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      Volume 4 of the ebook series Applications of NMR Spectroscopy is mainly focussed on the use of NMR spectroscopy as a key method for food and beverage analysis and characterization. Food presents a complex mixture of many different compounds with different chemical structures, concentrations, solubilities, properties, and nutritional values. Any change in food composition can lead to a gross change in its quality, taste, and calorific value. The present book is based on six well-written reviews, each focussing on a unique set of applications of NMR spectroscopy in food analysis. In each of these articles, the optimum use of this powerful technique with reference to the field of food science is introduced in an easy to understand manner. The real strength of the book is its highly practical approach in describing both the concepts and applications of NMR spectroscopy for various purposes.




      Review contributed by Melado-Herreros et al provides practical applications of several NMR techniques used in the multi-component analysis of food samples. Apart from introducing the concept of multi-component analysis with reference to food items, the authors have also explained the use of NMR techniques such as 1H HR-MAS (High Resolution Magic Angle Spinning) for solid state analysis, MRI (Magnetic Resonance Imaging) and CSI (Chemical Shift Imaging) for physiological analysis of fruits and vegetables. The NMR technique called “relaxometry mapping” (relaxation time measurement) gives important information about water compartmentalization, structure and integrity.




      Lipid oxidation/peroxidation is a key issue in the storage, and processing of edible oils and oil containing and oil-based food. This undesirable series of complex reaction leads to the development of off-flavour, odour, and degradation of the overall quality. It is therefore important to accurately and correctly measure the quantity and types of oxidized products. Hwang and Bakota have contributed an excellent review on the applications of various NMR techniques (1H-NMR, 13C-NMR and 31P-NMR) for the analysis of the types, and extent of oxidative changes during the processing and manufacturing of oil-based food as well their storage. They demonstrate that NMR can be effectively used for determining the oxidative stability of lipids and oils, and their products.




      Hermosin-Gutierrez et al review the various NMR techniques used for the study of the structures and dynamic properties of various classes of pyranoanthocyanins. Anthocyanins are plant-based pigments, which have the ability to protect against a myriad of human diseases. They frequently interact with other phytochemicals and give rise to new classes of compounds which are often difficult to decipher. Pyranooanthocyanins are however fairly stable compounds of complex structures. They occur as glycosides and exhibit complex structural variations in the flavone skeleton which often makes their structure determination quite challenging. NMR spectroscopy is especially suited for elucidating such structures. Pyranoanthocyanins also have a special significance in the color of foods and beverages, and their dynamic properties are important to be studied.




      The article by Géan et al describes various key developments in NMR spectroscopy as a powerful tool for the study of the structures of tannins, their relationship with the taste of wine, as well as their health protective effects. Their anti-oxidant properties and their protective effect on membranes against lipid oxidation have been discussed.




      Quantitative 1H-NMR (qNMR) is an application of NMR spectroscopy for the determination of the concentrations of one or more chemical species in a solution with a very high level of precision. It is simple and rapid, yet an elegant technique in which the area of an NMR signal is directly proportional to its concentration and this “response” is the same for all molecules. Sugimoto et al have comprehensively reviewed the concept of qNMR methods, and their applications in complex food analysis, such as purity assessment, and quantification of mycotoxins, pesticides, preservatives, phytosterols, etc.




      Kralicek and Ozawa have critically reviewed various NMR spectroscopic methods used in structure determination of large cell free proteins, and their complexes. The authors describe the various cell-free expression systems used for the rapid and cost effective production of target proteins with required isotope labeling.




      At the end we would like to express our gratitude to all the contributors for their excellent contributions. The entire editorial team of Bentham Science Publishers, particularly Ms. Fariya Zulfiqar (Assistant Manager Publications), Mr. Shehzad Naqvi (Senior Manager Publications) and team leader Mr. Mahmood Alam (Director Publications) deserve our deep appreciation for compiling such an excellent volume which should prove to be of wide interest to the readers.
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      Abstract




      Food is a complex system formed by several chemical compounds and physical structures at different organization levels. For food analysis and characterization, it is not only important the study of the chemical composition, which will define the nutrient content, but also the physical distribution of the different compartments and structures that will define the physical properties of food products. Physical properties of food will define the palatability and texture of the food product and thus, the acceptance by the consumers. When talking about Nuclear Magnetic Resonance (NMR) spectroscopy we refer to several techniques that study the interaction of electromagnetic radiation with matter. Nuclear magnetic spectroscopy is the use of the NMR phenomenon to study physical, chemical and biological properties of matter, from the microscopic to the macroscopic. NMR spectroscopy is a very successful and multipurpose technique which is very suitable combined with chemometrics, for the analysis of food products [1]. In this chapter, we will review several NMR techniques that are related to both chemical and physical characterization. Such techniques are 1H High-Resolution Magic Angle Spin (1H HR-MAS), which provides a high resolution chemical spectrum without component extraction [2], relaxometry, which gives information about the water compartmentation, structure and integrity [3], magnetic resonance imaging (MRI) and chemical shift imaging (CSI), which is an efficient tool for the physiological analysis of fruit and vegetables [4]. The following chapter will address, first of all, what needs to be measured on food, as well as several NMR techniques that have been used for the analysis of food products.




      These techniques are 1H High Resolution Magic Angle Spin (1H HR-MAS), MRI, 1D and 2D relaxometry, relaxometry mapping and chemical shift imaging. We further focus on the explanation of multicomponent analysis and finally offer some remarks about prospects in the field.


    




    

      Keywords: Chemical properties, Chemometrics, Food structure, Macrostructure, Microstructure, Physical properties, Structure, Texture.


    




    


    * Corresponding author Angela Melado-Herreros: LPF-TAGRALIA, Technical University of Madrid. ETSI Agronomos, Avda. Complutense s/n. 28040, Madrid, Spain; Tel: +34 696-358-623; E-mail:angela.melado@upm.es


    


  




  

    

      FOOD DIMENSIONS




      To start with this chapter, we would like to offer an introduction of different food dimensions in order to understand the different parameters that affect the food. There are both chemical and physical characteristics that influence the nutrient composition, shelf life, texture, structure... and that are important to take into account when studying and/or designing a food product. These characteristics may be measured and controlled by means of nuclear magnetic resonance (NMR).




      

        Composition




        According to Skov et al. [5], from a physical, chemical and biological perspective, food matrices are complex multifactorial systems containing mixtures of heterogeneous classes of molecules (nutrients), and complex physical structures.


      




      

        Nutrients




        Nutrients are basically classified into macronutrients (fats, proteins and carbohydrates) and micronutrients (vitamins, minerals, phytochemical, zoochemicals, fungochemicals and bacteriochemical) [6]. Macronutrients provide energy to the body and are required for growth, metabolism and other functions. Macronutrients differ in the energy density, being highest for fat (above 12 kcal g-1) than for protein (9 kcal g-1), and last for carbohydrates (4 kcal g-1). Carbohydrates provide the glucose used by all cells as fuel, as well as deliver the fiber intake. Proteins are the unique source of nitrogen, basic for amino acids and tissue repair, and fat provides a mean for the absorption of fat soluble micronutrients [7].




        Despite the generally accepted consideration of the role of macro- and micro-nutrients, the analysis of a limited number of compounds narrows the whole view of food. Bordoni et al. [8] pointed out that some foods contain more than 25,000 compounds with concentrations varying according to variety, breeding, season, and geographic origin, among the major factors. Human metabolome contains about 50,000 different detectable compounds with 20% circadian variations.




        Throughout World War I and II, the main concerns in nutrition were the vitamin and mineral deficiencies, while in 1960’s the concern focused to the excess of nutrients (fat, cholesterol or sodium) or the imbalance in the intakes of fat and carbohydrates. In the 1980’s interest turned to fiber, vitamin A, C and E and selenium, and it was only in 1998 that the first recognition of functional food was set as those with proactive health path beyond the basic (adequate) nutritional functions. Also, functional foods are not considered as pills or capsules [9].




        Functional foods can be classified into conventional (e.g., fruits and vegetables), modified (fortified, enriched or enhanced), medical (formulated by and to be used only under medical supervision, such as oral supplements in the form of phenyl ketonuria formulas free of phenylalanine, and diabetic, renal, and liver formulations), and special dietary (gluten-free, lactose-free…). It is expected that modifying foods through biotechnology for improving their nutritional value or health attributes will increase the number of new functional foods into the markets [9]. The above highlights the need for analytical methods that would allow a global analysis of food composition, as well as a specific assessment of selected nutrients.




        Moreover, a recent discovery shows that individuals with different genotypes in a population may not benefit (or may even suffer) from increased level of nutrients in functional food [6]. It is estimated that human genome contains approximately 10 million of single nucleotide polymorphisms (SNP) which would lead to substantial differences in nutritional response among individuals. That is why there are large efforts involved toward linking nutrition science and genomics into a discipline called nutrigenomics.




        Alternatively, food digestion may be manipulated to enhance nutrient absorption by changing digestion rate, and the site of absorption. The main methodologies for food digestion modification include food emulsification, gelation and encapsulation [7]. Fat emulsification (as a type of microstructure) improves digestion by increasing the area available for lipase attachment and activity. Protein gelation is a type of microstructure that decreases the kinetics of absorption of amino acids and also increases the satiety effect. The dietary carbohydrates are composed of simple sugars (monosaccharides and disaccharides) and complex carbohydrates (starch and fiber) the digestion and absorption of which are affected by structure, type and presence of fiber. More precisely, the physical state of the food affects the digestive motility, which is slower when there is a higher viscosity. The presence of mixtures of proteins and carbohydrates in the form of self-assembled structures also plays an important role in the digestion process. All of the above points extensively address the microstructure of food in order to align sensory, physical and nutritional values of foods.


      




      

        Bio-availability




        Cardoso et al. [10] highlight that not all the food components are directly available for the cells after food ingestion. The bioaccessible level is defined as the food component concentration that is released from the food matrix into the intestinal lumen after digestion, which may be different from the content found in the systemic circulation, the bioavailable content.




        According to Cardoso et al. [10], the bioaccessibility factor is affected by the biochemical composition of the food matrix and by the synergies and antagonisms between components. On the other hand, the bioactivity stands for a set of phenomena that occur after the nutrient reaches the systemic circulation and finally to its last destination. In that sense, bioavailability is considered a combination of bioaccessibility and bioactivity.




        There are two main approaches for assessing bioaccessibility: in vivo, and in vitro. The former includes balance studies and tissue analysis, while the latter makes use of static and dynamic digestion models or cell cultures. NMR foodomics can be used for metabolome profiling and fingerprinting on either of the two (tissues or cell cultures).




        There is a large interest in incorporating micronutrients (vitamins, mineral and nutraceutical among others) into functional foods and beverages as to improve health and wellness through diet [11]. However, many micronutrients cannot be directly incorporated, due to low solubility, degradation susceptibility, off-flavor, adverse interaction with other food components, or variable bioavailability. The susceptibility of a micronutrient to degradation within a food is viewed as highly dependent on its molecular and physiochemical characteristics [11]. NMR looks like a promising technique for addressing accessibility and availability in this framework.


      




      

        Food Matrix




        Food is a complex system formed by several chemical compounds and physical structures at different levels of organization.




        Physical properties of food are important since they define the distribution of the different compartments and structures, which are related to the palatability, shelf life and texture, among others.




        There are several physical properties of food. In this chapter we will focus only on texture and structure, since we believe these to be the two important characteristics related to the product shelf life and the acceptance by the consumers, and much related to each other. In some cases, it is difficult to separate structure and texture, as one is a consequence of the other, and it is possible to use very similar NMR methods to characterize both.




        

          Texture




          Lawless and Heymann [12] defined food texture as "all the rheological and structural (geometric and surface) attributes of the product perceptible by means of mechanical, tactile, and, where appropriate, visual and auditory receptors". According to the definition provided by Bourne [13], texture is "the response of the tactile senses to physical stimuli that results from contact between some parts of the body and food". Food texture is related to the eating experience and it is associated not only to the consumer's acceptance of a product, but also to factors, such as readiness to harvest, shelf life, handling and processing. Thus, in the last decades, there has arisen the study of food texture involving aspects of food, materials and sensory sciences.




          Food texture can be studied as a subjective (sensorial) or as an objective (instrumental) property. Sensory analysis usually involves time-consuming methods. In the recent years, a number of scientists are studying textural properties by the various instrumental methods [14]. The instrumental methods employ both destructive and non-destructive techniques. Destructive techniques include three-point bending test, single-edge notched bend test, compression and puncture test, stress relaxation test, Warner-Bratzler shear force test, a combination of mechanical and acoustic methods and imitative methods, among others. The non-destructive techniques are mechanical, ultrasound and optical techniques, among others [15, 16], as well as NMR techniques.




          In fresh fruits there exist some internal problems affecting texture, such as mealiness, internal breakdown and internal browning in apples and pears, or wooliness in peaches. Both are negative textural attributes that combine the sensation of desegregated tissue with the loss of crispness and a lack of juiciness without variation of the total water content in tissues. Internal browning in apples (and pears) is characterized by softening and browning of tissues and development of cavities, which is only observable in the final stage of the commercial chain, and can cause important economic losses [17].




          NMR techniques have provided good results for food texture assessment. Several NMR procedures can be applied to this, like MRI and NMR relaxometry, as further explained in this chapter.


        




        

          Structure




          Food is formed by different structures at several scales. According to their size, these structures can be classified as macrostructures (with the largest dimension above 100 µM) and microstructures (below 100 μm) [18], though more levels can be defined according to other sources.




          To simplify the presentation, in this chapter we will only describe the general classification at the macrostructure and the microstructure level.




          

            The Macrostructure Level




            Food industry has experienced a huge development in the last century, thanks to the transfer of knowledge from other areas, such as chemical and mechanical engineering. This affected especially the macroscopic processing through the adaptation of several operations, and the design of processes to transform and preserve food.




            To understand the macroscopic level, it should be stated that macrostructure comprehends numerous smaller structures (microstructures) that affect the macroscopic properties, like rheological behavior, textural and sensorial traits and transport properties, among others. According to Aguilera [18], macrostructure includes some plant cells, powder particles, bubbles and grains. To visualize and quantify such structures, imaging techniques have provided good results.




            Therefore, it is difficult to talk about macrostructure without referring to microstructure insight. Biological materials appear to be continuous when viewed at the macroscopic scale and from predictive models based on macroscopic continuum physics [19-21] it is expected that these materials behave as a (non)linear (visco) elastic continuum. However, as stated by Mebatsion et al. [20], macroscopic properties of food depend on various features that cover a wide range of spatial scales, from nanoscopic to microscopic and to macroscopic (which is the actual geometry of the material). Mebatsion et al. [20] propose the construction of multiscale models, which are based on hierarchy of submodels that describe the material behavior at different spatial scales and also depending on the way by which the submodels are interconnected. Multiscale modeling involves challenging physical properties that are very difficult to solve at different scales. The solution would be to model at the coarser scale by including procedures to construct the equations at this scale and account for lower scales. On the other hand, equations can be solved for the fine scale. The up-scaling from smaller scales to a macroscale solution is known as homogenization. It is a "collection of methods for extracting or constructing equations for the coarse scale (macroscale) behavior of material and systems, which incorporate many smaller (nano-, micro-, meso-) scales" [20].


          




          

            The Microstructure Level




            Microstructure affects different properties of food, such as in-mouth sensation perceived by the consumers [22], texture [23], microbiological activity [24, 25] and the air and water distribution through the pores [25].




            As stated before, microstructure affects food macrostructure. This fact can be taken into account when optimizing food technology and engineering processes in order to improve the macrostructural result, in terms of acceptance by the consumers, stability and better shelf-life of the food products. As an example, Zuñiga and Aquilera [26] studied the relation between microstructure and fracture and the importance of knowing the microstructure of gassed gels. The microstructure can affect several properties of foodstuffs, including the calorie density and satiety index, or aid in developing novel gastronomic qualities. In dried vegetables, thermal treatments have important role in microstructure and rheological properties, and could contribute to the manufacture of healthier processed foods, with lower artificial stabilizers [27].




            NMR techniques are suitable to elucidate food structure. Nevertheless, it is important to define and take into account the resolution that each method can reach. Van As and van Duynhoven [28] reviewed several NMR methods used for multi-length scale architectures present in cereal plants and plant based food products. The choice of NMR technique could depend on the size of the sample to be analyzed. For example, for large particles with macrostructure, the most suitable technique is MRI. For microstructure elucidation, the most suitable NMR methods are relaxometry and diffusion. Thanks to these methods, the characterization of membrane permeability, cell walls, vacuoles and organelles on fresh food and plants is possible.


          


        


      




      

        Stability and Processing




        Currently, consumers demand food products having ‘fresh’ or ‘natural’ characteristics but with a long shelf-life, which has led to the application of several processing techniques that confer stability to those food products.




        In general, adequate food stability is important to preserve the sensory characteristics. Food stability cannot be achieved using a single type of processing, but by means of multiple techniques that include heat, to reduce moisture content (aw) and antimicrobial chemicals, among others. Preservative factors also influence the sensory characteristics of the food product and can have a repercussion on flavor, texture or color [29]. The idea of combining several factors to preserve food has been developed by Leistner and Gorris [30], among others. They introduced the ‘hurdle’ concept, in which each factor is a hurdle that microorganisms have to overcome. Thus, the preservation of food by hurdle technology, is the use of a combination of several techniques for improving food stability, where the knowledge of temperature, aw, pH or chemical preservatives is used to design hurdles to control the proliferation of microorganisms [29].




        In this chapter, we will introduce two transport phenomena that can be applied to food processing in order to confer stability to food products: water diffusion and thermal conductivity.




        

          Water Diffusion




          Water is a constituent of food, it is related to food stability, safety, quality and physical properties. State of water in a solution or a solid is expressed by the activity coefficient, which measures the chemical potential of water in the system. The water activity coefficient is defined by the following equation:
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              	(1)

            


          




          where p is the ratio of vapour pressure of water in food and p0 is the vapour pressure of pure water, at the same temperature and total pressure [31].




          The state of water in food strongly depends on the structure of the food product. Water diffusion is a material transfer phenomenon, which is the main mechanism of moisture transport. Understanding water transport and behavior through a food product is crucial, since there is a need to optimize water diffusion processes, such as rehydration, and drying of food products. The macroscopic transport of water through the tissue in fruit and vegetables during drying can be controlled by the microscopic distribution of water and air on a cellular and subcellular distance scale and by the magnitude of membrane permeability barriers [32].




          Drying of food is usually controlled by internal diffusion of water. It is considered as the main mechanism of moisture transport to the solid surface [33]. The average drying rate (DR) can be calculated by the expression [34]:
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          [image: ] is the average moisture content and Δt is the time period.




          Nevertheless, in most studies diffusion is accepted as the main mechanism of moisture transport to the solid surface [33], as assumed by Ramallo and Mascheroni [35]. These authors studied the effect of shrinkage on pineapple slices dehydration. They stated that if the sample is considered as a homogeneous solid with constant properties and the water movement in one dimension, the variation of the moisture content within the sample slice during drying can be considered as described by the Fick’s second law of diffusion:
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          where X is the moisture content (on a dry basis), x is the position inside the slice, t is the time and Deff is the effective moisture diffusivity. They built two different models: one without considering the thickness variation during drying, and another one considering it. The latter allowed a significant increase of the accuracy of simulation, with values of the mean percentage error of the estimation varying from 1.95-6.55%, whereas error values of the moisture estimation by application of the first model varied between 5.07-14.5%.




          Diffusion coefficient was also determined during osmotic dehydration by Prociuncula et al. [36]. They modeled and quantified the mass transfer after the treatment by determining water loss (WL), mass loss (ML) and solids gain (SG) by means of:
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          where ms is the mass of dry solids at the end of treatment, ms0 is the initial mass of dry sample, m0 is the initial sample mass, mw0 is the mass of water in the non-treated sample, mw is the mass of water in the sample to the end of treatment and m is the sample mass after the treatment. Porciuncula et al. [36] concluded that model built by the diffusion equation with a moisture dependent diffusion coefficient is the best approach for predicting osmotic dehydration of banana.




          Water diffusion (D) can be also determined by several methods, like optical and electron microscopy. Nevertheless, these methods have some limitations and suffer from artefacts introduced during sample preparation, and if an extensive image analysis is not performed, they only provide qualitative information. Other techniques, such as non-spatially resolved NMR techniques can provide this information, since they are non-invasive, do not introduce artefacts, and are quantitative. NMR diffusion techniques provide information about water diffusion through cell walls and membrane permeability coefficients. Biomembranes with different degrees of permeability separate different compartments containing water, with different diffusion properties.




          NMR diffusion techniques can be applied to the study of fruit ripening, such as performed by Raffo et al. [37]. They measured the water self-diffusion coefficient by means of the standard PFG SE sequence. At a given amplitude G, and keeping fixed D, the time interval between the two gradient pulses of duration d, the amplitude of the NMR signal at fixed echo time is given by the following expression:
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          WhereA0 is the echo amplitude in absence of the pulsed gradients, k is given by [image: ] (γ is the proton magnetogyric ratio). They determined D values by fitting the echo amplitudes measured at different G values.




          2D NMR diffusion-relaxation correlation experiments, especially D-T2 , are very powerful in resolving water compartments with respect to their size and chemical composition [38]. This has been tested in several foods, such as cheese [39].




          These methods are very useful also to separate fat/oil, as demonstrated in cream, cheese and yogurt [40] and for characterizing pure oil as a mixture of chemical species [41, 42].


        




        

          Thermal Conductivity




          Thermal conductivity is a transport phenomenon in food processing which involves momentum, heat and mass transfer. It needs thermo physical properties to solve heat transfer problems. According to [43], the rate of heat flow through a material by conduction can be predicted by Fourier's law as:
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          where Q is the rate of heat flow (J/s); A is the area of heat transfer normal to heat flow (m2); [image: ] is the temperature gradient among the x- direction and k is the proportionality constant of thermal conductivity (W/m K).




          Thermal conductivity can be expressed as an empirical equation:
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          where a and b are empirical constants [43].




          Thermal conductivity is dramatically important in food products, since normally they are not homogeneous materials. They are usually composed of different phases: solid, liquid, and gas. Thus, thermal conductivity can be used as a rate of conductive heat transfer during processes, such as freezing, sterilization, drying and cooking among others. Sablani and Rahaman [44] state that there are three factors affecting thermal conductivity in food: composition, structure and processing conditions. Besides, water content, fats and oils are important elements to have into account.




          NMR has proven successful for thermal conductivity assessment, like in the studies performed by Kerr et al. [45]. They used MRI to monitor cylindrical potato sections frozen at -11and –42 °C. They could visualize the non-symmetric freezing zone and the loss of signal intensity when liquid water turned to ice. 95% of the changes observed in the signal, integrated over the area of the image, were during 21 minutes for -42 °C and 56 minutes for -11 °C. These changes could be correlated with the amount of unfrozen water remaining at steady-state. At -42 °C, NMR indicated 25% unfrozen water remaining as compared to 26% by calorimetry and 22% by modeling. For -11 °C, NMR measured 67% unfrozen water remaining as compared to 48% by calorimetry and 25% by equilibrium modeling.




          NMR relaxometry is also a powerful tool for food freezing monitoring [32]. Though not all the cell compartments freeze at the same temperature, it permits the non-invasive examination of the freezing-thawing behavior of subcellular compartment. The freezing of a subcellular compartment results in the disappearance of its associated peak in the relaxation time distribution. Li et al. [46] also used T2 relaxometry to study the quality and cooking attributes of thawed pork. They classified frozen samples into three groups by LF-NMR T21. They found significant differences (P<0.05) in pH, lightness and pressing loss among the three groups. Cooking time to attain 70 °C was lower in the third group (>44 ms) than in other foods.


        


      


    




    

      NMR AS A MULTIPURPOSE TECHNIQUE FOR FOOD ASSAY




      

        Spectroscopy




        NMR spectroscopy is based on the interaction of the nuclear magnetic moment with an external magnetic field (B0). The magnetic energy of the nucleus is restricted to certain discrete values (Ei) which are called eigenvalues. They are associated with stationary states, which are the only states where an elementary particle can exist. They are called eigenstates. The transitions between these states can be produced by means of a radiofrequency (RF) transmitter. The energy absorbed is detected by a RF receiver and recorded as a spectral line, the so-called resonance signal. Then a spectrum can be generated for a molecule containing atoms whose nuclei have non-zero magnetic moments. There are several nuclei that are used in NMR spectroscopy, such as proton (1H), fluorine nucleus (19F), nitrogen isotopes (14N and 15N) and carbon (13C), among others [47]. For food science, the most commonly used nuclei are protons (1H), since they are present in all organic tissues. For protons, there are different resonance signals or groups of resonance signals in different chemical environments. The resonance signals are separated by changes in resonant frequency, the chemical shifts [47].




        In the last few years, there has been an increasing general interest in the quality authenticity of food products. Some products follow elaborate traditional procedures. Producers have focused on preserving their products' excellence and that has obtained a great recognition by the consumers. However, due to adulteration sometimes there are doubts about their authenticity, origin and/or traceability.




        

          1. Food Authentication




          Sensorial analyses or standard analytical determinations which may not be adequate for ascertaining if a given product is original or fraudulent, or for assuring the declared origin. Sensory assays are expensive and time-consuming, and cannot be applied to routine analysis for screening large sets of samples.




          Rapid and reproducible control mechanism for controlling the quality and authenticity of food products are required. In the last 30 years, instrumental techniques such as mass spectrometry techniques (MS), spectroscopic techniques, as nuclear magnetic resonance (NMR), infrared spectroscopies (IR) or fluorescence spectroscopy, and separation techniques, as high performance liquid chromatography (HPLC) or gas chromatography (GC), have appeared [48]. The instrumental profiles can be used as fingerprints for characterization, identification, and classification of different kinds of samples. These fingerprints have been successfully correlated with production, origin and varieties [49].




          The use of NMR techniques to food analysis has increased in the last 30 years. NMR is quantitative, non-destructive, and provides excellent reproducibility and repeatability. NMR experiments can be performed without previous knowledge of the sample, and are therefore suitable for the study of non-targeted samples. A major advantage of NMR is the wide range of metabolite types that can be determined simultaneously.




          Another relevant feature of NMR is usually the straightforward sample preparation. For example, Checa [49] reported an NMR method with a minimal sample preparation to classify olive oils according to their geographical origin. For solid matrices it will be necessary to perform a sample extraction but the use of High Resolution Magic Angle Spinning NMR (HRMAS-NMR) can overcome this problem [50].




          The main disadvantages of NMR are in poor detection limits (generally in the micromolar order of magnitude though recent improvements in instrumentation sensitivity may help to overcome this problem) and high prices of the spectrometers.


        




        

          2. Food Origin




          Due to the globalization of food markets and the ease with which foods are transported between countries, the consumers are increasingly concerned about the origin of foods. Moreover, origin authenticity is a part of the food industry’s quality control systems. This has led governments to regulate the products labeling in order to guarantee the authenticity of food products. Particularly, in European Union three levels of geographical indications for food products have been established: protected designation of origin (PDO), protected geographical indication (PGI) and traditional specialties guaranteed (TSG) [51].




          In regard to this, several analytical techniques for determining the geographical origin of food products have been developed and publications about these techniques are increasing since the 1980s [48]. These techniques include spectroscopic techniques, as MS, NMR, IR, UV, electronic noses, DNA-based technologies [51]. Most of these techniques are combined with chemometrics and statistical methods in order to correlate the analytical data with the origin of the samples [48]. A key aspect in the authentication studies of food samples is the requirement for a database of known samples to which the sample test must be compared to establish its authenticity.




          A large number of research articles have been published in the last 20 years detailing the use of natural abundance isotope variation and element concentrations as geographic tracers to determine the provenance of food. These investigations exploit the systematic global variations of stable hydrogen and oxygen isotope ratios in combination with element concentrations, including heavy isotope variations (e.g. strontium-87) and other biogeochemical indicators [52].




          The total deuterium content of natural compounds depends on several physical and chemical factors. The most important of these factors include pedoclimate, plants’ habitat, geographical latitude, the amount of rainfall, and the deuterium content of local rainwater. 2H-NMR can provide a quantitative tool for measuring the deuterium content that can be correlated with the samples’ geographic origin [53]. In the 1990’s, the European Union adopted 2H-NMR method (SNIF-NMR) as an official method for wine analysis, in order to authenticate the origin, varieties and authenticity of European wines. Several publications reported the correlation between deuterium ratio of wines and their geographical origin [54]. Some advantages of the use of SNIF-NMR are: simultaneous identification and absolute quantification of several compounds, minimal sample preparation, reduced cost per sample, and reliable screening for targeted and non-targeted multi-marker analyses. This method needs a databank of known samples and statistical models for the analysis of unknown samples, but it allows the analysis not only of origin authenticity but also of species purity, false labeling, production process control and sample similarity. Applications include wine capitalization, detection of adulteration of fruit juices, determination of flavour origin, and more generally also the determination of the origin of beverages and food products.




          This analytical method can be applied for measuring the deuterium content of ethanol from several products. It has been applied to the discrimination of the botanical and synthetic origin of ethanol of spirit drinks or beers. The deuterium content of a sugar is partly transferred to the ethanol produced by fermentation, so that 2H-NMR of the methyl-group of the ethanol sample can be used to determine the addition of sugar to sugar-containing products like musts, fruit juices, honeys, maple syrup, among others [53].




          NMR proﬁling is often reported in the literature in conjunction with multielement isotopic and trace element analysis [51, 55].




          Similar to the wine sector, the vegetable oils and fats sector, and more particularly the olive oil sector, are of great economic importance to the European Union. There is strong evidence that consumption of olive oil, especially extra virgin olive oil, reduces the risk of circulatory system diseases. Such oil is generally more expensive than other edible oils. There is therefore a great temptation to adulterate olive oil with cheaper oils, or falsify its origin or grade, and an easy and reliable method to identify different types of olive oil is required. 13C-NMR spectra have been used to discriminate olive oils from different Italian regions [56]. 1H NMR has been applied more often to classify Mediterranean olive oils according to their precise geographical origin [57-59].




          NMR, alone or in combination with other analytical techniques and using chemometric methods for the classification, has been used in several food samples in order to discriminate the origin of the samples. NMR and isotope ratio mass spectrometry (IRMS) were used to characterize the geographical origin of buffalo milk and mozzarella cheese [60] or discriminate between Southern Italy and foreign milk [61]. 1H-NMR spectra combined with multivariate statistical analyses were used to differentiate the geographical origin of beef samples [62] (Fig. 1).
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Fig. (1))


          PCA (A) and OPLS-DA (B) 3D score plots derived from the 1HNMRspectra of beef sirloin (or chuck) extracts obtained from Australia, Korea, New Zealand, and the United States (reprinted with permission from J. Agric. Food Chem.; 58 (2010); 10458–10466. Copyright 2010 AmericanChemicalSociety).



          All these analytical methods have also been applied to fish products. Improvements in methods for aquaculture have led to a substantial increase in salmon production. Therefore, the ability to differentiate between wild-caught and farmed salmon is crucial in the fight against fraud in this sector. Rezzi and Reniero [53] have developed a method using 1H-NMR for the analysis of salmon oils. The salmon oils from six different farms are clearly separated in five groups. Samples from the two Norwegian farms seem to group to a single cluster.


        




        

          3. Food Traceability




          Under EU law, traceability means the ability to track any food, feed, food-producing animal or substance that will be used for consumption, through all stages of production, processing and distribution. Traceability is a way of responding to potential risks that can arise in food and feed, to ensure that all food products in the EU are safe for consumption (European regulation 178/2002).




          Food quality (nutritional, sensory, freshness) and traceability (geographic origin, botanical origin, animal species, process technology applied to foods) are important aspects in food products. Safety, nutrition, and sensory quality are important for both fresh and processed food products, and big efforts are being made to provide information about the geographic origin of food, the raw material used (botanical variety or cultivar, animal species), and the processes applied to produce the food product.




          As in the case of food origin, advanced analytical techniques to assess food quality and verify the food’s history are needed. In this context chromatographic and spectroscopic methods are widely applied, and new methods are tested to improve the ability to verify quality, genuineness, and authenticity of foods. The analytical techniques used for food origin studies can also be applied to the study of food traceability to the geographic origin of the botanical and animal species. Different technologies applied to process the foodstuffs can change the composition of the final product that can be detected using these analytical technologies [63]. Moreover, NMR has revealed as a versatile tool for determining food quality and traceability [64].




          NMR/IRMS produces a good differentiation of the products according to their geographical origin and diets. Renou et al. [65] applied this method to study the origin and animal feeding diet of cow milk.




          13C-NMR and 1H-NMR allow the analysis of total diacyl glycerols and of the relative amounts of sn-1,2 and sn-1,3-diacylglycerols in olive oil. These measurements can provide a good discrimination between virgin olive oils and refined oils [64, 66]. 1H-NMR combined with multivariate statistical methods was used to detect the mixture of virgin olive oil with oils of different botanical origin [67]. This technique would allow the detection of possible adulteration of virgin olive oils.




          13C-NMR and 1H-NMR have also been applied to fish oils and lipids. Medina et al. [68] have studied the lipid oxidation during thermal treatment of fish using lipids extracted from salmon muscle. High resolution 13C spectra have been proven to be useful as a rapid and nondestructive technique for the study of lipid damage during food processing.




          1H-HRMAS NMR in combination with principal components analysis and analysis of variance were used to differentiate between irradiated and non-irradiated cold-smoked Atlantic salmon. The acquisition time was less than 8 minutes. The sample consisted of a small piece of intact white salmon muscle [69]. This study shows the potential of 1H-HRMAS as a rapid method for investigating compositional changes due to food processing. Similar method allows distinguishing between fresh and 2-day old samples of mozzarella cheese [50].




          SNIF-NMR has been extensively used in order to assess quality, authenticity, and geographic traceability of fermented beverages like wine and beer, as well as of fruit-based products and fruit juice containing sugars and other water-soluble components. Martin and Martin [70] demonstrated the ability of deuterium SNIF-NMR to detect the addition of beet sugar in concentrated and single-strength fruit juices [71].




          Magnetic Resonance Imaging (MRI) allows obtaining images of inside of intact samples. This can be used for example to obtain images of intact fresh fruits providing an excellent method to visualize the damages produced during fruit maturation or storage [72-74]. MRI can be used to obtain relaxometry maps and signal intensity distribution which can be related to the changes in the structure of the food samples, for example, during cheese brining [74].




          NMR spectroscopy can be used for elucidation of the composition of several samples, which were found to be very useful in food science and food industry, such as food surveillance, food compounds detection and food processes monitoring, among others. It has also been successful for molecule elucidation [75] in several foods, like wine [76], beer [77] or oil [58].




          In the context of food surveillance, 1H NMR spectroscopy has been useful for qualitative analysis. The characterization of food authenticity is aimed at protecting the consumer from food fraud. Food fraud is always present, especially in high quality products, such as olive oil and some wines from specific regions, with denomination of origin.




          The combination of spectroscopy with chemometrics provides a rapid, non-invasive and non-destructive, qualitative and quantitative analysis for food authentication. The combination of high field 1H NMR spectroscopy with principal component analysis (PCA) with cross validation allowed to authenticate beverages, such as premium, discount, sugar-containing (range from 8 - 6 ppm) and sugar-free (0 - 3 ppm) cola drinks [78]. Spectroscopy combined with PCA, linear discrimination analysis (LDA) and multivariate analysis of variance (MANOVA), together with cross validation was useful to characterize 600 wines collected from five growing areas in the southern and the southwestern parts of Germany, to study grape variety, geographical origin and year of vintage [79]. This was done by low-power eight-frequency band irradiation using shaped pulses to optimize signal-to-noise ratios. The authors achieved a 95% correct prediction of classification for the cultivars Pinot noir, Lemberger, Pinot blanc/Pinot gris, Müller-Thurgau, Riesling and Gewürztraminer. The geographical origins of all wines from the German regions (Rheinpfalz, Rheinhessen, Mosel, Baden and Württemberg) were predicted at 89%. Finally, the accuracy of classification of the vintage for 2008 was 97% and for 2009, 96%. 1H NMR spectroscopy has also been used for detecting adulterated olive oil samples.




          However, not only high field spectroscopy is successful for food surveillance. The combination of low field 1H NMR spectroscopy together with chemometrics has also given very good results for the authentication of both liquid and solid food. Low field provides a cheaper and more rapid way to detect food surveillance. Parker et al. [80] used a 60 MHz 1H NMR bench-top spectrometer and simulated the problem using pure olive oil samples and some olive oil samples adulterated with hazelnut oil. Despite the low field, they could distinguish qualitative differences between pure and adulterated oil samples, such as a higher unsaturated component of hazelnut oil compared to olive oil. Furthermore, they could detect hazelnut oil adulteration by means of a single internal ratio of two peak areas, the olefinic-to-glyceride peaks. Due to the lack of isolated peaks, the application of chemometric techniques was necessary, being able to determine the level of olive oils and hazelnut oils in binary mixtures to ± 11.2% at 95% confidence. Jakes et al. [81] used a low field spectrometer (60 MHz) for the authentication of beef versus horse meet. With an acquisition time of 10 minutes and a simple integration of the peaks, they could distinguish samples of fresh beef and horse meat using Naïve Bayes classification. They succeeded even using frozen samples, by means of PCA. The result was a two-dimensional "authentic" beef region (p=0.001) against which further spectra could be compared.




          For intact biological tissue samples, 1H HR-MAS spectroscopy is used. It works with semi-solid samples by making profit of rapid spinning of the sample (~4-6 kHz) at an angle, called ‘Magic Angle’ of 54.7°, relative to the applied magnetic field. It decreases the effects on line widths of dipolar couplings and chemical shift anisotropy associated to semi-solid samples, while reducing signal broadening due to magnetic susceptibility effects [82]. 1H HR-MAS spectroscopy, together with multivariate analysis has loads of applications, such as food authentication. Mazzei and Piccolo [50] used such a technique to assess quality and traceability to mozzarella cheese from buffalo milk at two different production sites in Campania. These authors identified specific metabolites (β-galactose, β-lactose, acetic acid, linoleic, linolenic and glycerol) in intact samples, using two different pulse sequences: eCPMG and eDiff, modulating spin-spin relaxation times and diffusion of the cheese molecular components respectively. They applied PCA, DA and Hierarchical Cluster Analysis (HCA). PCA and DA gave better results with eCPMG pulse sequence (97.54% and 100% respectively) than eDiff (94.12% for DA).




          The fact that 1H HR-MAS spectroscopy is suitable for semi-solid samples makes it ideal for fruit and vegetable inspection. Thus, it has been used in different products, such as olives [83], citron and lemon [84]. Also in citrus fruit, Cicero et al. [85] studied the metabolic profile of the Sicilian lemon, which is famous for taste, nutritional value and health benefits. They determined the fingerprint of these lemons in order to avoid fraud. Otero and Prestamo [86] combined magnetic resonance imaging (MRI) with 1H HR-MAS spectroscopy to study the damage caused by relatively low pressures (100-200 MPa) in strawberry. They obtained significant differences in the main sugars content in control and pressurized samples and found that sucrose hydrolysis was enhanced by pressure treatment. Melado-Herreros et al. [87] applied 1H HR-MAS for detecting changes in metabolomic composition of apples affected by watercore. They used a Bruker AMX at 500 MHz and a Bruker 400/54 US PLUS LH D335. These authors found differences inter- and intra-apple, depending on the watercore damage level and the area where the tissue was taken from Fig. (2). They found higher content in α-glucose, β-glucose, ethanol and malic acid in watercore-affected areas while lower amount of sucrose was found in healthy and light watercore-affected tissues.
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Fig. (2))


          .1HHR-MAS spectra of different parts of a watercore affected Apple. Several variations in sugar and malic acid are found according to the area where the tissue was taken from. Source: Melado-Herreros et al. (2013).

        


      




      

        Relaxometry




        Both the low- and high-resolution methods of NMR spectroscopy provide spectra of the composition of a sample, but fail to show how water is distributed in the components and microstructure of the sample. In several complex systems, such as food, the location of water in the different structures is of great importance and will determine structure-function relationships, the storage response, the texture and even the organoleptic characteristics that may mean the acceptance or the rejection of a product by the consumers. Time-domain NMR relaxometry and diffusometry can provide useful information about the structure even for the complex materials such as food.




        In NMR studies, the nuclei are excited by applying an alternating magnetic field as an electromagnetic pulse [88]. NMR relaxometry measures the different time constants for the nuclei to return to their thermodynamic equilibrium state after the excitation pulse. The advantage of such methods is that acquisitions can be made either in a low magnetic field or in high magnetic field equipment.




        The measurement of both longitudinal relaxation (T1 ) and transversal relaxation time (T2 ) are performed by an inversion-recovery and the Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence, respectively. This sequence is a spin echo pulse sequence consisting of a 90° pulse, followed by an echo train induced by successive 180° pulses.




        The methodology of 1-D relaxometry was described by Hills [89] and established that if a suitable long recycle delay is applied to a sample which is characterized by a single relaxation time, the relaxation times can be extracted by fitting the data to a single exponential model, for the inversion recovery and CPMG sequences, respectively.




        

          

            	[image: ]



            	(10)

          


        




        

          

            	[image: ]



            	(11)

          


        




        Nevertheless, since samples usually have inhomogeneities, it is better to represent the model as a normalized continuous distribution of relaxation times, P(T1 ) and P(T2 ):
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        The observed signal M(t) is a Laplace transform of the probability P(T1 ) or P(T2 ). These normalized distributions are called relaxation time spectra and are obtained by inverse Laplace transformation of the signal M(t).




        Thus, T1 and T2 provide information about physical properties of a sample. This has been widely used in food science. For example, some studies have shown that T2 is related to hardness, dry matter, and water content in oil-water emulsions established by protein [90]. These authors established that the value of T2 is related to microstructure and that water loss from the emulsion is positively correlated with large (T2 =2000 ms) and small (T2 =400 ms) pores.




        Relaxometry has also been used for textural characterization of food products. Hernandez-Sanchez et al. [91] applied T2 relaxation sequences for the study of internal browning in pears. It has also been used for detecting internal defects in fruit, such as studies carried out by Zhang and McCarthy [92] who applied T2 relaxation measurements for detecting black heart in pomegranates, which gave an indication of the extent and type of degradation of the tissue caused by this disease at the subcellular level.




        Furthermore, 1H NMR relaxometry has been used in other food products, like Chaland et al. [93] who applied 1H NMR relaxometry to characterize fat and water in cheese. Kuo et al. [94] studied the water mobility in mozzarela; Gianferri et al. [95] studied the magnetization decay T2 curves of mozzarella cheese to measure the presence of "serum water", "entrapped water", "junction water" and "fat". Gianferri et al. [96] also studied the metabolic profile of mozzarella cheese by means of both high-resolution and low-resolution NMR protocols. Noronha et al. [97] investigated the textural properties and rheology of imitation cheese. They also monitored the hydration of rennet casein of emulsification of fat in imitation cheese [98]. In fruits, Zhang et al. [99] studied the quality and behavior of water in Navel oranges during storage.




        Traditionally, 1-D relaxometry allowed the characterization of homogeneous and simple samples. Nevertheless, for more complex food systems, 2-D relaxometry is more suitable. 2-D relaxometry is based upon two-dimensional cross-correlation relaxation and diffusion methods, which are possible thanks to the development of a fast algorithm for two-dimensional inverse Laplace transforms [100].




        Two dimensional cross-correlation relaxation methods have enormous potential for characterizing T1/T2 relaxation spectra in complex systems. It is based upon the relaxation properties (T1 and T2 ) and allows to identify molecular species and to study their dynamics. The signal is measured as a function of two or more independent variables. This allows the spin system to evolve under different relaxation mechanisms. Measurements of T1 and T2 are also performed by the CPMG pulse sequence, with the measurement extended to two dimensions. The first-time dimension, t1, is associated with the inversion recovery part of the pulse sequence, and the second-time dimension, t2, is associated with the CPMG part of the sequence.
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        P(T1 , T2 ) is the two-dimensional relaxation time spectrum, obtained from M(t1 ,t2 ) by a two-dimensional inverse Laplace transform; t1 and t2 are the recovery time and echo time, respectively.




        Two-dimensional cross-correlation relaxometry allows the achievement of separate peaks for water in different pores compartments in microstructured systems. Each peak in the 2D spectrum is characterized by a particular proton longitudinal and transverse relaxation time (T1 and T2 ), respectively, that can vary according to the local water content and the size of the pore compartment, structure and tissue integrity. These types of sequences were used by Hernandez-Sanchez et al. [91] who observed, using a low magnetic field equipment, that T1/T2 correlation spectra provided information about cell structure integrity in pear tissue. In sound fruit they could distinguish different compartments for the vacuole and the cytoplasm, while in damaged pear tissue, thecompartments tended to merge. Traditionally, these experiments were performed with global 2D relaxometry. However, if a small region of the sample was desired to be analyzed, it was necessary to destroy the sample to extract the region of interest.For sometypically inhomogeneous samples, such as food, these experiments will providethe average relaxation spectrum of the whole sample.




        The conventional inversion recovery T1 -T2 spectrum takes a long time due to the need to wait 5T1 for the full recovery of equilibrium under longitudinal magnetization before each inversion recovery step. This situation changed thanks to studies made by Marigheto et al. [101] in mealy apples. They showed how to reduce to a single-shot process the whole 2D acquisition using a fixed time delay, TR. TR was fixed to zero and they found out longer T1 values of the cell wall in the case of mealy apples than in those of the fresh fruit.Venturi and Hills [102] showed that combining volume selective methods (typical from MRI) and 2D relaxometry it is possible to obtain a high resolution 2D relaxation time spectrum, non-destructively and non-invasively, from any selected subvolume of the sample. This is the so called 'localized relaxometry'. They tested such methods withsmall sample pieces. The methoduses the SPACE (sampling perfection with application-optimized contrasts by using different flip-angle evolutions) sequence to localize the relaxation time measurements to a volume of interest (VOI). It refocuses the VOI magnetization as a spin echo which is restored as longitudinal magnetization while converting it outside the VOI into transverse magnetization, which is destroyed with a spoiler gradient. The SPACE part of the sequence is located at the end of the inversion recovery period and its duration is incorporated into the first inversion-recovery delay time (t1 ) which gives the T1 weighting. The acquisition time of the echo decay is in the CPMG sequence, that gives T2 weighting. The acquired signal is the two-dimensional M(t1 , t2 ) from the selected VOI. Using the double inverse Laplace transformation of M(t1 , t2 ) gives the two-dimensional relaxation time spectrum P(T1 , T2 ). If only the slice selection is required, and not the full three dimensional volume selection, the T1 /T2 spectrum can be acquired using the sequence designed by [102].




        Some years later, Melado-Herreros et al. [103] adapted such sequences to the high magnetic field, testing them with two different types of food models based on sugar and sugar-less foams, with known composition. These authors further applied that approach to a particular case with actual food, apples potentially affected by watercore [3] (Fig. 3).




        Melado-Herreros et al. [3] applied both 'global' and 'localized' relaxometry. For 'global' relaxometry, they used an inversion-recovery-CPMG sequence to obtain the probability density of different proton pools distinguished based on their T1 and T2 values. They used 64 echoes with an interpulse delay of τ=4 ms. The T1 dimension was encoded using 64 inversion recovery steps with inversion recovery times logarithmically increased from 5 ms to 15 s. For 'localized' relaxometry, the parameters used for each slice were an interpulse delay of τ=5 ms and 64 inversion recovery steps, with inversion recovery times from 5 ms to 15 s. 'Global' relaxometry revealed differences in the peak values between the two different watercore patterns, block and radial, and a slight decrease in T2 values forcytoplasm and extracellular water. 'Localized' relaxometry showed clear differences between sound apples (neat peaks for water at different subcellular compartments) and watercore affected apples (merged peaks which suggest a mixing of fluid at the subcellular compartments).




        
[image: ]


Fig. (3))


        Localized 2D T1 /T2 relaxometry in seven slices (A–G) in an apple belonging to class 2 (0–10 % of affected tissue). Peaks are assigned as 1 for vacuole and 2 and 3 for cytoplasm and extracellular water

      




      

        Magnetic Resonance Imaging




        Magnetic resonance imaging (MRI) is a technique, whereby NMR signals are spatially encoded using magnetic field gradients so that the spatial distribution of a sample’s NMR properties, such as spin density and relaxation times, can be reconstructed and presented in an image format [104]. MR image consists of different intensity values, called pixels, in a two dimensional array. The pixels correspond to signals from small volumes inside the sample, called voxels. MRI signals are sensitive to the properties of the sample and to the experimental settings. In an image, the signal intensity of each pixel is a function of the sample properties: longitudinal and transverse relaxation times (T1 and T2 ) respectively and proton density (PD). The volume element in an MR image is defined by the field of view (FOV) dimensions (height x length x width). The volume element contains the graphic information of the tissue. In an MR image, each pixel represents 3D information contained in a voxel [105].




        According to the properties that are under study, it is necessary to enhance a type of contrast. This can be manipulated varying several parameters, such as the echo time (TE) and the repetition time (TR). The T1 ,T2 weighted and PD images should be produced [105].




        MRI has been used in food inspection as a non-invasive and non-destructive technique, especially as a postharvest technique in fruit and vegetables [28]. Specifically, MRI has been used to visualize disorders in apple, such as watercore [106]. Clark et al. [107] monitored watercore amelioration during postharvest storage, distinguishing two types of watercore patterns: block and radial. Clark and Richardson [108] observed watercore dissipation in ‘Braeburn’ apple cultivar by means of MRI. Also in apples, several studies [72, 109, 110] examined mealliness affliction by means of MRI. MRI is suitable as a non-destructive online technique in postharvest technology, and can be adapted to industrial demands. To date, most works in agrofood have been performed using commercial equipment designed for medical purposes. However, Blasco [111] proved the feasibility of obtaining a sufficient MRI contrast at low magnetic field (0.2 T), which allows detecting seeds in whole oranges and mandarins using three different types of MRI sequences.




        On-line MRI has been successfully tested in high magnetic field (4.7 T) in several works by Hernandez-Sanchez and colleagues [112-114]. Thus, freeze injury in Valencia oranges was assessed using a conveyor belt and FLASH images with an in-plane resolution of 0.88 mm2 per pixel at different speed rates of the belt: at 0.5 and 100 mm/s [113]. The achieved acquisition time was about 780 ms, and the affected tissue was visualized as a region of hypointense signal, while non-affected tissue was seen as bright pixels. The hypointense signal of the affected tissues is a result of a reduction in PD as juice content decreases and from T2* reduction caused by the local field gradients at the interfaces between juicy and dehydrated structures. Hernández-Sánchez et al. [112] studied the online detection of seeds in oranges using a gradient echo FLASH with TR of 12.2 ms, TE of 3.8 ms and a flip angle of 10° under two speed rates (0.54 and 90 mm/s). They acquired images with a resolution of 0.88 mm2 per pixel and found that the region containing seeds and central axis tissues appeared darker than the flesh pixels. These authors also observed that the blurring artefact caused by the superimposition of signal arising from adjacent slices positively correlated with the belt speed. The acquisition times were again about 780 ms. The same study applied off-line motion correction procedures. Another study also detected seeds in mandarins [114]. Significant differences were found between seed-containing and seedless mandarins by ANOVA analysis. Barreiro et al. [115] used FLASH and COMSPIRA images to validate the algorithm devised for automatic off-line motion correction and subsequent segmentation of images for the extraction of features that allow the best discrimination of seed-containing fruit. Melado-Herreros et al. [116] used two different sequences (FLASH and UFLARE) for differentiating watercore and internal browning in apples by means of dynamic MRI. This was based on T2* and T2 respectively and the selection depended on the expected contrast effect of the disorder. In this case, watercore enhances bright areas due to higher fluid mobility, while internal breakdown potentiates low signal due to texture degradation. The achieved acquisition times were 768 ms and 1475 ms, respectively. The novelty of this study is that the images could be corrected in real time.




        A patent deposited in 2011 claims 2T magnetic field uniformity suitable for sub-ppm NMR and MRI analysis over 40 mm usable air gap between poles [117]. A similar type of equipment would be most suitable for the development of industrial applications. This patent does not claim any correction for motion artefacts.




        In other types of foods, MRI has shown its feasibility for food macrostructure elucidation. Thus, Prause et al. [118] applied 3D MRI to monitor liquid foam made by a protein solution from fish-skin-derived gelatine, and could study the evolution of the foam bubbles over 24 hours. They found isolated bubbles in the solution for up to 10 hours and an accumulation of bubbles at a boundary between liquid foam and pure liquid. Musse et al. [73] made a quantitative study of tomato, visualizing macrostructure and air bubbles, finding that the core tissues had higher air bubble content than others. Another study by Musse et al. [119] used MRI to monitor the macroscopic changes of tomato during ripening, such as shrinking of air spaces and development of micro-bubbles in specific tissue types.




        Imaging food microstructure by means of MRI is a hard and time-consuming method. Nevertheless, some authors have successfully used it, e.g. Musse et al. [120] who employed MRI for microstructure determination of apple and tomato. They proposed a new MRI method that consisted of combining multiple spin-echo images to assessrelaxometry rate R2 (R2 =1/T2 ) and multiple gradient-echo images to assessrelaxometry rate R2* (R2*=1/T2*) in order to quantify microstructure.




        The advantage of MRI is that it makes possible the study of the spatial distribution of porosity and it allows estimation of microporosity on intact whole fruit. Nevertheless, for microstructure study there are other methods, such as relaxometry and diffusometry that, combined with the spatial information provided by MRI, can yield very interesting results.
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