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Abstract: We detail the three main types of nuclear magnetic resonance (NMR) methods 

used to analyze foodstuffs and provide examples of each. Two approaches can be taken 

here: one involves studying the food of interest using various complementary NMR 

methodologies to get a complete picture of its structure and composition; the other 

involves using the food's specific problem (food fraud, safety, traceability, geographical 

and botanical origin, farming methods, food processing, maturation and ageing, etc.) to 

determine which NMR methodology is most suited; and lastly, one can start with a single 

NMR methodology and develop a wide range of applications to address common food-

related challenges and other food-related aspects using that methodology. One of the most 

potent methods for studying chemical reaction processes, analyzing sample components, 

and determining compound structures is nuclear magnetic resonance (NMR) spectroscopy. 

Initial applications of nuclear magnetic resonance (NMR) in the investigation of food 

moisture were as a quick and noninvasive analytical tool. Oil, protein, and carbohydrate 

analysis can reveal a food's structural composition. More and more, food scientists are 

using NMR in conjunction with multivariate statistical data. Despite its limitations in 

sensitivity and technical understanding, nuclear magnetic resonance (NMR) remains a 

powerful tool with promising future applications in food research. In this overview, we 

will look at how nuclear magnetic resonance (NMR) can be used to analyze various foods, 

such as oils, red wines, honey, milk, fruits, and vegetables. NMR has many uses: it can 

detect chemicals rapidly, determine where species came from, evaluate food quality, 

expose fraud, and estimate how long food will stay fresh. 
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Introduction: Many different areas fall under the umbrella of food science. When studying food, its degradation,

processing principles, and transformations, it blends fundamental subject theories from fields such applied biology, 

chemistry, physics, medicine, and engineering [1]. Metabolic reactions in plant development and food processing 

create extremely complex matrices with thousands of components, which are what we call foods.   

A number of factors, including variations in farming techniques, feeding practices, and processing processes, as well 

as environmental and climatic factors, affect the genetic and geographical components of food. Minerals, water, 

phenols, proteins, carbohydrates, lipids, and amino acids make up the bulk of it. Chemical reactions can occur during 

storage, transit, processing, and the addition of flavoring agents to alter the composition of food, which in turn affects 

its nutrition, taste, color, and quality [2].  

People have started to pay more attention to the nutrition and quality of food—its flavor and taste, shelf life, type, 

origin, year, and so on—because it is the fundamental physiological and biochemical energy source for humans. 

Consequently, picking the right technologies to test food composition, track changes in food composition after 

processing and transportation, and forecast food shelf life is becoming more and more critical in the food industry.  

One spectroscopic tool for analyzing chemical composition and physical characteristics is nuclear magnetic resonance 

(NMR). Nuclear magnetic resonance (NMR) found its first usage in physics before finding widespread use in 

chemistry, biology, medicine, and other disciplines. As far back as 1957, when low-field NMR was utilized to 

quantify food water content, NMR found a home in the food science area. Before the 1980s, nuclear magnetic 

resonance (NMR) was not commonly utilized for food analysis because of its immature technical theory, low 

sensitivity, and expensive equipment costs [3, 4]. Oil, vegetables, wine, and dairy products are just a few examples of 

the many foods that have benefited from nuclear magnetic resonance (NMR) analysis thanks to developments in probe 

technology, superconducting magnets, Fourier transform spectroscopy, and high-throughput technology.  

The primary application of high-resolution NMR is to acquire frequency domain spectra for the purpose of 

documenting chemical structures. Low-field nuclear magnetic resonance (LF-NMR) is a method that measures the 

diffusion coefficient D and relaxation time T1/T2 to reflect the mobility characteristics of individual protons in a 

sample, and it gives information on the chemical and physical surroundings of the sample. MRI relies on shifts in 

relaxation duration, as well as changes in the distribution and mobility of water in meals. 
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Figure 1. Biologically and statistically significant results require a well-designed experimental method, which is what 

an NMR-based metabolomics pipeline aims to provide. All the steps from sampling to data gathering and analysis are 

covered in this (Figure made with the graph platform in mind). 

Figure 2.  Nuclear magnetic resonance (NMR) analysis of plant metabolism. 

Nuclear magnetic resonance spectroscopy has made numerous varied contributions to our understanding of primary 

and specialized metabolism in plants. Despite mass spectrometry's (MS) superior sensitivity, nuclear magnetic 

resonance (NMR) has many benefits, including being quantitative, non-destructive, non-specific, and reproducible. 

Research on subcellular pH in tomato fruit using 13C NMR [5], carbon deprivation in cells or glyphosate herbicide 

sequestration in vacuole using 31P, and other in vivo NMR experiments are not covered in this review but have added 

to our knowledge of metabolism. We will not go into depth about the use of plant NMR imaging, [6] here, despite the 

fact that it is a powerful tool for seeing plant metabolites and internal structures and could provide important 

information about plant physiology and development. Instead, we'll highlight the significance of liquid-state and HR-

MAS (High Resolution Magic Angle Spinning) nuclear magnetic resonance spectroscopy in the field of plant 

metabolic research. These two methods have a lot of promise for green biotechnology in the areas of biofuels and 

biomaterials, but they also have a lot of promise for characterizing food and other samples generated from plants [7–

10]. But these uses are beyond the purview of this evaluation at the moment. 

For metabolomics and other areas involving plant metabolism and organic chemical composition, NMR can be 

employed either alone or in conjunction with other analytical techniques like MS [11–13]. In fact, nuclear magnetic 

resonance (NMR) and nuclear magnetic resonance (MS) work well together; whilst MS is primarily useful for its great 

sensitivity, NMR has other benefits, such as a high degree of repeatability and access to clear structural information. 

This article summarizes the most up-to-date research on plant metabolism using one-dimensional and multi-

dimensional nuclear magnetic resonance (NMR) techniques. In particular, it will demonstrate how nuclear magnetic 

resonance (NMR) has been a game-changer for targeted phytochemistry by allowing for the identification and 

quantification of compounds, as well as for the worldwide characterization of sample composition in metabolomic 

research. For this reason, nuclear magnetic resonance (NMR) methods are frequently employed to offer chemical 

snapshots of plant samples. Despite this, metabolic networks are in a constant state of flux, and NMR methods have 

been employed in certain specific instances to quantify metabolic fluxes following stable isotope labeling for decades. 

Accordingly, both 1D and 3D nuclear magnetic resonance (NMR) methods for fluxomics are detailed in the review. 

The primary audience consists of nuclear magnetic resonance (NMR) experts who are keen to delve deeper into the 

applications and capabilities of their preferred method in the realm of plant sciences. So, to help you out, we've 

provided a paragraph outlining the exact measures to take when getting your samples ready. Furthermore, a particular 

section is devoted to data processing and data exchange, since these factors greatly impact the quality of NMR 

metabolic research.  

https://www.sciencedirect.com/science/article/pii/S0079656517300043
https://www.sciencedirect.com/science/article/pii/S0079656517300043
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Time spent fermenting 

While grapes may supply some of the chemical building blocks for wine, the majority of the chemicals are actually 

made by yeast and lactic acid bacteria when they undergo metabolic activities during the winemaking process. Using 

nuclear magnetic resonance (NMR), we tracked the fermentation of histidine and malic acid in wine as it transformed 

into alcohol. Malic acid lactic acid fermentation turned histamine into histamine, and alcohol fermentation turned 

histidine into histamine alcohol [14]. On the other hand, lactic acid bacteria can be used to prevent histamine 

generation during the malic acid lactic acid fermentation process. Using 1H NMR spectroscopy, we can compare the 

metabolites produced by commercially available yeast starters with those of a few carefully chosen Saccharomyces 

cerevisiae starters that we create ourselves, allowing us to clearly identify wines that have been fermented with 

distinct yeast sources. The impact of non-yeast microorganisms and various techniques of managing malolactic 

fermentation on the quality of Barbera red wine during alcohol fermentation. The primary metabolite alterations 

during AF and MLF were identified using 1H NMR spectroscopy in conjunction with multivariate statistical analysis 

[15].  

Wines made with a blend of nonyeast bacteria and malolactic acid fermenting in the same tank might have a fuller 

body and more complex flavor profile. Organic and biodynamic wine identification was the subject of another 

investigation that employed 1H NMR and metabonomics. Amino acids and organic acids were associated with the 

chemical shift zone between 0.8 and 4.0 ppm, whereas phenols were located in the specific spectral band between 5.5 

and 8.5 ppm. Tyrosine and resveratrol were abundant in the organic brewing plan, but trans-caffeic acid was scarce. 

The results demonstrated that the metabolic properties of wine are most affected by the production year and the 

winemaking strategy. 

 The polyphenols in wine are responsible for their distinct flavors and hues. Polyphenols undergo gradual 

condensation and oxidation processes as wine ages, resulting in the formation of oligomeric and polymeric 

derivatives[16, 17].  The precipitates collected from 2012 and 2013 Bordeaux wines were quantitatively analyzed 

using solid-state NMR. The samples were subjected to temperatures of -4 °C or 4 °C for 2-6 days, and the sediment's 

evolution over the course of a year was tracked. It rained more heavily in 2012 than in 2013 while temperatures were 

low. In addition to organic acids and free amino acids, the sediment primarily included potassium tartrate, 

polyphenols, a trace quantity of polysaccharides, and tartaric acid, which is crucial for wine stability.  

This would mean that the amount of rain that falls has more to do with the year, the weather, and the type of grape 

than with how old the grapes are. Using 1H NMR spectra in conjunction with statistical analysis, ten distinct wines 

were able to be differentiated between the two maturing stages after being bottled for three months and kept at 12 °C 

for forty-eight months. Modest alterations in metabolites may also occur as wine ages. As people get older, they tend 

to have lower levels of organic acids such tartaric acid, lactic acid, and succinic acid, and higher levels of ethyl acetate 

and milk [18]. It is possible that the hydrolysis of tannins is responsible for the decrease in catechin and epicatechin 

concentration in polyphenols and the increase in gallic acid in nearly all red wines.  Although NMR metabolic analysis 

has a lower sensitivity than other analytical methods, it is useful for providing a full description of wine's evolution.  

Activation of water 

Measuring water activity is essential in food, particularly after drying, since it dictates the product's stability. Water 

content has an effect on growth and metabolism, and fruits and vegetables are rich in it [19, 20]. The microscopic 

growth, storage, and decay of fruits and vegetables can be better understood by measuring the dynamic changes in 

water. To determine the level of moisture in vegetables, Lv recently developed a device that combines microwave 

vacuum drying (MVD) with low field nuclear magnetic resonance (NMR). To represent the water condition, the signal 

amplitude T2 was utilized. While MVD resulted in the loss of many types of water, the most common of these was 

free water, which varied among vegetables. A linear fitting model can only utilize A2 to predict when drying will be 

complete, even if there is a strong correlation between the water content and the signal amplitudes of bonded water, 

fixed water, free water, and entire water (A2) at various stages of drying. 

The water states of several fruits and vegetables were tracked using LF-NMR spectroscopy while they were dried. A 

leftward shift of the T2 peak and a decrease in water activity occurred with drying [21]. It is possible that the sugar's 

change in condition during drying causes a decrease in shrinkage, since the T2 values of sugar-treated and plain dried 
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samples were comparable and exhibited a downward trend. On the other hand, tissue damage and a longer T2 

relaxation period are observed in samples treated with salt. The samples treated with salt or sugar had a similar effect 

on water activity, but the effect on T2 relaxation time was opposite. Both fresh and dried apples were tested for their 

polyphenol content and antioxidant capacity by Francini [22]. The six varieties of fresh apples varied in the amount of 

total polyphenols they contained. Even though the capacity to absorb oxygen radicals dropped following dehydration, 

the antioxidant activity remained strong. With a correlation coefficient of 0.842 (P < 0.001), the data demonstrated 

that the amount of phenol had a significant impact on the antioxidant activity. 

Bruker and SGF International collaborated to create spin-generated fingerprint profiling (SGF-Profile) as a means of 

analyzing fruit juice. At present, the database contains the spectra of over three thousand reference juices, 

encompassing over thirty distinct fruit varieties from over fifty different nations. A total of 29 components in apple 

juice were quantitatively examined using the SGF-PROFILE system's automated execution data analysis and report. 

These compounds included sugars, amino acids, organic acids, acetyl groups, arbutin, benzaldehyde, hydroxymethyl 

furfural, acetaldehyde, methanol, and ethanol. It may also identify different types of fruit and products, whether they 

have added sugar or acid, where they came from, and whether they are mixed fruits, depending on the model 

employed. 

Produce and fresh produce 

Fruits and vegetables have made extensive use of nuclear magnetic resonance spectroscopy for characterization. There 

are certain components of all fruits and vegetables that are associated with their biological activity, scent, flavor, and 

nutritional value [23]. Pomegranates from several parts of Iran were studied using 1H NMR and 2D NMR 

spectroscopy in order to refine the ecotype of pomegranates. Glucoside, glucose, and sucrose were the primary 

components of the pomegranate juice spectrum.  

It is possible to utilize citric acid and malic acid, the two primary organic acids, to distinguish between various 

ecosystems, which may be associated with variations in weather and terrain. Despite noticeable differences in total 

phenol concentration, pomegranate juices from Pakistan, Fordoss, and Kashma have comparable amino acid and sugar 

spectra. It is possible to differentiate the three production regions using phenolic compounds [24]. The primary 

metabolites in cellular processes, amino acids also provide light on the botanical ancestry of fruits. Botoran's group 

isolated ten distinct amino acids, with the exception of glutamic acid, that varied significantly between juice varietals. 

Stoichiometric approaches (PCA, LDA) can accurately categorize plant juices according to their amino acid 

profiles.We used nuclear magnetic resonance to examine the Piemonte apple metabolite spectrum. The proportions of 

glucose and sucrose can vary greatly from one apple variety to another, while fructose appears to be ubiquitous. The 

high chlorogenic acid level is a hallmark of most Piemonte cultivars. The most common type of fatty acid is di 

unsaturated, with saturated fatty acids coming in second. Citric acid, rhamnol, and phloridin/phloridin are three of the 

most useful components for apple variety identification [25]. 

Fruit metabolite variations during ripening can also be detected using NMR. It was utilized to describe and clarify the 

variations in key metabolites throughout the four phases of fruit ripening. Metabolism of amino acids, reduction of 

most organic acids utilized as respiratory substrates to generate ATP, and possible degradation of starch or sucrose to 

fructose and glucose are all processes that occur during maturation. Black raspberry's biological action is associated 

with phenolic substances including epicatechin and vanillin [26].  

If you are looking for information about the medicinal properties of black raspberry, NMR is a great place to start. At 

five distinct stages of banana maturity, the changes in metabolites were shown by 1D and 2D NMR spectra in 

conjunction with principal component analysis (PCA). Metabolites mostly consisted of sugar, amino acids, organic 

acids, and fatty acids. Banana quality was impacted by the five steps of carbohydrate and amino acid metabolism that 

occurred throughout aging. The quality was obviously higher in stages three and four. Another indication of banana 

aging was the conversion of dopamine to salbutamol in the fifth stage. One way to objectively measure whether fruit 

is ripe or starting to mature is with NMR spectrum data. 

1
H NMR and PCA-based analysis revealed variety dependent changes in phenolic contents of apple fruit after 

drying 

Researchers have used 1H NMR to examine the polyphenolic profiles, antioxidant capabilities, and total polyphenol 
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content of both fresh and dried apples. Using an air-drying system set at 45°C for 19 hours, six old and 

underappreciated apple varieties—Mantovana, Mora, Nesta, Cipolla, Ruggina, and Sassola—along with a commercial 

apple, Golden Delicious, were dried. Some apple types maintained a higher antioxidant capability than Golden 

Delicious, even when some of its polyphenol components were lost after drying [26]. For older, less-used cultivars, 

this finding is crucial since their unattractive appearance prevents them from being consumed in great quantities as a 

fresh product. To determine the nutritional worth of the many apple cultivars studied, we used a combination of 

quantitative nuclear magnetic resonance spectroscopy and principal component analysis to identify and quantify 

numerous polyphenols, including epicathechin, chlorogenic acid, and catechin. 

Metabolomic analyses of banana during postharvest senescence by 
1
H-high resolution-NMR 

People all throughout the globe love bananas, a tropical fruit. Organoleptic qualities and nutritional value are greatly 

influenced by its chemical composition. Employing nuclear magnetic resonance spectroscopy, this study examined the 

metabolite alterations that occur during postharvest senescence. Secondary and primary metabolites, such as organic 

acids, amino acids, carbs, and phenolics, were uncovered by 1D and 2D NMR spectroscopic data from banana fruit 

[27, 28]. While all five senescence stages of bananas displayed comparable chemical profiles, the amounts of the 

various components varied greatly. Postharvest senescence in bananas was caused by valine, alanine, aspartic acid, 

choline, acetate, glucose, gallic acid, malic acid, and dopamine, among other metabolites. Stage V saw the presence of 

ethanol as a result of glucose conversion. A byproduct of the dopamine conversion was salsolinol. This was a telltale 

sign of banana ripening after harvest. 

1
H NMR-based metabolomics for the discrimination of celery (Apium graveolens L. var. dulce) from different 

geographical origins 

The nutritious richness and presence of bioactive metabolites in celery (Apium graveolens L. var dulce) make it a 

popular vegetable for cultivation and consumption. A combination of 1H NMR spectroscopy and multivariate 

statistical analyses was employed to differentiate between geographically distinct celery stem and leaf samples in this 

investigation [29]. The disparities among celery extracts from three different countries—China, Taiwan, and 

Australia—were examined using principal component analysis (PCA) and partial least squares discriminant analysis 

(PLS-DA). Mannitol was identified as a strong discriminating metabolite [30–32], and it was shown that organic 

acids, sugars, and amino acids all play a role in the distinction between origins. Metabolite biomarkers that could be 

used for regional origin differentiation can be identified using NMR-based metabolomics, which has shown to be an 

excellent method for creating trustworthy metabolomic fingerprints and profiles. 

CONCLUSION 

Chemical composition, molecular structure, and compound changes can be elucidated with the use of nuclear 

magnetic resonance spectroscopy, a crucial analytical tool. A more profound appreciation for food is being fostered. 

Food authenticity, safety, quality, and provenance are all areas it can be applied to. Nuclear magnetic resonance 

(NMR) is a quick and easy analytical technique that may be used on any type of food due to its accuracy and 

repeatability.  

Data analysis using nuclear magnetic resonance (NMR) technology is intricate and requires specialists. The use of 

nuclear magnetic resonance (NMR) for food detection is restricted due to its limited sensitivity in comparison to other 

technologies. Spectral resolution is affected by the instrument's sensitivity, the strength of the magnetic field, the 

experiment's kind, the sample's parameters, and the type of probe used. Data analysis and applications can greatly 

benefit from NMR spectra databases of certain foods. The future of nuclear magnetic resonance (NMR) technology in 

the food science sector is bright, especially as the technology continues to advance. 
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