuclear coupling nuclei of protons and
less than 1/4 3J,y. It has two gradients for the dephasing of magnetization: g; = 47%, and g, = 27%. The rectangular black bar shows a hard 90°
pulse with phase ¢, = x —x —x xy —y —y Y, and receiver phase ¢r = X —x —x Xy —y —y y. t, is the time for acquiring the free induction decay (FID).
(B) The pulse sequence of conventional 1D *H NMR. The parameters have the same definitions as for 1D H-SMLS. This sequence excludes the
SMLS block. Spectra of different types of samples were recorded using 1D *H and 1D *H-SMLS for comparison. (C) The pulse sequence of 2D
SMLS-TOCSY NMR with the SMLS block to suppress the methyl and methylene regions. See (A) for details about the SMLS block. The narrow
rectangular filled black bars are 90° hard pulses with phases of ¢, =x —X, g3 =X XX X =X —X —X —X, and ¢4 =X X XXX XXX —X —X —X —X —X —X —X —X,
and the broad rectangular filled black bars are 180° hard pulses with phases of ¢g = —x —x —y —y, and ¢g = —x —x —x —x —y —y —y —y. The half sine
shapes with gray colors are 180° angled pulses of ¢ps =x xyy and ¢ =xxx Xy y y y. The phase of the receiver gg =X —X =X XX —X —X X —X X X —X —X
x x —x. Gradients are gz = 1%, g4 = 3%, g5 = 31%, and ge¢ = 11%. DIPSI-2 was used to mix coherences for 60 ms. Durations t; and t, are
homonuclear coupling evolutions and collections of FID, respectively. (D) The pulse sequence of conventional 2D TOCSY NMR. The setup is the

same as in (C) except for the exclusion of the SMLS block.

groups, we could quantify the peak heights better in "H-SLMS
than the "H method.

At the highest saturation level of cheese (dissolved in chlo-
roform) resulted in the highest concentration of lipids, preser-
vatives, and other impurities, but their concentration levels for
NMR are still low where methyl and methylene peaks dominate
other signals (see Fig. 3A). Suppressing these peaks revealed
increased sensitivity of peaks of the hydroxy, ester, aliphatic,
primary oxidized lipid into lipid-hydroperoxides, and aromatic
regions because level of the suppression of these two types of
intense signals cause results in proportional increment.”

2D TOCSY and SMLS-TOCSY spectra of cheese samples were
shown in Fig. 4A and B, respectively. The inhomogeneity of the
functional groups in the case of their fractional availability in
the lipids resulted in ridges of high-intensity peaks, compli-
cating the analysis. Such as, the methyl and methylene groups
were present in the highest ratio among all groups, resulting in
high-intensity peaks that overwhelmed the cross peaks corre-
lated with other groups. The overwhelming of the cross-peaks
and inhomogeneity of the cross-peak intensities were reduced
by applying a band-selective suppression of the methyl and

© 2024 The Author(s). Published by the Royal Society of Chemistry

methylene groups, which resulted in a more homogeneous and
more visible cross-peaks over the whole spectrum (Fig. 4B). 2D
spectra were compared at the same contour levels to acquire
significantly better visibility of the cross-peaks with higher
number in SMLS-TOCSY spectrum compared to TOCSY spec-
trum in the region 2.60-6.80 ppm along the F;-dimension
(Fig. 4C). A reduction but not complete disappearance of cross-
peaks in the region 3.20-4.00 ppm along F,-dimension, where
these cross-peaks appeared due to correlation with the methyl
and methylene groups, was observed. These cross-peaks play an
important role in the structural identification of compounds by
providing information about the correlation among protons,
helping us identify compound skeletons. A reduction in cross-
peak visibility of the hydroxy regions along F,-dimension is
achieved by reducing the contour levels. The visibility of the
peaks was increased in hydroxy, esters, and (aliphatic, and
aromatic) unsaturated regions by using SMLS-TOCSY compared
to TOCSY. Suppressing the methyl groups (0.75-0.98 ppm) by
factors of 0.03 and 0.65 and the methylene groups (1.34-1.75
ppm) by factors of 0.07 and 0.27, where these fractions are the
residues of suppressed peak intensities, rest of peak intensities

RSC Adv, 2024, 14, 26873-26883 | 26875
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Fig.2 Arepresentative 1D *H-NMR spectrum assigned with functional
groups of lipids at their corresponding chemical shifts of a cheese
sample dissolved in deuterated chloroform.”®-#°

are increased by a factor of 1.83 (Fig. S1A%). Similarly, the visi-
bility of the peak intensities increased by a factor of 1.83 in the
3.00-5.15 ppm region and the appearance of new peaks, espe-
cially in the unsaturated aliphatic and aromatic groups, as well
as the peak intensity in the aromatic region was achieved by
factors of 8.89, 4.49, 50.00, and 7.46 due to peaks having
different longitudinal relaxation times (Fig. S17).

For the comparison of 2D-SMLS-TOCSY with 2D-Suppression
of Unwanted Signals (SUN)-TOCSY® to evaluate the potential
advantages of the former method over the latter. Upon
comparing the 2D spectra of SMLS-TOCSY with that of SUN-
TOCSY at identical contour levels, the appearance of cross-
peaks is similar, encompassing both dimensions, as well as
the suppression levels of methyl and methylene groups in both
spectra. However, the suppression of the water signal at
1.30 ppm is less effective in the SUN-TOCSY, resulting in a more
intense axial peak of zero-order along the F;-dimension
compared to the SMLS-TOCSY. This is a notable drawback of
the SUN-TOCSY method relative to the SMLS-TOCSY method.
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Despite this, the overall number of cross-peaks remains equal at
different contour levels in both spectra.

Application of suppression method to
butter sample

Applying the same suppression method to 1D 'H on the butter
sample resulted in a significant suppression of the methyl
groups (0.70-0.98 ppm) by residue factors of 0.05, and 0.13 and
of the methylene groups (1.34-1.75 ppm) by residue factors of
0.11 and 0.16 (Fig. S3At). This suppression resulted in
enhancement of sensitivity of peaks of the hydroxy, ester,
aliphatic, and aromatic regions by a factor of 2.65 shown in
sections (a), and (b) of Fig. S3A.1

The spectra of both 2D TOCSY and SMLS-TOCSY overlapped
each other at similar contour levels, which made it possible to
see changes in the visibility of cross-peaks when applying the
suppression method (Fig. 5).

The visibility of the cross-peaks in the aliphatic unsaturated,
and hydroxy regions increased significantly along F;-dimension
shown in light green shaded rectangular (a) of Fig. 5, which
assisted with tracing the low intensity peaks. Similarly,
increased visibility in the case of aromatic unsaturated region
shown in light green shaded rectangular (b) of Fig. 5. The
expanded spectra of these shaded rectangular regions (a), and
(b) of Fig. 5 were shown for clear view to observe increased
visibility. As expanded spectra with acceptable noise levels,
revealing better sensitivity, and visibility in the cross-peaks in
the spectrum of SMLS-TOCSY compared to that of TOCSY.

Projected 1D "H of TOCSY and SMLS-TOCSY were compared.
A significant suppression of the methyl groups (0.70-0.98 ppm)
by residue factors 0.05 and 0.78 and of the methylene groups
(1.34-1.75 ppm) by residue factors 0.11 and 0.33 greatly
enhanced the visibility of highly intense peaks by a factor of 3.00
in the projected 1D "H of SMLS-TOCSY and of TOCSY (Fig. 6B).
The visibility of low intense peaks increased on average 3.12
times in the region 2.70-5.15 ppm, and an average of 3.54 times
in the region 5.89-9.90 ppm in which resonances of lipid-
aldehydes from its secondary oxidized lipids near 10 ppm
chemical shifts shown in sections (a) and (b) of Fig. 6A.

The 2D-SMLS-TOCSY spectrum exhibits cross-peaks within
the green-shadowed rectangular box, whereas the 2D-SUN-
TOCSY spectrum shows an absence of these cross-peaks
within its corresponding green box at identical contour levels.
A similar issue in the 2D-SUN-TOCSY method is the appearance
of axial peaks due to the evolution of zero-order coherence of
the water signal along the F,-dimension, in contrast to the
SMLS-TOCSY. Nevertheless, the overall number of cross-peaks
remains consistent across different contour levels in both
spectra.

Application of the suppression method
to lipid stock solution

Applying the suppression method to 1D "H in a stock solution of
lipids significantly suppressed the methyl signals by a residue

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) Typical 1D *H-NMR full spectra from conventional (m) 1D H and (n) *H-SMLS of a sample of cheese dissolved in deuterated chlo-
roform. These spectra were divided into three sections for a clear view of spectral peaks. Sections with chemical shift regions 2.90 to 4.00 ppm

(a), 4.12 to 8.00 ppm (b), and 8.01 to 9.58 ppm (c) of (A).

factor of 0.04 and the methylene groups signal by an average
residue factor of 0.13 to reveal the enhanced sensitivity of peaks
of hydroxy, ester, methylene adjacent to unsaturated, aliphatic,
and aromatic unsaturated groups shown in (v) of Fig. S5A.1 The
sensitivity of the high-intensity peaks was enhanced by a factor
of 2.89, while that of the low intensity peaks was enhanced by
a factor of 3.01 in 1D "H-SMLS in sections (a)-(c) of Fig. S5A.1
For 2D TOCSY (Fig. S6At), the suppression method significantly
suppressed the methyl and methylene signals by residue factors
of 0.10 and 0.18, respectively, leading to more visible cross-
peaks that were overwhelmed by the ridges of the high-
intensity peaks of the methyl and methylene groups in 2D
SMLS-TOCSY (Fig. S6BY). Applying the suppression method,
more intense cross-peaks were observed in the hydroxy,
aliphatic, and aromatic regions, whereas a reduction in the
intensity of cross-peaks correlated with the methyl and methy-
lene regions along F,-dimension. A comparison between pro-
jected 1D "H NMR of these two 2D TOCSY methods was done to
estimate the peak intensities in their corresponding numbers of
enhancements sensitivity of peaks. Peaks for the methyl and
methylene groups were suppressed by residue factors of 0.10
and 0.18, respectively (Fig. S7At). The projected spectra of
TOCSY and SMLS-TOCSY showed the visibility of peaks for the
hydroxy and methylene groups adjacent to unsaturated and

© 2024 The Author(s). Published by the Royal Society of Chemistry

aliphatic unsaturated regions increased by a factor of 5.46, that
of the aromatic region increased by 3.91 times, and that for
peaks at 9.50 ppm and 9.69 ppm were enhanced by 2.75 and
4.78 times, respectively shown in sections (a), and (b) of
Fig. S7A.t These enhancements depended on the time of the
longitudinal restoration of the equilibrium where aliphatic and
aromatic unsaturated protons have longer longitudinal relaxa-
tion times lies in the ranges (2.8-4.9) seconds,* and (3.33-6.19)
seconds,’* respectively.

Application of suppression method to
coconut oil sample

The utilization of the suppression method to 1D 'H on
a coconut oil sample significantly suppressed the methyl
signals by a residue factor of 0.16 and the methylene signals by
an average residue factor of 0.30, leading to greater enhance-
ment of sensitivity of signals of the other groups shown in (n) of
Fig. S8A.f The enhancement of high-intensity peaks was
enhanced by a factor of 6.38 and of low intensity peaks by
a factor of 5.41 in the regions 2.45-4.00 ppm and 4.02-5.82 ppm
and 7.50 times in the 6.90-9.56 ppm region in 1D 'H-SMLS
compared to 1D '"H shown in sections (c)-(e) of Fig. S8A.}
Applying the suppression method to 2D TOCSY NMR (Fig. S9AT)

RSC Adv, 2024, 14, 26873-26883 | 26877
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(A) A conventional 2D TOCSY spectrum and (B) a suppressed 2D SMLS-TOCSY spectrum. (C) Magnification of the rectangular shaded

areas in (A) and (B). Suppression of the methyl and methylene groups by band-selective excitation leads to enhance visibility of revealed the

cross-peaks underlying them.

analysis that suppressed the high-intensity signals of the methyl
and methylene groups in 2D SMLS-TOCSY (Fig. S9Bft). This
suppression resulted a significant reduction of the ridges of
these signals, resulting in more visibility in the 2.50-5.50 ppm
region along Fj-dimension and in other regions. Extracting
projections of 1D 'H spectra of TOCSY (s) and SMLS-TOCSY (t)
in Fig. S10AT shows a great suppression of signals of the methyl
groups by a residue factor of 0.03, and methylene groups by
residue factors of 0.22 and 0.06, resulting in enhanced sensi-
tivity of peaks by a factor of 1.77 in the 2.00-10.00 ppm region.

Application of suppression method to
olive oil sample

The application of the suppression method to 1D 'H on an olive
oil sample suppressed the methyl group signals by a residue
factor of 0.03 and the methylene group signals by residue
factors of 0.20 and 0.13, which revealed enhanced sensitivity of
the peaks of hydroxy, ester, adjacent to unsaturated, aliphatic,
and aromatic unsaturated groups in "H-SMLS compared to "H
in (y) of Fig. S11A.1 The sensitivity of high-intense peaks was
increased by factors of 3.38 and 3.60 and of low-intensity peaks
by a factor of 3.60 in the 1D "H-SMLS spectrum compared to the
1D 'H spectrum shown in sections (a) and (b) of Fig. S11A.T

26878 | RSC Adv, 2024, 14, 26873-26883

Regarding 2D TOCSY (Fig. S12A7), suppression of signals of the
methyl and methylene groups led to more visibility of cross-
peaks in the 2.55-6.00 ppm region along F;-dimension in 2D
SMLS-TOCSY (Fig. S12Bt). Cross-peaks were observed for the
hydroxy, ester, and aliphatic unsaturated groups. A comparison
between the projected 1D 'H NMR spectra of 2D TOCSY
(Fig. S12A1), and 2D SMLS-TOCSY (Fig. S12Bf) NMR spectra
were estimated the peak intensities with the respective numbers
of enhancements. The projected 1D 'H spectra of TOCSY and
SMLS-TOCSY were shown in Fig. S13A.7 The signals of methyl
groups were suppressed by a residue factor of 0.05, and the
methylene groups by 0.61 and 0.40, while increased visibility
estimated with the peak intensities of the hydroxy, ester,
methylene adjacent to unsaturated, and aliphatic unsaturated
regions increased by a factor of 5.20 shown in (b) of Fig. S13A.T

Discussion

In most lipidomics research employing 'H NMR-based
methods, a process of relative and absolute quantification or
spectral binning is usually carried out, followed by a multivar-
iate statistical analysis.®>*® This approach enables the probing
of alterations and impurities in lipids compositions found in
different types of samples such as dairy products, plants oils,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 2D overlapped spectra of TOCSY (red) and SMLS-TOCSY (blue) of the butter sample. The green shaded rectangles (a) and (b) were

expanded below.

tissue and biofluids. These alterations are caused by different
factors including toxin exposure, disease, preservation addi-
tives, or other sources of contamination.®**° 2D 'H-'H TOCSY
NMR enhances the resolution of lipid signals by splitting the
signals across two dimensions, offering improved resolution
although it prolongs the experimental time by several
hours‘1007102

Comparing 1D "H and "H-SMLS NMR findings for the cheese
sample revealed significant enhancements of peak intensities
in the "H-SMLS spectrum. By selectively suppressing the signals
of the methyl and methylene groups with remain residues 0.08,
and 0.20, the enhanced sensitivity of the other peaks was
revealed by a factor of 2.77 compared to the "H spectrum
(Fig. 3). Similarly, the 2D TOCSY and SMLS-TOCSY spectra
showed that the application of band-selective suppression of
the signals of methyl and methylene groups with residue values
of 0.03 and 0.27, respectively, resulted in more visible cross-
peaks. The visibility level of the peaks was improved by
a factor of 1.83 for hydroxy, ester, aliphatic unsaturated regions
and by 8.89, 4.49, and 7.46 for aromatic regions (Fig. S17).

© 2024 The Author(s). Published by the Royal Society of Chemistry

Applying the suppression method to the 1D 'H analysis of the
butter sample resulted in a significant suppression of the signal
intensity of the methyl and methylene groups with residue
values of 0.05, and 0.11 respectively, the visibility of the other
peaks increased by a factor of 2.65 (Fig. S3f). A comparison
between the 2D TOCSY and SMLS-TOCSY spectra revealed an
increased visibility of cross-peaks, particularly in the hydroxy
and unsaturated regions (Fig. 5). The projected 1D 'H spectra
showed significant suppression of signals of the methyl and
methylene groups with residue values of 0.05 and 0.33 respec-
tively, resulting in a substantial enhanced sensitivity of average
3-fold (Fig. 6). Similarly for the stock solution of lipids,
suppression of methyl and methylene signals with residue
factors of 0.04, and 0.13, respectively, the enhanced sensitivity
of the signals of hydroxy, ester, and adjacent unsaturated
groups was increased by a factor of 3.01 in 'H-SMLS compared
to 'H (Fig. S51). The 2D TOCSY spectra showed more visibility of
cross-peaks after suppressing the signals for the methyl and
methylene groups with residue values of 0.10, and 0.18
respectively. The projected 1D "H spectra of 2D TOCSY also

RSC Adv, 2024, 14, 26873-26883 | 26879
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Fig. 6 (A) Projected 1D 'H spectra of (i) 2D TOCSY and (j) 2D SMLS-TOCSY in stacked spectra with the estimated numbers of the peak intensities
of the butter sample. A significant sensitivity enhancement was achieved using the suppression method.

demonstrated a significant enhancement of visibility for the
peaks by factors of 5.46, and 3.91 of aliphatic and aromatic
unsaturated regions (Fig. S7t). Regarding the coconut oil
sample, a significant suppression of the methyl and methylene
group signals with residue values of 0.30, and 0.16 respectively,
led to a substantial enhancement of the sensitivity for the peaks
of the hydroxy, esters, aliphatic and aromatic unsaturated
regions by factors of 5.41, and 7.50, respectively (Fig. S87). The
2D TOCSY spectra showed more visibility of cross-peaks using
the suppression method, and the projected 1D 'H spectra
demonstrated significant suppression of methyl and methylene
groups with residues values of 0.03, and 0.22 respectively,
resulting in a substantial increase by a factor of 1.77 in the
visibility levels of the peaks of other regions (Fig. S10t). For the
olive oil sample, the suppression of the methyl and methylene
group signals with residues values of 0.03, and 0.20 respectively,
enhanced the sensitivity of the peaks of the hydroxy, ester,
aliphatic, and aromatic unsaturated regions by a factor of 3.60.
The 2D TOCSY spectra showed more visibility of the cross-peaks
when using the suppression method, and the projected 1D 'H
spectra demonstrated significant suppression of the methyl and
methylene groups with residue values of 0.10, and 0.18
respectively, resulting in a substantial increase in the peak
visibility levels by a factor of 5.20 in other region (Fig. S137).
The above results, which are summarized in Table S2, show
that the suppression method in 'H, and TOCSY leads to
significant suppression of methyl and methylene regions and
enhancement of sensitivity of signals and visibility of cross-
peaks of rest of the regions across various samples in 1D and

26880 | RSC Adv, 2024, 14, 26873-26883

2D spectra that contributes to a more accurate structural iden-
tification of compounds. This enhancement of visibility of the
cross-peaks and the homogeneity of the spectrum may play an
important role in increasing the reliability of NMR for qualita-
tive analyses in lipidomics. However, the 1D '"H NMR with
suppression method was limited with regards to the absolute
quantification of lipids. The enhanced intensity of the peaks
makes it possible to use "H NMR to trace minor impurities in
different types of plant oils, dairy products, and food
samples.’®™* In the case of 2D-SMLS-TOCSY, depends on
concentration or ration of number of suppression region
resulted proportionally visibility of low intense cross-peaks. The
comparison between the 2D-SMLS-TOCSY and the 2D-SUN-
TOCSY methods in cheese and butter samples reveals several
noteworthy aspects regarding their performance and effective-
ness. Upon examining the 2D spectra of both methods at
identical contour levels, it is evident that the appearance of
cross-peaks is generally similar, encompassing both dimen-
sions and showing comparable suppression levels for methyl
and methylene groups. However, a critical drawback of the SUN-
TOCSY method becomes apparent in its handling of the water
signal at 1.30 ppm. The suppression of the water signal is less
effective in SUN-TOCSY, leading to a more intense axial peak of
zero-order coherence along the F; dimension compared to the
SMLS-TOCSY. This inefficiency in water signal suppression is
a significant limitation of the SUN-TOCSY method, as it can
interfere with the clarity and accuracy of the spectral data.
While the reliability of NMR data is higher than MS data,
NMR spectroscopy and its handling come with greater financial

© 2024 The Author(s). Published by the Royal Society of Chemistry
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cost. Moreover, the cost increases exponentially with magnetic
strength. Benchtop 1D "H NMR uses lower strength magnets
but suffers from poor sensitivity. This sensitivity problem may
be solved by applying this suppression method.*®

Furthermore, NMR is more complicated and time-
consuming for lipidomics compared to MS, because the NMR
data are processed manually to predict the structure of the
lipids due to the few online databases available. For example,
the COLMAR web server can be used to analyze multiple TOCSY
spectra for structural identification,'”” but in the case of lipids,
the 2D TOCSY spectra suffer from inhomogeneities in the peak
intensities, with methyl and methylene peaks showing high-
intensity peaks that reduce the visibility of other peaks. To
overcome this obstacle, suppression method in 2D TOCSY NMR
would create more homogeneous spectra. Thus, adding the
suppression method to 2D TOCSY to apply on the COLMAR web
server would makes it possible to more easily trace cross-peaks
and a more accurate structural identification of the molecular
components of lipids.

Conclusion

The present study shows that the application of suppression
methods in 1D 'H and 2D TOCSY NMR spectroscopy improves
the visibility and sensitivity of peak intensity across various
samples. Having tested this method on multiple types of
samples (dairy, olive oil, coconut, oil, etc.), we show that many
molecular groups normally not visible in NMR spectra of lipids
can be seen in the hydroxy, ester, aliphatic, and aromatic
unsaturated regions. This is because the suppression method
specifically targets signals for methyl and methylene groups
without affecting the signals of other groups. Thus, this
approach will provide a more detailed structure of molecules
relevant to lipidomics.

Materials and methods
Sample preparations

Preparation of cheese sample. Soft cheese was purchased
from a local supermarket (Thuwal, Saudi Arabia). 50 mg of
cheese was dissolved in 700 pL of CDCl; solvent. The suspended
solution was vortexed for 5 minutes at 3000 rpm. Thereafter, the
solution was centrifuged for 10 minutes at 15000 g and 4 °C.
The supernatant was filtered in a microtip with cotton to get
a clear transparent solution of 550 pL in a 5 mm NMR tube for
NMR analysis.

Preparation of butter sample. Unsalted butter was
purchased from a local supermarket (Thuwal, Saudi Arabia).
20 mg of butter was dissolved in 700 pL of CDCI; solvent. The
suspended solution was vortexed for 5 minutes at 3000 rpm.
The solution was then centrifuged for 10 minutes at 15000 g and
4 °C. The supernatant was filtered in a microtip with cotton to
get a clear transparent solution of 550 pL in a 5 mm NMR tube
for NMR analysis.

Preparation of stock solution of lipids. A stock solution of
five lipids was prepared in 500 pL of CDCl; solvent with known
concentrations of cholesterol, a-linolenate (1.2 mM), palmitic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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acid (43.7 mM), a-lipoic acid (42.6 mM), dodecanoic acid (53.9
mM), and decanoic acid (60.4 mM).

Preparation of coconut oil sample. Virgin coconut oil was
purchased from a local supermarket (Thuwal, Saudi Arabia).
10 mg of coconut oil was dissolved in 500 pL of CDCl; solvent in
a 5 mm NMR tube and vortexed for 1 minute at 3000 rpm for the
NMR analysis.

Preparation of olive oil sample. Extra virgin olive oil was
purchased from a local supermarket (Thuwal, Saudi Arabia). 20
uL of olive oil was dissolved in 500 pL of CDCI; solvent in
a 5 mm NMR tube and vortexed for 1 minute at 3000 rpm for the
NMR analysis.

NMR analysis

A Bruker 800 MHz AVANACE NEO NMR spectrometer equipped
with a Bruker TCI (*H/">C/*’N) eryogenic probe (BrukerBioSpin,
Rheinstetten, Germany) was used to record all NMR spectra at
298 K, and the processing of spectra was conducted on
a Topspin 4.1.4. 1D and 2D NMR spectra were reproduced using
MS PowerPoint and Adobe Illustrator 2022. Acquisition and
processing parameters used in the 1D and 2D NMR experiments
are shown in Table S1.}
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