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Abstract: The field and laboratory applications of nuclear magnetic resonance (NMR) for
assessing the damage potential of drilling, completion, and production fluids are numerous.
Enhanced oil recovery, drilling, completion, and other applications use NMR to assess
emulsion droplet size and behavior in the pore space. When compared to other methods,
nuclear magnetic resonance (NMR) has shown to have the most promise for advancing
exploration and production in unconventional gas fields, and its usage in both laboratory
and field scales allows for the evaluation of unconventional gas resources. Geosteering,
logging while drilling, and other field uses of NMR in exploration and drilling were also
covered. The presentation concluded with an overview of the possible future paths of
NMR tool development, including the use of multi-dimensional NMR and the
improvement of the signal-to-noise ratio of the data acquired during drilling operations
(logging).

One way to test metabolites is with nuclear magnetic resonance (NMR). This technique
can pick up on things like amino acids, ketone bodies, lipoproteins, and even some
inflammatory markers. Metabolic disorders like diabetes, infectious diseases,
neuropsychiatric diseases like Parkinson's and Alzheimer's dementia, and the vast field of
cancer are among the many areas where nuclear magnetic resonance (NMR) has found use.
The discipline of NMR metabolomics is expanding rapidly as researchers work towards
the ultimate aim of personalized medicine: the ability to detect diseases earlier, tailor
treatments to individual patients, and track how well treatments are working. Lipoproteins
in serum, for instance, can be analyzed with the help of nuclear magnetic resonance
(NMR), which provides a plethora of information. Particle size and density allow for the
separation and quantification of the four lipoproteins: HDL, LDL, IDL, and VLDL. There
are four sizes for HDL and six sizes for LDL, for instance. Plus, you can measure the
proportions of each of their parts. Phospholipids, triglycerides, apolipoproteins,
cholesterol, and free cholesterol are all part of this group. An improved understanding of
disease mechanisms and diagnostic accuracy can be achieved by studying lipoprotein
profiles, which are changed in a variety of disorders and are crucial to metabolic activities.
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Introduction: For a deeper grasp of the reservoir and its characteristics, precise determinations of fluid and rock
parameters are required. A range of logging tools can be used to retrieve most of these properties in field applications.
Unfortunately, with the current state of well log technology, it is not possible to obtain precise data for crucial
petrophysical variables as permeability and capillary pressure curves [1]. For this reason, it is crucial to conduct
evaluations of oil and gas reservoirs using laboratory-scale measurements in order to precisely ascertain reserves and
possible recovery methods. This highlights the need of combining results from both the lab and the field. Logging
tools can conduct field-scale measurements of formation fluids using low-field NMR, and laboratory-scale
measurements taken with benchtop instruments can be used to cross-validate the field-scale measurements and expand
them for future research [1,2]. An operating Larmor frequency of © = 2 MHz may be used for both laboratory and
field-scale measurements; however, a stronger magnetic field might be used for lab-scale experiments, opening up a
wider variety of possible uses. Current industry technology allows for the acquisition of longitudinal relaxation time
(T 1), transverse relaxation time (T 2), fluid diffusion coefficient (D), and 2D nuclear magnetic resonance (NMR)
(e.g., T1-T 2T 2-D). The drilling mud filtrate may prevail to a depth of tens of centimeters, known as the flushed
zone, during the examination. Nevertheless, as we will see in the section titled "4 NMR Applications in Field Scale:"
the obtained signal could readily distinguish between the fluid phases, enabling reliable interpretation of the NMR
logging data. Logging while drilling (LWD), cased and open hole, and stationary data acquisition methods are also
possible. Service providers including Schlumberger, Baker Hughes, and Halliburton have created and developed a
number of NMR logging technologies. At 2 MHz with a minimum echo duration of 0.2 ms, Schlumberger's CMR-
Plus has the highest operating frequency of any industry product [3-5]. Halliburton offers the XMR, the deepest
exploration tool (102 cm) that operates between 0.547 and 1.183 MHz with a minimum echotime of 0.2 ms. In
addition, they created a LWD tool known as MRIL-WD that operates at a lower frequency (0.5 MHz with a minimum
echo time of 0.5 ms).

Static magnetic field BO to induce polarization through the sample, RF radiation applied at Larmor frequency, and a
coil to detect the emitted oscillating NMR signal are the main components for NMR benchtop basic experiments at the
laboratory scale. Typically, the two coils are the same. In order to gain more versatility and a wider range of uses for
NMR data, larger-scale studies are conducted in the lab. With the use of lithium ion battery electrolytes, chemical
structure under in-situ combustion conditions, upstream and downstream, nuclear magnetic resonance (NMR) has
demonstrated its reliability in the energy sector. But nuclear magnetic resonance (NMR) is still a young area of study
in the energy sector, and it offers a number of promising avenues for further investigation [6, 7]. Depending on the
parameters of the studies, a broad variety of magnetic field strengths can be used to take readings in the lab. The
classification is based on the strength of the magnetic field and the typical experiments performed in each category
[8]. The cryogenically cooled superconducting components of high-field NMRs produce a strong magnetic field with
great sensitivity, making them ideal for application in chemistry, particularly for the elucidation of molecular and solid
structures.

Research on porous media (rock core relaxation and diffusion) and engineering systems makes extensive use of it.
Also, certain low-field magnets are tiny and portable [9]. Petrophysics and enhanced oil recovery (EOR) are the
primary areas where nuclear magnetic resonance (NMR) is used in petroleum engineering for research conducted on a
laboratory scale. Because it accurately determines porosity, pore size distribution, fluids saturation, and
permeability—all without invasive procedures—NMR petrophysical core analysis is a powerful and dependable
technique for routine core analysis (RCA) [10-12]. Additionally, NMR can be used to measure wettability, capillary
pressure, and clay mineral analysis as part of special core analysis (SCA) investigations.

Uses for improved oil recovery

A variety of processes, including drilling and enhanced oil recovery (EOR) activities, can be better understood with
the use of nuclear magnetic resonance (NMR) (Kenyon 1997). To assess the efficacy of the EOR therapies, various
NMR measures can be employed. To record the alterations to the rock porosity system caused by EOR treatment, the
standard method use T2 distribution. T2 can also be used to track the saturation levels of the fluids in EOR trials,
which improves the design and assessment of EOR techniques [13, 14]. By utilizing T2 methodology, one may
evaluate oil saturations over time, as well as track the remaining oil saturation for various EOR procedures in the
reservoir (via NMR logging) and in controlled laboratory settings.
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In addition, the non-invasive NMR pulsed field gradient (PFG) approach can be used to determine the diffusion
coefficient for many fluids. This information is useful for early EOR treatment stage method selection based on the
pore network. One way to test compounds for potential use in EOR treatments is by employing diffusion
measurements to evaluate pore coupling. For instance, in cases where the reservoir's connection is inadequate,
chemicals can be employed to enhance the pores' connectivity; [15-17] however, fluids with a high injection pressure
requirement should not be included. When developing and testing various fluid systems for EOR applications,
knowing the apparent diffusion coefficient is a great way to have a better idea of how the oil and water distribute
across porous surfaces.

The use of nuclear magnetic resonance (NMR) in the lab and in the reservoir (via NMR logging) allows for the
assessment of oil saturations at various times and the monitoring of remaining oil saturation for various EOR
procedures. In laboratory settings [18, 19], low-field NMR measurements can be employed to assess EOR treatments
for both conventional (light and heavy oil) and unconventional (shale oil) reservoir types.

Screening several chemicals for EOR applications, including CO2, surfactants, and polymer flooding, is the main goal
of NMR experiments. In most cases, the saturation profile with respect to distance or in conjunction with the treated
rock samples is generated from the distribution of T 2 relaxation time. Getting the T 2 relaxation time profiles both
before and after the treatment can give you a decent idea of the saturation distribution and how much oil is still there
[20-24]. Chemical elective imaging, complete signal suppression, and paramagnetic doping are some of the methods
that can be employed to ascertain the oil saturation. Rock type, composition, and chemical type are among the many
variables that go into deciding which method is best [25].

Using nuclear magnetic resonance (NMR) to assess EOR operations has several benefits, one of which is the ability to
optimize EOR performance through comprehensive and continuous monitoring of remaining oil saturation. Chemical
enhanced oil recovery (CEOR) procedures can be followed using nuclear magnetic resonance (NMR) imaging of the
surfactant's adsorption-induced changes in pore surface wettability [26, 27]. Conversely, desktop NMR devices are
primarily designed for use with tiny core samples, typically ranging from 2 to 4 inches in diameter [28]. This can limit
their ability to analyze longer core samples. To get around the capillary end effect and get more accurate results from
coreflooding investigations, large core samples (6-20 inches) are usually used. We had to chop the core samples into
little pieces and create composite cores during the chemical flooding because these long samples cannot be used for
NMR experiments.

To further understand the oil recovery mechanisms for various surfactants, the NMR technique was used to track the
0il-AS contact. In addition, by identifying the blocked pores that the injected chemicals can use to displace the oil,
NMR analysis aids in evaluating the injectivity issues that arise during AS flooding. Eight core samples with high
permeability (120-1200 mD) were utilized to track the oil saturation during water flooding and sulfonate-based NS
injection utilizing a low-field NMR technique [29].

Fundamentals of Nuclear Magnetic Resonance (NMR) Thermoanalysis: According to nuclear magnetic resonance
(NMR) theory, all nuclei have an electrical charge and a large number of them have spin. The use of an external
magnetic field allows for the transfer of energy from the base energy to a higher energy level, often through a single
energy gap [30-33]. The energy is transferred at a wavelength that is corresponding to radio frequencies, and it is also
released at the same frequency when the spin goes back to its base level. An NMR spectrum for the relevant nucleus is
obtained by measuring and processing the signal that corresponds to this transfer.

Basic principal of NMR (Nuclear magnetic resonance)
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To maximize oil output, we measured oil recovery during CO2 injection and tried out various soaking durations
during huff-n-puff (HnP). Using the T 2 relaxation time as a basis, the NMR approach was employed to generate the
profiles of free fluid (FF), capillary bound fluid (CAF), and clay-bound fluid (CBF). Using low-field NMR
measurements, the fluid displacements across various pore sizes and system pressures were studied. In the first and
second cycles of CO 2 injection, the free fluid and a majority of the capillary-bound fluid were retrieved from the
small and medium pores, according to the NMR data. In contrast, the clay-bound fluid did not undergo any
modifications. On the whole, the saturation profiles for the free, capillary bound, and clay-bound fluids were provided
by the floods and NMR measurements, which helped optimize the CO 2 injection.

steps in the polymer flooding process can benefit from NMR. These include characterizing the polymer, tracking its
passage through the porous media, and detecting any plugging that may occur. Nucleotide MR analysis allows one to
evaluate the alterations in the chemical composition of polymers. In addition, NMR measurements can be taken in-situ
to assess gelation characteristics including gel strength and gelation time. Since nuclear magnetic resonance (NMR) is
a non-destructive test that permits rapid and accurate measurements, it is an attractive tool for investigating polymer
flooding processes. Research on the use of NMR in EOR operations is relatively new, and there have only been a few
of studies done thus far. Additionally, additional research is necessary to fully understand how oil and injected fluids
interact during polymer flooding. When it comes to EOR activities, the NMR approach will be crucial in revealing
how the rocks and fluids behave.

Also, NMR logging is employed to ascertain the in-situ oil saturation on a reservoir scale. The rapid data collecting
rate of nuclear magnetic resonance (NMR) allows for the generation of continuous profiles of oil saturation. In
addition, nuclear magnetic resonance (NMR) logs can track the injection of chemicals and show where the chemical
and oil saturations are distributed. So, for all chemical EOR pilot testing, NMR logging is typically advised to be
done. Further improvement of oil recovery operations can be achieved by combining the NMR method with
coreflooding trials; this will allow for a more accurate evaluation of the residual oil saturation, which can then be
supplemented with field pilots.

Different Forms of Nuclear MR Imaging

Chemical analysis makes use of solid-state NMRs to identify structural changes brought about by phase transitions
and other solid-state processes. Magic angle spinning (MAS) is the most common method used in solid-state nuclear
magnetic resonance (NMR). By narrowing the wider lines of the NMR, this magic angle improves the sample's
resolution, which in turn yields isotropic values and spinning sidebands that identify the nuclei's CS, allowing for
more exact structural assessment in solid materials.

Nuclear Magnetic Resonance Imaging of Phosphorus:

To investigate the chemical and structural makeup of various samples, solid-state nuclear magnetic resonance (NMR)
makes use of isotopes like phosphorus. Orthophosphate diesters, polyphosphate, phosphonates, orthophosphate
monoesters, and orthophosphates were among the phosphorus compound classes that were discovered.
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Nuclear Proton Magnetic Resonance

One of the first and most common atoms utilized in nuclear magnetic resonance spectroscopy is the proton. It can also
be referred to as hydrogen-NMR (1H-NMR), and it reveals details about the surrounding environment and the various
hydrogen types in the molecule. The primary materials' 1H-NMR spectra reveal a narrow chemical shift (CS) range
for the typical molecule under investigation. A wide variation in the magnitude of the coupling constant was noted,
with this CS ranging from +14 to -14 ppm.

#Silicon Magic Angle Spinning Nuclear Magnetic Resonance

An important element, silicon has a natural occurrence of 4.70 percent with the half spin nucleus of its 29Si isotope,
which is utilized in ?Si-NMR. This spectroscopic method is only one more tool in the toolbox for studying organic
molecule structures. It has a low resonance frequency because its magnetic moment value is slightly low. From +50 to
-200 ppm, 29Si-NMR changes are most prominent. From +50 to -200 ppm, °Si-NMR changes are most prominent.

YFluorine Magic angle Spinning Nuclear Magnetic Resonance

With the exception of the 19F isotope, naturally occurring fluoride isotopes are present at extremely low
concentrations. The sole stable fluorine isotope present in significant amounts is F-19. The 19F MAS NMR technique
makes advantage of it because of its high quantity and excellent nuclear properties.Among the most accessible NMR
nuclei is the 19F nucleus, and the 19F-NMR technique is much faster than the 1H-NMR approach [33]. The spin of
fluorine is half-nucleus. It has a binding energy of 147,801 keV and typically has nine electrons surrounding its
nucleus in molecules. Fluorine is very reactive to NMR measurements with an exceptionally wide CS range because
of the sensitivity of 19F-NMR spectroscopy to its CS, which allows for the analysis of precise details of the local
surroundings.

" Aluminum Magic Angle Spinning Nuclear Magnetic Resonance

The nuclear spin of ¥ Aluminum MAS-NMR is 5/2, and its natural abundance is 100%. Across a wide range of CS, the
aluminum nucleus responds strongly, producing wide lines. Finding the presence of aluminum and studying the likely
structural alterations of the many aluminum kinds are the primary uses of this NMR. Previous research has employed
27Al-NMR to see how the setting glass carbomer cement changes from Al (1V) to Al (VI).

Advantages of Nuclear Magnetic Resonance Spectroscopy
1. Noninvasiveness

Noninvasiveness is the hallmark of nuclear magnetic resonance (NMR). Thanks to nuclear magnetic resonance
(NMR), it is now feasible to study living cells and tissues without causing any harm to the material. The most obvious
benefit of NMR for in vivo research is that imaging and spectra may be acquired without sample destruction.

2. Lack of lonizing Radiation

The fact that NMR does not use ionizing radiation is another big plus. In vivo investigations employing ionizing
radiations are being conducted using a variety of methods. Thanks to nuclear magnetic resonance (NMR), researchers
and subjects are no longer exposed to radiation, which poses health risks to everyone involved. Instead of using
radioactive chemicals, nuclear magnetic resonance (NMR) makes use of stable isotopes like carbon-13 to quantify
metabolic fluxes. In addition to reducing the risk of radiation exposure to both subjects and observers, nuclear
magnetic resonance (NMR) technology does away with the disposal of radioactive tests and other potentially
contaminated items. In this way, NMR can guarantee worker safety and cut down on experimental expenses by
eliminating the need to dispose of radioactive materials.

3. Detailed Structural Analysis

Over the period, NMR has played a major responsibility in determining the mechanisms and chemical connections at a
molecular level. This technique has helped to obtain information regarding the minute details about the physical and
chemical characteristics of structures.25 NMR can also analyze the parameters of CS, and it can give details on the
local bonding environment around a particular atom, which could be calculated for the extended period of times with
NMR [34]. It utilizes the pseudo wave function to get information about large compound structures.27 NMR has the
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capability to assist studies of biochemical processes conducted in vivo, which is not efficiently achieved with other
imaging techniques. Lee et al28 proposed that NMR is a better-quality technique as compared with X-ray diffraction
in determining the archaeological bone structure.

Medicinal Biotechnology Applications

Avrtifacts limit the usefulness of CT scans of the head, whereas nuclear magnetic resonance (NMR) imaging of the
brain has no such limitations. One medical use of nuclear magnetic resonance (NMR) is the detection of malignancies,
hematomas, and other diseases in children.31 Because MS is so difficult to diagnose, nuclear magnetic resonance
(NMR) has emerged as the gold standard for MS testing. Some tissues, such bone, which has a low water content [35],
cannot release strong signals to generate images for nuclear magnetic resonance (NMR), but this technique is ideal for
other parts of the body, including the brain, where it creates clear and detailed images demonstrating the separation of
gray and white matter.

Furthermore, NMR appears to be successful in the early detection of breast cancer. A radiologist from Cleveland
claims that when there are numerous cysts in the breast, a mammography will not be able to tell the difference
between a little cancer and a spot, but nuclear magnetic resonance (NMR) imaging can.34 Additionally, the NMR
method provides excellent pictures of adipose tissues, and a substantial amount of fat produces stunning pictures [35].
Furthermore, NMR allows for thorough structural examination of blood vessel surfaces and irregularities, which is
very promising for the detection of vascular disorders.

The goal of dental treatment is to restore lost tissue as closely as possible while preserving the patient's own tissue.
Mechanical testers, physical testers, rheologists, and biocompatibility testers are just a few of the characterization
instruments used to study these dental biomaterials. Fortunately, nuclear magnetic resonance spectroscopy (NMR
spectroscopy) is a wonder tool for delving into the complex chemical reactions of materials. Gas ionomer cement
(GIC) [36], resin composites, dental bone cements, and periodontal membranes materials have all been the subject of
substantial NMR spectroscopy research. Through the use of nuclear magnetic resonance spectroscopy, Prosser et al.
demonstrated that tartaric acid inhibits the early gelation of cement in GIC by reacting with glass more rapidly than
polyacid.

Cement production causes the leaching out of Al ions in the glass from its surface layer, as shown by solid-state NMR
spectroscopy, and the cross-linking of Al in the GIC setting is particularly important.37 The biocompatibility,
strength, and remineralization property of a newly synthesized antimicrobial polymeric dental restorative material
were examined using NMR (1H- and 13C-NMR) spectroscopy in an experimental setting.38 The field of proteomics
has made tremendous strides in dentistry, which has greatly improved the diagnosis and treatment of oral disorders as
well as the study of molecular alterations that occur during the use of dental materials for the restoration or rebuilding
of soft and hard oral tissues [37]. Zhou et al. investigated 1H-NMR-based metabolomics to identify inflammatory
chemicals in saliva samples as potential indicators for orthodontically induced external apical root resorption. Clinical
dentistry and early dental diagnosis are two areas that can greatly benefit from NMR spectroscopy, which is
highlighted in this paper. Multiple biochemical signatures were identified in both the control and sarcoidosis patient
saliva, according to another study on salivary metabolomics. Omic technologies, such as nuclear magnetic resonance
(NMR), allow for the exploration of additional biomarkers in human saliva, which has attracted researchers as a
diagnostic oral fluid due to its noninvasiveness, ease of collection, and low cost.

Clinical Metabolomics and Customized Medicine via Nuclear Magnetic Resonance

When trying to make sense of nuclear magnetic resonance (NMR) and its potential use in clinical metabolomics and
personalized medicine, it's helpful to remember the method's limitations and strengths in these contexts [38]. Keeping
this in mind, we will look at the ways this analytical technique has been employed effectively and positively in various
projects and studies, as well as ways to improve upon its shortcomings. It is common to criticize NMR for being too
insensitive and having poor resolution when compared to other analytical methods, especially MS. The reality remains
that, even with all the advancements in technology over the past few years, the conventional metabolomics platforms
can only identify and quantify hydrophobic metabolites at concentrations in the micromolar range when using nuclear
magnetic resonance (NMR). In addition, specifically in 1D-NMR, the resolution might be severely compromised due
to signal overlapping caused by the lack of preparatory separative procedures for NMR analysis. Although the

CCME 2 (5), 33-48 (2024) VISION PUBLISHER | 38



resolution is substantially improved by multi-dimensional NMR techniques, sensitivity is still NMR's biggest
drawback [39]. It is clear that this method can only see a tiny fraction of the metabolome because many metabolites in
biofluids have concentrations that are either below or near the NMR detection limit. The part of the metabolome that
can be seen and measured by NMR is frequently of critical importance, so this limitation should be balanced out. On
the other hand, dependable metabolomics analysis should not be reduced to detecting a [40] maximum number of
metabolites, and there may be multiple of them.

Easy quantitation

ETABOLOMICS,

Properties Applications

Figure 3. Properties of NMR that allow specific advantages for clinical metabolomics.
Identification of Metabolite

Methodological advancements and the creation of two-dimensional technigues (e.g., COSY, TOCSY, HSQC) could
allow for a greater detection and quantification capacity for metabolites. Nuclear magnetic resonance metabolomics:
recent and future advancements delves more into these breakthroughs. Combining Nuclear Magnetic Resonance with
Mass Spectrometry in Clinical Metabolomics demonstrates how these two analytical platforms work well together,
and it's interesting to note that NMR might also be utilized to assist MS quantification [41]. Furthermore, nuclear
magnetic resonance (NMR) is the method most often cited for its ability to reveal organic molecule structures. The
identification of metabolites. For any metabolomics investigations to be accurate and relevant, accurate metabolite
identification is obviously crucial at multiple levels. It has been possible to assign metabolites by comparing the NMR
data between samples and reference spectra, thanks to the development of metabolites databases and automated
comparison techniques within the previous decade. We can mention HMDB, which is likely the most comprehensive
metabolite database, BNL-NMR, BMRB, Metabolight, and a few commercial platforms and software that enable the
identification and quantification of metabolites, such as the Bruker IVDr platform and ChenomX software®©.
Automated identification and search systems, ranging from simple to highly complicated, are a part of several of these
databases [42], which are linked to boost their effectiveness [43]. Adding more metabolites spectra and data and
developing more powerful algorithms for the automation of metabolite identification and quantification are obvious
ways to improve these spectrum databases and the tools for comparison, identification, and quantification.

Get Your Sample Ready

Analytical techniques, particularly NMR and MS, aren't always a good fit for the complex biological samples used in
clinical metabolomics. The complexity of the analyses is increased due to the introduction of a substantial risk of
variability, which necessitates the adaptation of pre-analytical methods, such as protein precipitation [44]. Spectral
approaches have been developed in NMR that minimize the preanalytical processes and the modification of samples.
For example, CPMG pulse sequences suppress protein signals and pre-saturation pulse sequences suppress water
signals. Consequently, NMR is faster and less prone to introducing unwanted experimental variability at this level.
This method is more versatile and can quickly analyze not only classical biofluids (such as blood, urine, saliva, and
cerebrospinal fluid) but also biopsies, cells, feces, and bronchoalveolar lavage fluid No chromatographic techniques
are required, which increases the method's flexibility. Liquid samples are typically required for metabolomics research
because of the analytical platforms used. Not only is this step not always easy to accomplish, but it can also cause
problems with reproducibility and waste time. These limitations would be mitigated by directly observing solid or
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semi-solid samples [45]. Metabolite measurements in live cells or tissues are now possible with the use of high-
resolution magic angle spinning (HRMAS) nuclear magnetic resonance spectroscopy, which has been used to identify
hundreds of chemicals. Although the resolution is not as good as in traditional high-resolution liquid NMR, this novel
application has the potential to be very useful in clinical settings, especially as a quick diagnostic tool (for biopsy
analysis, it only takes about 10-15 minutes). The approach's invasiveness can now be reduced thanks to recent
advancements in miniaturization, which bodes well for its potential clinical applications [46].

A Lipidomics Approach Based on Nuclear Magnetic Resonance

A vast class of macromolecules known as lipids fall within the metabolites category because of their molecular
weight. It is common practice to classify lipids into subgroups such as sterols, glycerolipids, phospholipids, ceramides,
sphingolipids, acyl-carnitines, and lipoproteins. They are essential to the functioning of many biological systems
because to their various roles as energy stores, signal molecules, protein transporters, and, of course, plasma
membrane components [47, 48]. Lydic and Goo (2018) and Guo et al. (2020) found that lipid dysregulation is
commonly associated with several diseases and pathological states, including cancer, diabetes, and cardiovascular
disorders. Lipidomics emerged as a separate area due to the immense relevance of lipids as a result of their
physicochemical specificities, large number, and crucial biological role; lipidomics had previously been a part of
metabolomics . The nature of the lipids, the abundance of isomers and isobaric lipids, the physicochemical qualities,
and the complexity of the samples are all major obstacles to lipid analysis. The substances included in the samples
also vary greatly in concentration. The current analytical method for lipidome analysis is mass spectrometry, often in
conjunction with gas or liquid separative techniques. This is particularly true in light of the devices that offer
additional separation via ion mobility, For a long time, NMR's insensitivity and lack of resolution meant that it could
only be used for basic research in lipidomics, such as 1) identifying biologically relevant lipid structures, 2)
investigating plasma membrane structure and composition with 13C-labeled precursors and 31P NMR, and 3) tracking
how pathological states affect lipid metabolism. Newer studies have shown that nuclear magnetic resonance (NMR)
can supplement mass spectrometry (MS) and be helpful in classical lipidomic analysis. To quantitatively and
selectively [49, 50] monitor phospholipid classes, one could use 31P spectroscopy. Furthermore, quantitative
investigations of lipids from the various main classes can still be conducted using proton NMR, even though it does
not provide fine lipid separation like MS. So far, this method has shown promise in clinical lipidomics in a number of
studies, and for semi-automated profiling, dedicated workflows and tools (like Lipspin) have been developed.

Advances in two-dimensional nuclear magnetic resonance (NMR) have opened up new avenues for lipid identification
and resolution enhancement. From chylomicrons to Very Low-Density Lipoproteins (VLDL), lipoproteins are a
family of supramolecular lipid transporters categorized by density [51]. Measurement of these particles, and more
especially their distribution profile across subclasses, is crucial in various pathological states, including cardiovascular
diseases, metabolic syndrome neuropathologies, and degenerative diseases.

An Approach to Fingerprinting and Its Clinical Biology Applications

Metabolomics has produced many potential methods, but fingerprinting is perhaps the most widely used so far. This
type of metabolomics study is one that does not have a priori metabolite identification but instead identifies spectral or
chemical patterns that may be associated with a disease or other condition. Clearly, this method is not at odds with
biomarker identification and quantification; rather, it takes a broader picture of the metabolome and how it may
change over time or as a result of disease. Instantly apparent is the potential diagnostic use of fingerprinting. On the
other hand, just like in clinical biology, it's very clear that this kind of application necessitates high throughput
analyses, consistency in results, robustness, and standardization of analytical methodologies. In fact, these are among
of NMR's strongest points [52, 53]. NMR works wonderfully for fingerprinting because of its adaptability to studying
big cohorts. Developing specialized procedures and methodologies is clearly necessary for this strategy, which
encounters several obstacles, particularly when it comes to multivariate analysis of the raw data. Metabomic
fingerprints have the potential to be highly beneficial in a preventative framework, which is crucial in the
individualized treatment approach, in addition to the diagnostic models they can produce. Indeed, tracking patients'
metabolomic profiles on a regular basis would definitely help spot abnormalities that may be associated with the start
of certain diseases earlier. There is also the matter of whether or whether NMR-based metabolomics has the potential
to become a tool in clinical practice [54], as well as how it stacks up against the methods already employed in clinical
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biology. Although there are many case studies that show how metabolomics could be useful in therapeutic settings,
there is still a long way to go before the field can be considered fully established. The only way to fill this need is for
metabolomics to catch up to the quality, robustness, and reproducibility requirements expected in clinical biology, and
NMR will undoubtedly play a significant part in this. While the identification of novel biomarkers is undeniably a
primary goal of metabolomics in clinical practice, the comprehensive nature of this method suggests that it has much
more to offer in the areas of disease understanding, progression prediction, patient stratification, treatment assessment
and adaptation, and treatment evaluation and adaptation [55]. Once clinical metabolomics has mastered and
standardised its data processing processes and analysis, it will surely give crucial information for enhancing patient
care, rather than competing with current techniques. With its analytical capabilities, resilience, and automation
simplicity, nuclear magnetic resonance (NMR) is undeniably a technology platform that will join other devices in
supplying doctors with the data needed for patient monitoring and diagnosis. To round things up, we should also
mention in vivo Magnetic Resonance Spectroscopy (MRS), which involves targeted nuclear magnetic resonance
(NMR) spectroscopy conducted inside an MRI machine [56]. This method is unique in that it permits study of the
human metabolome while the subject is still alive. Although in vivo and imaging applications of classical high-
resolution NMR spectroscopy are of great therapeutic interest, they have not been included in this study. To ensure
that nuclear magnetic resonance (NMR) continues to be a potent analytical tool in metabolomics, we will outline in
the sections that follow the ways in which its limits have been and will be overcome, as well as the methodological
and technological developments that will enable NMR to progress in the coming years. Additionally, we will look at
how this method works well with other analytical tools and why that synergy could be the key to unlocking the
metabolome's mysteries.

The Use of Nuclear Magnetic Resonance and Mass Spectrometry in Clinical Metabolomics

The great promise of nuclear magnetic resonance spectroscopy in clinical metabolomics was laid out in the preceding
section. It is notoriously difficult to conduct sensitive NMR metabolomics due to the method's inherent insensitivity
and the fact that most 1D 1H experiments on complicated biological materials experience non-negligible signal
overlap. This restricts its usefulness in a number of domains, including tailored healthcare. Indeed, signal overlap
further complicates the already challenging process of metabolite identification and, by extension, the subsequent
finding of biomarkers. This is why, as mentioned earlier, mass spectrometry-based metabolomics has surpassed
nuclear magnetic resonance spectroscopy in most metabolomics studies. In addition to their many benefits, MS
methods are not without their limitations [57], such as an inconsistent and unreliable result or the difficulty in
determining which biomarkers match to the many features seen in MS spectra. These limitations should not be
disregarded in clinical research, as reliable and reproducible methods for comparing results across laboratories are
necessary for the identification of biomarkers of a specific disease or the response to a therapeutic intervention. The
complementarity of NMR spectroscopy and MS-based metabolomics methods has been extensively discussed over the
last fifteen years in an effort to circumvent the limitations of each method and make the most of their combined
strengths.

Fusion of Nuclear Magnetic Resonance and Mass Spectrometry Equipment

Various methods of hardware hyphenation have been recently detailed, but combining nuclear magnetic resonance
(NMR) with liquid chromatography (LC-NMR) and then with mass spectrometry (MS) (LC-NMR-MS) has been done
for a long time, particularly in the examination of natural products. Both pharmaceutical research and drug
metabolism have discovered this method to be effective. For example, made it possible to identify paracetamol
metabolites and endogenous chemicals in human urine by combining HPLC-NMR with an ion-trap MS. This triple-
hyphenated technique resolved the NMR signal overlap problem by effectively identifying phenylacetylglutamine,
which could not be done with 1 H NMR alone. However, according to [56], one of the most important steps in
identifying the sample's paracetamol-glucuronide conjugate isomers was the nuclear magnetic resonance analytical
component. The metabolism of fluorinated new drug candidates or drug intermediates was investigated in urine
samples of animal models using LC-NMR-MS in conjunction with 19F NMR spectroscopy, without the need for
special radiolabeling. The technological challenges of integrating methods with orthogonal analytical needs have
likely contributed to the community's declining interest in LC-NMR-MS during the last decade (Silva Elipe, 2003).
The Use of Mass Spectrometry and Nuclear Magnetic Resonance in the Exploration of Metabolic Processes The
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success of NMR and MS-based metabolomics procedures integrating datasets has outweighed the success of
hyphenating their respective hardware. Combining NMR with MS-based metabolomics has many benefits, the most
apparent of which is the increased metabolic coverage and, by extension, the increased likelihood of discovering novel
biomarkers. In fact, nobody in the metabolomics field has ever claimed that their method provides a comprehensive
picture of the metabolic environment. Several studies provided strong [57] evidence in favor of this view by
illustrating the interplay between the various platforms utilized for metabolite identification using a Venn diagram.
Human serum metabolome studies are well-known as an example. The authors identified 3,764 compounds using five
analytical platforms: NMR spectroscopy, LC-ESI-MS/MS, GC-MS, DFI-MS, and TLC-GCFID. Of these, only 200
were detected by two or more systems often. Quantitative data for a subset of the identified metabolites rounded out
the work; while there were some platform-specific discrepancies, overall, the results were in agreement. Additionally,
a NIST standard reference material for human plasma and its use in clinical laboratories were investigated using GC-
MS, LC-MS, and NMR in combination. Although there was some overlap between LC-MS and NMR identifications,
NMR was able to detect small sugars that were not directly accessible by LC-MS, and 353 metabolites were identified
in total. The analytical technique with the most unique identifications was GC-MS with 65. In a study that mirrored
the Human Serum Metabolome, researchers employed a combination of NMR, FIA-MS, GCMS, and LC-HRMS to
examine the skeletal muscle metabolome of mice. They found 132 discriminant metabolites, however only 17 of them
were detected by several analytical platforms. The article's analytical approach was designed to be easily modified for
use in human clinical trials, [58] which is an important consideration. Finally, three analytical platforms were used to
evaluate the therapeutic treatment's effect on human gastric cancer cells through lipidomics and metabolomics: NMR
spectroscopy, GC-MS, and LC-MS. This highlights the significance of utilizing various platforms when conducting a
study with the goal of capturing the metabolome in its entirety, or of selecting the right platform with care when only a
subset of the metabolome is of interest, due to the fact that different analytical platforms have different sample
preparation requirements and can only access a subset of the metabolome.

Harnessing the Power of NMR and MS to Assist in Metabolite Identification

Biomarkers are of great importance for understanding the roles they play in specific diseases, and as metabolic
coverage and sensitivity increase, there will be more to discover. When it comes to identifying biomarkers, the
complementary information gathered by NMR and MS-based techniques is a huge plus. This is particularly true when
high resolution MS (HRMS) is used to get precise mass measurements from parent compounds and their fragments,
complementing the structural information gathered by 1D and 2D NMR spectroscopy. Several comprehensive
methods for integrating the two have been put forth, including SUMMIT MS/NMR and NMR/MS translator. The first
one uses high-resolution mass spectrometry [59-62] (HRMS) data to predict NMR spectra and suggest potential
chemical formulas and scaffolds from complicated samples. The experimental HSQC NMR spectra of each sample
metabolite are compared to these predicted spectra after deconvolution. Since NMR/MS Translator begins with 1D
and 2D NMR acquisition, allowing putative annotations to be established by comparing experimental NMR spectra to
databases, it might be considered as the inverse of SUMMIT MS/NMR. Last but not least, the authors used this
strategy to discover hitherto unrecognized metabolites in human urine. The same team has also proposed using the
SUMMIT MS/NMR method on analytes that were still unidentified after using the NMR/MS translator method [63].
Biomarker identification in clinical research could benefit from automation of some processes in these two methods,
although this has not yet seen widespread implementation.

How Nuclear Magnetic Resonance (NMR) Contributes to Medical Physics in the Pathophysiology of Cancer

The complex and diverse disease of cancer remains a significant challenge to global health. Early and accurate cancer
detection is crucial for effective cancer therapy and better patient outcomes. Nuclear magnetic resonance (NMR) is a
vital tool in medical physics that helps with early identification, describing [64], and following up on different types of
cancer. This article delves into the ways nuclear magnetic resonance (NMR) is enhancing our comprehension of
cancer biology and explores the particular ways this method is being used for cancer diagnosis.

Nuclear magnetic resonance spectroscopy is a painless way to study and image atomic nuclei because it uses their
inherent magnetic properties. In medical physics and cancer detection, the proton (hydrogen) nucleus is the one that is
most studied. Radiofrequency (RF) pulses and strong magnetic fields are used in nuclear magnetic resonance (NMR)
to elucidate the molecular composition, structure, and dynamics of biological materials.
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Nuclear Magnetic Resonance (NMR) for Cancer Detection

Imaging with Magnetic Resonance (MRI): Nuclear magnetic resonance imaging (NMR-MRI) is a key tool in the fight
against cancer. Breast, brain, prostate, and liver cancers can all be better diagnosed and staged with the help of
magnetic resonance imaging (MRI). The ability to see soft tissues in three dimensions with great clarity [65] is made
possible by this. To better understand the tumor's size, location, and tissue involvement, it provides doctors with fine-
grained visuals.

The metabolic patterns of both healthy and cancerous tissues can be studied using nuclear magnetic resonance
spectroscopy. Imaging using Spectroscopy for the Study of Tissues. By analyzing the quantities of metabolites such as
citrate, choline, and lactate, NMR spectroscopy can differentiate [66, 67] between benign and cancerous cells. For the
detection of prostate cancer, this approach is quite advantageous.

Diffusion-Weighted Imaging (DWI): DWI use nuclear magnetic resonance (NMR) principles to quantify the diffusion
of water molecules in tissues. Limited diffusion is a common consequence of cancer cells' increased cell density and
altered cell membranes. The aggressiveness of tumors and the presence of benign or malignant lesions can be
determined with the help of DWI.

Some molecular and metabolic processes within cancer cells can be visualized using advanced nuclear magnetic
resonance (NMR) techniques, such as chemical exchange saturation transfer (CEST) imaging and hyperpolarized
NMR. Through the use of these methods, new insights into tumor metabolism and potential [68] treatment targets can
be revealed.

Innovations in NMR technology have increased its significance in cancer diagnoses. Thanks to the enhanced picture
resolution offered by ultra-high field MRI equipment, smaller lesions can be recognized. Thanks to hyperpolarization
techniques, nuclear magnetic resonance (NMR) has become a fast and sensitive tool for real-time metabolic imaging.

Problems, though, remain. Modern nuclear magnetic resonance (NMR) equipment and expertise may be out of reach
in certain healthcare facilities. In addition to specialized training for interpreting NMR data, additional standardization
and validation may be required before NMR may be integrated into traditional clinical practice.

When it comes to cancer diagnostics, NMR is the way to go. Developing portable and cost-effective NMR cancer
screening equipment is the focus of continuing research. Recent advances in machine learning and artificial
intelligence have made it possible to automate the examination of nuclear magnetic resonance (NMR) data, which
speeds up the diagnostic process. When combined with other imaging modalities such as computed tomography (CT)
and positron emission tomography (PET) [69-73], nuclear magnetic resonance (NMR) may also allow for a
comprehensive evaluation of cancer.

Among medical physicists, Nuclear Magnetic Resonance (NMR) has become an indispensable tool for cancer
detection. Its uses, such as magnetic resonance imaging (MRI), spectroscopy, diffusion-weighted imaging (DWI), and
molecular image analysis (MDA), allow for the early detection, precise characterization [74-77], and ongoing
monitoring of cancerous lesions. As technology advances and becomes more accessible, nuclear magnetic resonance
(NMR) will play an increasingly crucial role in enhancing cancer diagnosis. In the long run, this will lead to improved
outcomes for cancer patients and more tailored treatment regimens.

CONCLUSION

Nuclear magnetic resonance (NMR) is a potent tool for studying the behavior of rocks, fluids, and rock-fluid
interactions in porous environments. The oil and gas sector views it as a research trend because of this. An effective
method for cross-validating data from rock cores and logs is to use 1D and 2D NMR measurements, which may be
done both in a lab and on-site. The acquired signal inversion, experimental parameters, and pulse sequences were all
thoroughly explained. The use of nuclear magnetic resonance (NMR) in the petroleum industry shows great promise,
particularly for petrophysically characterizing reservoir features. In both conventional and unconventional fields,
nuclear magnetic resonance (NMR) is a powerful technique for petrophysically characterizing reservoir fluids and
rocks in laboratory core analysis and field logging instruments. Factors such as wettability, fluid saturation capillary
pressure, permeability, pore size distribution, and porosity are involved in this.
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Taking into account all of the possible benefits of the NMR approach, it is safe to say that it has become the method of
choice for any kind of diagnosis, treatment planning, treatment maintenance, and observing the behavior of foreign
materials' interactions with the human body. Many believe that more discoveries are on the horizon due to the fact that
NMR is still an evolving technology.

Noninvasive nuclear magnetic resonance (NMR) medical applications are currently gaining a lot of attention. There
are primarily two methods. The first uses 31P NMR spectroscopy as an analytical tool to detect and quantify the most
prevalent phosphate metabolites in different tissues. By tracking changes in intracellular cytoplasmic pH and levels of
these metabolites under different ischemia and hypoxia settings, one can detect metabolic disorders inherited in a
person and track their metabolic response to stress. The second main strategy is a totally different way of using
nuclear magnetic resonance (NMR) imaging. It makes use of 1H, the nucleus that is most abundant in living things
(mostly in water and lipids), to generate NMR pictures of any part of the body. With the use of non-uniform magnetic
fields applied over a body section, hydrogen nuclei in various elemental volumes can be tagged with distinct
frequencies. The signals from these tags can then be analyzed to create an image of the section. When imaging soft
tissues, nuclear magnetic resonance (NMR) imaging is superior to computed tomographic scanning.

This is supported by the many NMR-based papers, research, and results, which continue to advance this method. The
topic of NMR's future in metabolomic investigations has been raised by the recent advancements in mass spectrometry
coupled with liquid or gas chromatography, a more sensitive and higher resolution technology. As a result, NMR has
progressively taken a "second" seat. Nevertheless, metabolomics has encountered new demands and obstacles due to
its use in personalized medicine and clinical research. These include, but are not limited to, the need to analyze large
cohorts, stratify and follow patients longitudinally, and identify and quantify biomarkers. With its many strengths and
possibilities, NMR is well-equipped to meet all of these demands. Indeed, NMR spectroscopy has emerged as a
frontrunner in clinical metabolomics and personalized medicine, thanks to numerous recent methodological and
instrumental advancements that aim to increase sensitivity and resolution and show how well it complements mass
spectrometry. Another obstacle that metabolomics is encountering is the transfer of research from the lab to the clinic.
We believe that nuclear magnetic resonance (NMR) is a powerful analytical tool that can help us overcome this
obstacle and move closer to a more individualised approach to healthcare. In light of the many encouraging points
raised in this review, it is certain that NMR spectroscopy will continue to play an important role in clinical
metabolomics for the foreseeable future.
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