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Editorial on the Research Topic
 Non-thermal Technologies



Non-thermal technologies for food applications comprises technologies such as ultrasound, cold plasma, high-pressure, pulsed electric field, ozone, UV, electrolyzed water, and pulsed UV light. The development of these technologies has been growing in the last decade due to its successful application in sanitization, but also as processes that can improve nutritional and sensory properties of food products. Some technologies, such as high-pressure processing, ozone, UV light, and pulsed electric field have been used in industrial processes for at least two decades. While others, such as ultrasound, cold plasma, pulsed UV light are still under development, and are currently in lab- and pilot-scale phases.

Pasteurization, sterilization, and other thermal technologies used to sanitize food products usually affects negatively the nutritional and sensory properties of many products. As food quality and nutrition becomes a major concern in the modern world, it is not possible anymore to rely on technologies that sanitize our food but that also reduce their sensory and nutritional quality. Studies with non-thermal technologies, at first, aimed at achieving the same level of sanitization, while maintaining the nutritional and sensory properties of the products as similar as possible to natural. The application of these non-thermal processes in sanitization has been well-explored, and the knowledge of the strains of microorganisms that can be inactivated and how this inactivation is achieved was the focus of several research. In this Research Topic, articles on ultra-high pressure homogenization by Morata and Guamis and acidic electrolyzed water by Liu et al. present some aspects involving non-thermal technology and sanitization.

Although non-thermal technologies do not involve heat, several of these technologies induce chemical reactions in the food product. These reactions may alter the food tissue structure, enzymes, metabolic rates, phenolics, antioxidants, vitamins, color, and other sensory and nutritional aspects of our food. Under some circumstances the changes are positive, improving the phenolic and free vitamin content, inactivating color degrading enzymes, improving cloud stability in juices; but there are also reports on negative effects such as color fading, texture loss and production of off-flavor. Reports on these kinds of effects of non-thermal technologies on food is still missing and are the primary focus of this Research Topic.

Articles on the impact of ultra-high pressure homogenization, plasma treated water, ultrasound on different food products can be found in this Research Topic, as well as a review on the theory and application of several non-thermal technologies. The article written by Morata and Guamis shows a good examples of how non-thermal technologies can boost the production of wines and juices with higher antioxidant capacities without resorting to the addition of sulfur dioxide. Schnabel et al. present how plasma treated water can be an effective and low-cost process to extend the shelf-life of vegetables, while Liu et al. report on the application of acidic electrolyzed water to process fish. A review on the theory and application of several non-thermal technologies is presented by Jadhav et al., while Astráin-Redín et al. focus on direct contact ultrasound.

Non-thermal technologies have also been used in non-invasive quality control, where the product or the process can be monitored. In this Research Topic, Wang et al. demonstrate the efficacy of on low-field nuclear magnetic resonance in monitoring the quality control of aquatic products.

This Research Topic illustrate some of the possibilities that non-thermal emerging technologies open in the new food technology allowing the production of safer, healthier, and more sensory-attractive foods.
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Ultra-high pressure homogenization (UHPH) is a high pressure technique in which a fluid is pressurized by pumping at higher than 200 MPa and instantaneously depressurized at atmospheric pressure across a special valve. The full process takes <0.2 s and the in-valve time is <0.02 s. In the valve, extremely intense impacts and shear forces produce the nanofragmentation of biological tissue at a range of 100–300 nm. The antimicrobial effect is highly effective, reaching easily inactivation levels higher than 6-log cycles even at low in-valve temperatures. At in-valve temperatures of 140–150°C (0.02 s) the destruction of thermoresistant spores is possible. Even when the temperature in-valve can be elevated (70–150°C), it can be considered a gentle technology because of the tremendously short processing time. It is easy to get outlet temperatures after valve of 20–25°C by the expansion and assisted by heat exchangers. Thermal markers as hydroxymethylfurfural (HMF) are not formed, nor are deleterious effects observed in sensitive compounds as terpenes or anthocyanins, probably because of the low effect in covalent bonds of small molecules of the high-pressure techniques compared with thermal technologies. Additionally, intense inactivation of oxidative enzymes is observed, therefore protecting the sensory and nutritional quality of fruit juices and avoiding or reducing the use of antioxidants as sulphites. UHPH can be consider a powerful and highly effective continuous and sterilizing technology without thermal repercussions, able to keep fresh juices with most of their initial sensory and nutritional quality and allowing high-quality and natural fermented derivatives as wine.

Keywords: emerging technologies, grape must, winemaking, oxidative enzymes, colloidal stability, additives, sulphites


INTRODUCTION

Currently there are available at commercial and industrial levels two groups of high pressure technologies: (i) discontinuous high hydrostatic pressure (HHP) and (ii) continuous high pressure homogenization including high pressure homogenization (HPH), microfluidization (MF), and ultrahigh pressure homogenization (UHPH). The first group (i) uses a fluid, usually water, as pressurizing media, and the antimicrobial effect is produced by the damage produced in membranes and cell walls by the intense pressures ranging from 400 to 600 MPa, during 3–10 min (1, 2). It is possible to process solid and liquid foods. This technology is discontinuous on batch-mode and unable to inactivate spores (3) and with low effect in enzymes (4, 5). However, it is highly protective with molecules with nutritional or sensory impact, e.g., vitamins, aroma compounds, and pigments. The second group (ii) are continuous technologies in which the liquid is pumped at high pressure. In UHPH, which is the most effective, pressure ranges from 200 to 600 MPa (Figure 1). The antimicrobial effect is produced by the intense impact and shear forces produced in the valve (2, 6, 7). Liquid suffers strong acceleration when pumped at 300 MPa, reaching Mach 2 speed and extremely intense deceleration to almost zero when crossing the valve during <0.02 s. The effect is a full nanofragmentation to a submicro size range of 100–300 nm of whatever biological structure: cells, tissues, and biomolecules including enzymes (8). Depending on in-valve temperature (140°C), even spores are destroyed. UHPH sterilization is an alternative technique to UHT but with lower sensory and nutritional impact.


[image: Figure 1]
FIGURE 1. Range of pressures in conventional homogenization vs. UHPH. Effect on enzymes and microorganisms and nano-fragmentation in the UHPH valve.


The objective of this review is to explain the main features of the processing by UHPH and its advantages compared with the conventional hydrostatic pressurization (HHP). Additionally, it described the impact of UHPH in sensory and nutritional quality and the reduction of conflictive additives as sulphites.



PERFORMANCE OF CONTINUOUS UHPH VS. HHP

UHPH is a powerful technique that can be applied in continuous mode to whatever fluid with a size particle lower than 0.5 mm and a viscosity below 2,000 centipoises (9), and therefore can be used in most food fluids. Currently UHPH technologies can be found at the commercial level; one of the most evolved is patented by UAB and exploded by Ypsicon Advances Technologies (10). Liquids are pumped usually at 300 MPa, which can be considered the limit between HPH and UHPH (11), and the antimicrobial effect and enzyme destruction is produced in a special valve (7, 12) produced with special strong materials as tungsten carbide (weaker) or artificial diamond (highly resistant). The homogenizing valve has a few μm in width favoring mechanical interactions with microbial cells (11, 13). In-valve the intense impact and shear efforts produce several effects at nano-scale: nano-fragmentation, nano-covering, nano-encapsulation, and nano-emulsion that can be modulated to produce sterile or pasteurized foods (2, 7, 8, 14, 15), to increase the accessibility of nutrients and health-promoting compounds (16) and to develop innovative foods with improved colloidal structure or novel properties.

Pressure range in UHPH is 200–600 MPa; however, at 300 MPa the microbial and enzyme inactivation is more intense. Pressure higher than 300 MPa does not produce more intense effects but sometimes increases the level of wearing in-valve and other components. Concerning the temperature, most of the applications can be done at pasteurization or lower temperatures (<70°C). This includes enzyme inactivation, microbial destruction, nano-emulsion, and nano-covering (7, 8, 14, 17).

Concerning microbial inactivation at low pasteurization temperatures (<70°C) or even at room temperature, but considering the shorter processing times of UHPH (0.02 s in-valve and around 0.2 s of total process), it is possible to eliminate vegetative cells of fungi, yeast, and bacteria at populations of 6-log CFU/mL or higher (8, 14). The short in-valve time at this temperature guarantees the absence of thermal markers as hydroymethylfurfural (HMF) (8).

The elimination of bacterial endospores requires higher temperature 140–150°C (7, 18); however, thermal effect is very soft considering the short processing time that is lower than 0.2 s for the full process (14). This allows a higher sensory quality than traditional UHT.

The main features of UHPH in comparison with HHP concern the processing mode, effects on food components, antimicrobial capacity, impact in nutritional and sensory properties, and evaluation of thermal degradation as shown in Table 1. UHPH shows some advantages concerning gentle impact in food quality with a more effective antimicrobial and anti-enzymatic performance.


Table 1. Comparative features of UHPH and HHP.
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ELIMINATION OF SPOILAGE MICROORGANISMS IN MUST AND WINES AND IMPROVED APPLICATION OF NEW BIOTECHNOLOGIES

Spoilage yeasts that can be present in grapes, such as Brettanomyces, are easily destroyed by UHPH processing (14). Lactic or acetic undesired bacteria that can develop in the future wine increasing volatile acidity, or forming biogenic amines or ethyl carbamate, will be eliminated from the grape must using UHPH, ensuring a healthier wine. The use of 300 MPa and temperatures of 60–100°C for 0.2 s eliminate vegetative bacterial cells (8, 14). Sporulated forms need higher temperatures (6, 7, 18). Toxins as patulin were not directly affected by UHPH; however, a significant decrease can be observed in UHPH juices during storage (18).

There is facilitation of new biotechnologies as use of non-Saccharomyces yeasts and yeast-bacteria co-inoculations by a better implantation of the starters in absence of indigenous competitive microorganism (14, 23).



DESTRUCTION OF OXIDATIVE ENZYMES (PPO) AND RETENTION OF ANTIOXIDANT CAPACITY IN JUICES

HPH can be used to modulate enzymatic activity (42), but at higher pressure using UHPH the enzymes can be denatured. UHPH processing is able to disrupt quaternary structure of proteins (43). The intense inactivation of oxidative enzymes such as polyphenol oxidase (PPO), usually higher than 90% (14, 18), produces wines with antioxidant capacities increased more than 150% regarding controls (8, 14). Preserved antioxidant capacity has also been observed in apple or strawberry juices (30, 44). Moreover, the stability of vitamin C in HPH and UHPH treatments has been confirmed (30, 45). Additionally, UHPH grape must can be exposed to air with high exchange surfaces (>1 cm2/mL) without experimenting oxidations or browning processes during several days. The inactivation of pectinmethylesterase has been also observed in apple juices as what contributes to the colloidal stability of turbid juices (18).

The impact of UHPH in the wine industry is the potential reduction of sulfur dioxide (SO2) in wines, opening the possibility to produce wines with 0 mg/L of sulphites by inactivating oxidative enzymes but also destroying spoilage microorganisms (8, 14). For juices both the antimicrobial and antienzyme effect facilitate the production of low processed juices that can keep their sensory profile in absence of antimicrobials and antioxidative chemical products for long periods from months to years. The production of SO2 free red wine was studied using discontinuous processing by HHP obtaining a good sensory quality (46). However, recently, it has been reported that it is necessary to have at least 60 mg/L of SO2 to preserve quality in red wines processed at 350 MPa during 10 min at 8°C (47). Wines with less of 60 mg/L were found both less aromatic and with lower contents of anthocyanins.



SENSORY AND NUTRITIONAL QUALITY

Concerning sensory and nutritional quality, the short thermal effect produced by the in-valve temperature is not affecting the degradation of aroma compound as terpenes (8) or delicate pigments as anthocyanins (25, 48). Vitamin contents remain unaffected. Vitamin C contents remain unaffected after UHPH processing in apple juices (18). Thermal markers as HMF are not detected after the UHPH processing (8, 14).

It has been observed that delicate aroma compounds as several terpenes from a Muscat juice are not affected by UHPH treatments at 300 MPa, 65°C, processing time lower than 0.2 s. Concentrations of linalool, terpinen-4-ol, epoxylinalool, β-citronellol, geraniol, α-terpineol, cis-linalool oxide did not show significant differences with the unprocessed controls (8). Also, differences were not found in the pool of polyoxygenated terpenes. Additionally, the sensory panel also did not detect significant differences in the aromatic varietal profile.

Extraction of phenolic compounds can be improved significantly when juices with pulps or skin fragments are processed by UHPH. The intense nanofragmentation of colloids that are reduced to a size range of 100–300 nm increase the extraction of flavonoids and phenols from solids (18).

The color of white musts is improved by the intense inactivation of oxidative enzymes, making it possible to produce clear and pale juices from white grape varieties (8). Furthermore, the color remains pale even after several days of intense exposure to air.

The intense nano-fragmentation on grape cell walls produces a release of nitrogen compounds that increase the yeast assimilable nitrogen (YAN) available with positive effects in yeast nutrition during fermentation but also affecting the formation of fermentative fruity and floral esters (14).

In vegetal beverages of soya and almond processed by UHPH, there have been observed a better protein digestibility and a lower allergenicity (36). The effect is probably due to denaturation of the protein structure. Contents of lysine were stable after the treatment.



HIGHLIGHT OF FUTURE DIRECTIONS

The inactivation of spores at lower temperatures can be optimized probably by a new design of special valves built with new materials increasing the impact and shear forces. New geometries of valves increase the mechanical effects, promoting fluid jet impact, cavitation, and extreme shear efforts. Emerging materials also can help to improve the possibilities of processing abrasive foods as high fiber or high viscosity juices and smoothies. The conventional tungsten carbide alloy used in the valves must be substituted by ceramic coverings or artificial diamond seats and needles. There must be better knowledge of the nanoscale processes, and how to manage and monitor the nano-covering, nano-encapsulation, and nano-emulsion processes. The co-injection of different fluids at ultrahigh pressure promotes the formation of interactions among proteins, polysaccharides, and lipids creating nano-structures able to content and to increase the bioavailability of nutraceutical compounds. Using UHPH, it is possible to produce functional foods by the nanoencapsulation and stabilization of nutritional or sensory compounds. Frequently, these nano-encapsulates are more stable in solution or colloidal dispersion creating food fluids with same appearance in the long term without coalescence phenomena. Development of high throughput UHPH machines able to process more than 10,000 L/h is another key parameter to reach industrial scale-up. Currently, there are industrial UHPH devices able to process at 10,000 L/h working at 300 MPa, just with a single pump, but it is necessary to have several pumps to increase this processing flow. There must be development of truck portable UHPH devices to rent the processing technology to be used in seasonal food industries. The elimination of chemical preservatives as SO2, sorbates, benzoates, and others can help to reach a key objective in the food industry: cleaning labels.
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This study evaluated the impact of a defined plasma treated water (PTW) when applied to various stages within fresh-cut endive processing. The quality characteristic responses were investigated to establish the impact of the PTW unit processes and where PTW may be optimally applied in a model process line to retain or improve produce quality. Different stages of application of PTW within the washing process were investigated and compared to tap water and chlorine dioxide. Fresh-cut endive (Cichorium endivia L.) samples were analyzed for retention of food quality characteristics. Measurements included color, texture, and nitrate quantification. Effects on tissue surface and cell organelles were observed through scanning electron and atomic force microscopy. Overall, the endive quality characteristics were retained by incorporating PTW in the washing process. Furthermore, promising results for color and texture characteristics were observed, which were supported by the microscopic assays of the vegetal tissue. While ion chromatography detected high concentrations of nitrite and nitrate in PTW, these did not affect the nitrate concentration of the lettuce tissue post-processing and were below the concentrations within EU regulations. These results provide a pathway to scale up the industrial application of PTW to improve and retain quality characteristic retention of fresh leafy products, whilst also harnessing the plasma functionalized water as a process intervention for reducing microbial load at multiple points, whether on the food surface, within the process water or on food-processing surfaces.

Keywords: atmospheric pressure plasma, food quality, leafy greens, microwave-driven discharge, non-thermal processing, ready-to-eat produce


INTRODUCTION

As with many other vegetables, fresh-cut lettuce (e.g., endive) is a minimally processed produce that is harvested, cut, washed, centrifuged, and packaged (1, 2). These activities may be associated with mechanical damage to plant tissue, which causes biochemical and physiological reactions such as enzymatic browning, increased respiration, sensory, and structural decay (3). These changes may lead to significant losses in quality and thus reduce the shelf life and marketability of the produce (4, 5). Washing the fresh-cut lettuce is used to remove field heat, dirt, microorganisms, possible pesticide residues, and cell exudates, which could otherwise lead to a loss of quality (6, 7). Washing is therefore particularly important for the microbial safety and storage quality of fresh cut lettuce.

However, the process water can also be a source of microorganisms and lead to cross contamination. Therefore, where the use is legally permitted, water additives, mostly chemical, are used to reduce the microbial load in the washing water. Chlorine-based compounds are the most common and widely used disinfectant (8, 9). However, the use of chemicals is not permitted in the production of organic food and in conventional food processing the use of chemical disinfectants is not without concern, as they can lead to the formation of potentially harmful haloform by-products namely chloramines and trihalomethanes (10). Other wash water additives or treatments already in industrial use include chemical sanitizers like ozone, hydrogen peroxide, electrolyzed water, and peracetic acid. Physical treatments such as high hydrostatic pressure, pulsed electric field, oscillating magnetic field, ultra violet (UV)- or gamma irradiation and high-power ultrasound are also possible (4, 11–15). Some innovative process water additives under research are Quillaja saponaria extract (QSE) and Nα-lauroyl-L-arginine ethyl ester (LAE) (16–18).

The development of sustainable disinfection methods is important and challenging, but product quality compatibility, cost, environmental impact, and regulatory must also be met (19). An innovative strategy under research to reduce the bacterial load of process water and subsequently, to keep the food quality and shelf-life of fresh-cut lettuce at high levels is the use of plasma treated water (PTW) as an antimicrobial process stage.

The application of non-thermal plasma (NTP) generated at atmospheric pressure is a promising physical approach (20, 21). Plasmas are ionized gases containing neutral- and free charged particles such as ions and electrons (22, 23). Novel intervention technologies for fresh foods demand minimal processing at low or mild heat temperatures to maintain fresh characteristics, as well as compatibility with high throughput continuous processing, which can be achieved through non-thermal plasma at atmospheric pressure in gas or functionalized liquid mode of delivery (22). PTW can be used as the transport medium of reactive species and antimicrobial components for food, water, and surface sanitation (24). PTW is comparable to ozonized or chlorinated water with regard to mode of application and antimicrobial effects. The chemical composition of PTW concerning the acidic pH, and the reactive oxygen and nitrogen species (RONS) was previously characterized (25). Both, low pH and RONS are known to support and to cause the antimicrobial mechanisms of action, therefore the chemical composition of PTW should be known if PTW is investigated as a process wash water. This study investigates the unexplored aspects of how the PTW effects the food quality of fresh-cut endive and determines where PTW may be optimally applied within a fresh produce washing process for produce quality retention.



MATERIALS AND METHODS


Generation of PTW and Its Chemical Characterization

The PTW generation was previously described in (25). In brief, plasma processed air (PPA) was used to treat distilled water. This leads to the formation of PTW. The used plasma source was a two-stage microwave-driven device (2.45 GHz) based on a single-stage plasma torch (26, 27) and operated at atmospheric pressure. The used technical parameters for the presented experiments to generate PPA and subsequently PTW were 1.3 kW (power) and 12 slm (volume flowrate) for the first stage. For the second stage, 3.0 kW and 60 slm were applied. The chemical composition of PPA and PTW was previously reported (25, 28). Briefly, using emission spectroscopy (ES) analysis, the spectral lines of nitrogen monoxide radical (·NO), nitronium cation ([image: image]), and hydroxide anion (OH−) were dominant in the detected spectrum (28). In the FTIR analysis, the main components of PPA were nitrogen monoxide radicals (·NO), nitrogen dioxide radicals (·NO2) and water (H2O), oxygen (O2) and nitrogen (N2). ·NO was determined with a concentration of 2,900 ppm (7.79 × 1022 m−3), ·NO2 with 76 ppm (2.04 × 1021 m−3) and H2O with 9,200 ppm (2.47 × 1023 m−3) (25). The chronoamperometry identified a H2O2 concentration of 5.61 mg L−1 (29.39 mM) in the PTW (25). Finally, the ion chromatography (IC) measurements identified high values for [image: image] and [image: image], 687 mg L−1 [image: image], and 1,227 mg L−1 [image: image], respectively (25).



Investigated Specimen—Fresh-Cut Lettuce With Native Load

The specimen (endive, Cichorium endivia L.) was bought at a local organic market in Greifswald, Germany. The lettuce was grown on different fields (loamy sand and sandy loam) in the state of Mecklenburg-Western Pomerania, Germany. The harvest months were October to December 2019. Subsequently, the whole endive heads were stored in the dark for a maximum of 24 h at 7.4 ± 0.1°C before use. The relative humidity inside the fridge was 78% to 99% with a dew point of 3.9 td to 7.3°C td. Produce samples were prepared in accordance with previous studies aligned to industry practice and are briefly presented here (25). For food color and texture analyses, the lettuce was cut before washing. In the case of the microscopy analysis, the lettuce was washed first and subsequently cut. Before experimental use, the outermost leaves were removed, but the stalk was retained. Both, the softer leaf parts and the harder stalk parts of the lettuce were mixed to provide representative. Prepared experimental samples were stored in closed homogenizer bags (polyethylene; VWR International GmbH, Darmstadt, Germany) in air and removed for analyses ay days 1 and 7.



Processing of Fresh-Cut Endive

The processing of the fresh-cut endive was performed on a washing line mimicking a common industrial production process. The washing line ultimately consisted of up to five main sections—pre-bathing, pre-rinsing, pre-washing, main washing, and post-rinsing. The investigated process variants are given in Table 1 and as an example, the reference process using tap water is illustrated in Figure 1. After the last washing step, the samples were placed over a sieve for draining, but were not spun.


Table 1. Investigated process variants included the application of PTW at various process stages and unwashed lettuce, tap water and chlorine dioxide (ClO2, 15 ppm) were the reference treatments.

[image: Table 1]


[image: Figure 1]
FIGURE 1. An example process line, the illustrated washing process of a tap water reference (process variant Ia): five washing sections—pre-bathing, pre-rinsing, pre-washing, main washing, and post-rinsing.




Characterizing the Impact of Process Variants on Food Quality Parameters
 
Color Analyses

Color analyses on lettuce leaves were performed using a portable colorimeter NH310 of 3nh (PCE Deutschland GmbH, Meschede, Germany) with the CIELab system. Five points of measurement were used for each lettuce leaf, and chroma was expressed as C-value. For the process variants listed in Table 1, the Chroma was examined after each washing section. These investigations were carried out immediately on the day of treatment (day 0), 24 h (day 1), and 168 h (day 7) later.



Texture Analyses

The texture of the fresh-cut endive samples was examined with the Texture Analyser TAXT+ (WINOPAL Forschungsbedarf GmbH, Elze, Germany) before and after treatment with tap water, PTW, or ClO2. Samples had a mass of 10 ± 2 g. Five samples were examined for each process variant, washing section, and storage time after treatment (0, 1, and 7 days). The sample to be measured was transferred into a 600 mL beaker and positioned under the probe head. A probe head with three concentric rings (WINOPAL Forschungsbedarf GmbH, Elze, Germany) was used, as the large cross section is appropriate to measure the impact of the force over the whole leaf samples structure. The used protocol was previously described in Schnabel et al. (25).



Determination of Nitrate ([image: image]) Content

Before and after washing the fresh-cut lettuce with tap water, PTW and ClO2, the plant tissue was homogenized with a common hand blender. After blending, 5 g of the homogenized plant tissue was mixed with 50 mL sterile tap water (70°C), briefly shaken and incubated for 15 min. Two filtration steps were completed after incubation. For the first step, the whole tissue sample was rinsed over a paper filter (VWR, Darmstadt, Germany; particle retention of 2–3 μm). In the second step, the filtrated solution was filtrated again by a tip filter [Sarstedt, Nümbrecht, Germany; particle retention 0.2 μm, PES (polyester) membrane]. The collected double-filtrated solution was analyzed by IC for [image: image] concentrations according to the following procedure. Immediately after sample preparation, nitrate was determined by ion chromatography (IC). For this purpose, the IC was performed with the 850 Professional IC (Deutsche METROHM GmbH & Co. KG, Filderstadt, Germany) as previously described in detail in our publication Schnabel et al. (25).



SEM

Fresh samples of fresh-cut endive with an area of 25 mm2 were retrieved before and after treatment with tap water, PTW and ClO2. They were then prepared on brass holders with an electrically conductive glue containing silver particles (Ferro GmbH, Germany). The samples were dried under vacuum (1.0 mPa, 24 h) and subsequently coated with thin gold film by the sputter coater SCD 050 (Bal-Tec, Switzerland) in order to adjust the optimal material conditions for observation by means of an electron microscope. Overview and high-resolution images of the samples were taken with the electron microscope JSM 7500F (Jeol, Germany) at magnifications 100; 1,000; and 4,000. A secondary electron detector with a resolution of 1.0 nm was used for this morphological analysis. The microscope setting in this study was applied as follows: accelerating voltage 1 kV, working distance 8 mm, samples surface in the perpendicular position to the beam.



AFM

A fresh-cut lettuce tissue sample was fixed onto a PE-holder (32 × 8 × 2 mm3), and placed in a 60 mm diameter petri dish. Following a standard procedure (25), the sample have been submerged in 5 ml of filtered tap water (tip filter, which excludes all particles >2 μm) and fixed beneath the measuring head of the AFM. We used a NanoWizard III (JPK BioAFM, Bruker, Berlin, Germany) with a linearized piezo scanner for the scanning-probe topographies. Therefore, the scanning covered a travel path length of the piezos of 100 μm in every direction (xyz). Beam-shaped silicon probes without any top coating, a nominal spring constant of 0.29 N m−1, and a pyramidal-shaped tip (nominal aspect ratio: 1.5–3.0) were used. All samples were measured in contact mode with a set point of 15 nN and a line rate of 0.08 Hz by a 90 × 90 μm2 scan width. Two recording modes were used; the height micrograph reflects the vertical (z-information) extension of the piezo and the horizontal movement of the lateral scanner whilst it scans over the surface. It reflects the exact topographic height differences on the entire scan area. The deflection image, which is also referred as the error signal, reflects the deflection, i.e., the bending, of the probe that has been plotted against its xyz-position.



TEM

Transmission-electron microscopic (TEM) micrographs were taken before and after each washing step with tap water, PTW, or ClO2. Using a sterile razor blade, samples of a 5 × 20 mm2-area (5 mm length and a width of maximum 1 mm) were cut from green and healthy lettuce leaves. These pieces were fixed at room temperature for 2 h with a fixative containing 3% glutaraldehyde in a 50 mM cocadylate buffer at pH 7, and stored at 4°C until further processing. Before placing the samples in the high vacuum of the TEM, they were washed for 5, 10, 15, 20, and 30 min, and then embedded in low gelling agarose, further washed with cacodylate buffer for 10 min, prior to fixing in 2% osmium tetroxide (which was dissolved in cocadylate buffer) for 2 h at room temperature. Final samples were washed repeatedly as described above. For dehydration, the specimens were submerged for 15 min in distinct ethanolic solutions with increasing concentrations of 30, 50, 70, and 90%. Finally, we placed the samples in 96% ethanol for duplicate 10 min periods, and then in 100% ethanol thrice. In applying the flat-embedding technique, we transferred the samples stepwise into propylene oxide before they have been ingrained in low-viscous agar-resin (AGAR-LV, plano, Wetzlar, Germany). Subsequently, sections were cut on an ultramicrotome (Reichert Ultracut, Leica UK Ltd., Milton Keynes, UK), transferred onto pioloform-coated slot grids (2 × 1 mm, plano, Wetzlar, Germany), and stained with 4% aqueous uranyl acetate for 5 min. This was followed by lead citrate incubation for 1 min. The samples were analyzed with a TEM LEO 906 (Zeiss, Oberkochen, Germany) at an acceleration voltage of 80 kV, and micrographs were edited with Adobe Photoshop CS6 (Adobe Systems Inc., San Jose, Cal., US).




Statistics

Our experiments aim to mimic an industrial process as close as it is possible and therefore the leaves are not treated the same way at every extraction point (EP) along the washing process (process variant I–VI). Some process variants (Ib, III, IV, and VI) miss extraction point 1 (pre-bathing). Consequently, no data were obtained for these aspects at EP1, which make a more direct testing based on a distinct hypothesis complicated. Additionally, tests need to be designed to test the data against two references. The colorfulness (C) of the fresh leaves and their texture (T) are basic values, which are used in our hypotheses. We assumed a gaussian distribution among the values of C and T. Consequently, the arithmetic means and a standard deviation were computed and used in a statistical test series. We tested against a statistical significance of α = 0.05.

Certainly, it is straightforward to assume that possible changes in C and T appear when the leaves are treated with different sanitizers, which is best observed at EP5. Therefore, we formulate the basic α-hypothesis:

[image: image] The C or the T of the leaves did not change at EP5,

and the alternative:

[image: image] The C or the T of the leaves changed at EP5.

For that reason, we tested C and T at EP5 with an ANOVA against the outcome of process variant Ia/b (tap water). By this way, a statistical evaluation of possible differences in C and T of treated leaves based on a p-value that mirrors the probability of error for an incorrect rejection of the null hypothesis at that point was possible. A second test series evaluated every single step of each process variant against the input-values (EP0) of C and T based on ANOVA. By this way, a statistical evaluation of possible C and T changes along every process variant was possible. Therefore, the β-hypothesis is formulated:

[image: image] The C or the T of the leaves do not change due to the treatment and the washing stage along a given process variant,

and the alternative:

[image: image] The C or the T of the leaves changed due to the treatment and washing stage along a given process variant.

In summary, we have a set of horizontal ANOVA-tests for every process variant (I–VI, β-test) and a vertical ANOVA-test at EP5 (α-test). The β-test evaluated whether any C or T changes occurred along a process variant. The α-test evaluated possible C and T changes at EP5. Combined, α and β revealed information about the experiment of a completely examined day (0, 1, and 7). Set the case, the input of leaves was, regarding their C and T, homogenous and the outcome at EP5 differs, changes were a consequence to a sanitizer treatment along a process variant. A behavior, which could be observed when the α-H1-hypothesis went through and if at least one β-H0-hypothesis was ineligible. Generally, we interpreted the p-values of the α- and β-tests for every examination day as strong indicators for the behavior of the daily experimental set up. Nevertheless, they alone give not a basis to test a hypothesis addressing the overall interpretation of a completely examined day.

The hypothesis addressing the changes in C and T over a time of 0, 1, and 7 days compared the mean values of the outcomes at EP5 against each other based on an ANOVA evaluation and the hypothesis:

H0= The C or the T of the leaves did not change over the time of 0, 1, or 7 days,

and the alternative:

H1= The C and the T of the leaves changed over the time of 0, 1, or 7 days.

That hypothesis allowed statistical statements about changes in C and T when the samples were stored up to 7 days.




RESULTS


Color

The results for the color analyses are shown in Figure 2 (left column). The change of green lettuce color after washing with tap water, PTW and ClO2 was determined directly (day 0), after 1 day and 7 days of storage at 7°C in a closed plastic bag. The Chroma values of the color measurements were not affected by any of the treatments studied within the 7-day storage trial. Statistical analysis revealed no significant color changes for every process variant and analysis day. The results of the statistical evaluation are given in Tables 2–5.


[image: Figure 2]
FIGURE 2. The effect of unit process treatments on color and texture stability of fresh cut endive. Color (left column) and texture measurements (right column) of unwashed (extraction point 0) and tap water, PTW or ClO2 washed fresh-cut endive (extraction points 1–5). (A) Variant I: tap water at all extraction points for storage days 0, 1 and 7. (B) Variant II: PTW at extraction point 1 (180 s pre-bathing), extraction points 2–5 with tap water for storage days 0, 1, and 7. (C) Variant III: PTW at extraction point 2 (30 s pre-rinsing), extraction points 3–5 with tap water for storage days 0, 1, and 7. (D) Variant IV: PTW at extraction point 4 (180 s main washing), extraction points 2, 3, and 5 with tap water for storage days 0, 1, and 7. (E) Variant V: PTW at extraction point 1, 2, and 4 (180 s pre-bathing, 30 s pre-rinsing, and 180 s main washing), extraction points 3 and 5 with tap water for storage days 0, 1, and 7. (F) Variant VI: ClO2 at concentration of 15 ppm at extraction point 4 (180 s main washing), extraction points 2, 3, and 5 with tap water for storage days 0, 1, and 7. All experiments were repeated threefold with n = 5 resulting in n = 15.



Table 2. Statistical evaluation of storage day 0.

[image: Table 2]


Table 3. Statistical evaluation of storage day 1.

[image: Table 3]


Table 4. Statistical evaluation of storage day 7.

[image: Table 4]


Table 5. Statistical evaluation over all storage days (day 0, 1, and 7) at EP5.

[image: Table 5]



Texture

The change in texture of fresh-cut endive leaves after each process variant (Figure 2—right column) was determined directly (day 0), 1 day, and 7 days after treatment for each process extraction point (0–5). For the texture determination, the complete head of lettuce, except the outer leaves, was prepared for analysis and the stem components were not removed. In texture analysis, the required maximum force for the first breakthrough varied between 100 and 150 N, in general. The relatively large deviations at the individual measuring points may be due to the small sample quantity of 10 g or the mixture of hard and soft leaf parts (Stem components were not sorted out). In comparison to unwashed fresh-cut endive (extraction point 0) the washed lettuce became softer, less force was needed. However, compared to the tap water variant (I), no negative (softening) effect of PTW (variant II to V) or ClO2 (variant VI) was observed for all process variants at day 0 and 1 (p > α). There were moderate variations of texture for the process variant II. A 180 s pre-bathing effected the T [p = 0.02 (*)] directly after the treatment on day 0. For the process variant III (30 s pre-rinsing, p = 0.03) the texture was effected on examination day 1. Undoubtedly, variations of texture due to a sanitizer treatment (see chapter 2.5) have been observed on day 7. The test scenario clearly shows changes in texture, which appear to be highly significant (p-value: <0.001 for process variants IV and VI). The results of the statistical evaluation are given in Tables 6–9.


Table 6. Statistical evaluation of storage day 0.

[image: Table 6]


Table 7. Statistical evaluation of storage day 1.

[image: Table 7]


Table 8. Statistical evaluation of storage day 7.

[image: Table 8]


Table 9. Statistical evaluation over all storage days (day 0, 1, and 7) at EP5.

[image: Table 9]



Nitrate

Dietary nitrate is mainly derived from the consumption of vegetables, in particular green leafy vegetables (29). Due to their dietary importance, nitrate levels in fresh-cut endive were monitored during storage (Table 10). However, the EU has regulated the maximum levels of nitrate for fresh lettuce with 2,500-4,500 mg NO3 kg−1 depending on the harvest time and conditions (30). Since PTW, which was used to wash fresh-cut endive, contained both significant concentrations of nitrite and nitrate, it was necessary to determine whether the nitrate content in lettuce increases after washing and exceeds acceptable limits and guidance values. This could be an exclusion criterion for the approval of this innovative washing method. The absorption of nitrate may be increased by the fresh cut edges. In order to determine the nitrate values, IC analysis was used. The IC-samples were prepared immediately after processing (day 0) and the nitrate content in unwashed, tap water, PTW and ClO2 washed endive were measured.


Table 10. Nitrate concentrations of fresh-cut unwashed and washed endive.

[image: Table 10]

The nitrate content of unwashed endive (process variant I) was the highest with 1,793.6 ± 373.7 mg kg−1. Within all process variants (I–VI) the nitrate concentration was lower compared to unwashed lettuce. Despite the high water solubility of NO3, the detected concentrations of nitrate in the variants I to VI were between 377.9 ± 221.6 mg [image: image] kg−1 and 1,206.2 ± 483.8 mg [image: image] kg−1. The concentrations are summarized in detail for each process variant and extraction point in Table 10. For all PTW-application points, an increased [image: image] concentration compared to the other extraction points was noticeable. As expected, ClO2 did not lead to an increase in [image: image]. In PTW variants (II–V), the [image: image] concentration did not increase compared to unwashed (extraction point 0) and tap water (variant I) washed lettuce at the final extraction point 5. Importantly, all [image: image] concentrations were significantly below the maximum permitted value of 2,500 mg [image: image] kg−1 for iceberg-type lettuce (2,000–2,500 mg [image: image] kg−1) and for fresh lettuce (except iceberg-type) of 2,500–4,500 mg [image: image] kg−1 (30).



SEM

Microscopic methods for a deeper characterization of the influence of a PTW on lettuce were chosen. The focus of these investigations was on the food quality of fresh-cut lettuce mirrored by color- and texture analysis. Additionally, SEM and AFM were used to visualize variations on the leaves surface due to a sanitizer treatment. Especially TEM revealed insight into the cell interior and possible changes of cell organelles can be observed. In the texture analysis (see section Texture), only a moderate influence (process variant II, day 0, p = 0.02) on the leaf structure directly after washing with PTW was found. This was confirmed by the SEM (Figure 3) and AFM (Figure 4) analysis, were no sever, structural alterations have been observed. Overall, the SEM analysis showed no clearly visible changes between the samples and the unwashed reference. When washing the lettuce with tap water, or PTW (irrespective of the process variant) there was no noticeable influence and intact stomata—both open and closed—were observed in all samples (Figure 3 middle and right column). The temperature of the water in all scenarios was 21.5°C ± 0.1°C. Only after the treatment of lettuce with ClO2, does the lettuce surface appear flatter and smoother, i.e., less rough and structured (Figure 3G, magnification × 100). The stomata seemed to be less raised and, more collapsed. In the ×4,000 magnification (Figure 3G), the outer edge of the stomata appeared somewhat attacked.


[image: Figure 3]
FIGURE 3. Scanning electron microscopy (SEM) of the fresh-cut lettuce. For each process variant (I–VI), three magnifications are shown: left—×100, middle—×1,000, right—×4,000. The scenarios shown are: (A) unwashed (extraction point 0), (B) tap water washed (variant I), (C) PTW washed—variant II, (D) PTW washed—variant III, (E) PTW washed—variant IV, (F) PTW washed—variant V, and (G) ClO2 washed (variant VI).



[image: Figure 4]
FIGURE 4. Atomic force microscopy (AFM) of the fresh-cut lettuce. For each process variant (I–VI), two micrographs are shown: left—error signal/deflection micrograph, right—height micrograph. The variants shown are: (A) unwashed (extraction point 0), (B) tap water washed (variant I), (C) PTW washed—variant II, (D) PTW washed—variant III, (E) PTW washed—variant IV, (F) PTW washed—variant V, and (G) ClO2 washed—variant VI.




AFM

Our investigations showed results of 8–14 μm for the endive leaves in the height micrograph. The wave-like structure, previously observed through SEM analysis, was clearly seen in the error signal micrograph (Figure 4, left column). The slight variations in the height profiles were probably due to the presence of stomata in the scanned section. The slight deviations for ClO2 observed in the SEM investigations were not visible in the AFM images. This may be due to the small scanned area in the AFM. On the other hand, the reason could also be that the samples are pre-treated for SEM and not for AFM. The proposed advantage of AFM analysis is in sample preparation, where they were not subject to dehydrating steps and were relatively natively analyzed. AFM was proposed as a good alternative for SEM.



TEM

The TEM-analysis (Figure 5) of endive leaf tissue from unwashed lettuce showed the typical cell organelles (31–33), with the exception of vacuoles (Figure 5A). The absence of vacuoles was probably an artifact of preparation. Differences in the composition of cell organelles were not found for the applied treatments by comparison with the unwashed reference. However, chloroplasts in leaf tissue showed morphological changes after washing with ClO2 (Figure 5G), particularly in the grana the grana (stacks of thylakoid discs). An altered structure of the thylakoid membranes was observed. TEM micrographs of thylakoid membranes clearly revealed the drastic difference in the thylakoid structure in ClO2 washed fresh-cut lettuce, where the stacks in grana were attached to one another to form large clearances. Further, the stroma thylakoids were disrupted (Figure 5G). In contrast to the addition of ClO2 to the washing water, the use of PTW for lettuce washing had no effect on the grana of the chloroplasts or other organelles, regardless of the application point of PTW (Figures 5C–F).


[image: Figure 5]
FIGURE 5. Transmission electron microscopy (TEM) of the ultrastructure of the fresh-cut lettuce leaf tissue. For each process variant, four micrographs are shown: from left to right—overview of the ultrathin section, three times a detailed micrograph of the same section depicting all detected cell organelles. The process variants shown are: (A) unwashed (extraction point 0), (B) tap water washed (variant I), (C) PTW washed—variant II, (D) PTW washed—variant III, (E) PTW washed—variant IV, (F) PTW washed—variant V, (G) ClO2 washed—variant VI. The organelles are: nucleus (n); cytoplasm (cy); cell wall (cw); chloroplast (c); mitochondrion (m); vesicle (vs); plastogloboli (p); peroxisome (px); membrane (mm; plasmalemma or tonoplast).





DISCUSSION

Food safety should always be considered in combination with retention of food quality characteristics for approval and adoption of emerging technologies, in order to increase acceptance by stakeholders (industry) and consumers and to identify the optimal process variant taking into account individual needs.

Previous publications investigated the antimicrobial effects of plasma processed air (PPA) and this PTW for retention of food safety profiles using different target surfaces and microorganisms (25, 26, 34–38). These studies addressed the decontamination potential of PPA or PTW on microorganisms relevant for safe shelf life extension, on the artificial and natural microbial loads of fresh-cut lettuce, and the scalability of the plasma technology and pilot-scale application. However, the impacts on fresh product quality characteristics represented a research lacuna, which was therefore the focus of the current study.

The investigations on color and texture showed only sparsely negative influences of a PTW or ClO2 treatment, which cannot be detected by the used ANOVA. The systematic color screening of treated leaves revealed no statistically significant support of our assumptions (H1-hypothesis) and the null-hypotheses cannot be rejected for every single process variant (all p > α). On the other hand, statistically meaningful structural changes of product matrix of the fresh-cut endive within the storage trial of 7 days were observed (process variant I, III, IV, and VI; p-values < 0.01). The logical construct when the β-null hypothesis (horizontal) and the α-null hypothesis (vertical) must be rejected states there were structural alterations due to a sanitizer treatment, which become obvious on day 7 for process variant I, III, IV, and VI (p-value <0.001). Additional, for a storage period of 7 days, structural changes become statistically meaningful for the process variant I (tap water) and the process variant II (p < 0.03). However, since the tap water-reference showed a pronounced alteration especially after a storage time of 7 days, changes might attribute to ordinary aging of the biological product matrix. Contrary, ClO2 and PTW show statistically meaningful texture alterations after their treatment and a storage of 7 days (P > 0.001), but distinct changes from day to day could not be supported by statistics (p > α). A picture, which states changes due to a sanitizer treatment, but they do not persist over the whole storage time (p-values > α). This results in the question if the sanitizer somehow conserves the leaves after they alter their structural appearance in a certain way. Alternatively, the other way around, do ClO2 and PTW trigger aging processes in the leaves, which lead to massive structural changes after a 7-day storage period? Nevertheless, future investigations with separated lettuce leaf components might provide insight in such processes and support the testing of distinct hypotheses. It is important to have statistically meaningful basic values (e.g., alterations in color and texture) as a basis for logical links answering more holistic questions. Consequently, these quality characteristics are retained using this emerging technology.

Lettuce accumulates nitrate in its leaves during its growth (39, 40). Among the foods consumed by humans, plants represent between 72 and 94% of daily intake of nitrate (41). Dietary nitrate is mainly derived from the consumption of vegetables, in particular green leafy vegetables such as rocket (4,800 mg [image: image] kg−1) and lamb's lettuce (2,130 mg [image: image] kg−1) (29). However, nitrate contents in fresh-cut endive can decrease during storage (17), due to a concomitant growth of nitrate-metabolizing microorganisms (29, 42). If nitrate is converted to nitrite, this can have negative health effects, as nitrite can be a source of carcinogenic nitrosamines (43–45). Therefore, the European Union established the maximum permissible levels from 4,000 to 5,000 mg [image: image] kg−1 for the winter season and 3,000 to 4,000 mg [image: image] kg−1 for the summer season (30). The endive samples examined in all our process variants remained within the legally prescribed nitrate values. Therefore, the use of PTW as a washing additive maintained endive food quality concerning the nitrate content. Further investigations about other valuable content compounds such as vitamin C may be also useful.

The promising results for food quality retention of color, texture, and nitrate obtained using PTW as process water additive were supported by the microscopic measurements based on SEM, AFM, and TEM. For trials using tap water or PTW, there was no significant difference noted in the influence compared to each other and to unwashed endive samples. However, for the application of ClO2 the thylakoid stacks seem to be affected in TEM images, therefore the light-dependent reactions of photosynthesis may be negatively influenced as the interval between photosystem II complexes was expected to be larger. Although harvested and processed lettuce no longer has to undergo photosynthesis, it is still a living tissue, which may be subject to an accelerated aging process due to the change. This may not only affect the shelf life but also the quality of the tissue. Fujii et al. (46) mentioned in their work on photo inhibition of chloroplast genome-modified and common lettuce, that not only were the grana altered, but also that the plastoglobuli, which contain accumulated lipids and lipoproteins, were enlarged (46).

The use of PTW as a new washing and sanitization treatment provides a means to extend safe shelf life while maintaining produce food quality characteristics within regulatory guidelines. To fulfill all requirements of a regulatory environment, further investigations on sensory properties as well as toxicology are necessary, notwithstanding the need to examine marketability and cost benefit with the a product life cycle analysis.

In conclusion, the present study demonstrated that PTW could be used as a process water agent to improve conventional washing methods in fresh-cut processing at diverse stages of a process line, without any impairment of the quality of fresh-cut endive directly after treatment and during subsequent storage for 7 days. The promising results and the advantages of PTW including low-temperature, simple and cheap generation and demonstrated comparability to current procedures such as tap water rinsing and chlorinated water offer a wide range of innovative applications.
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Consumers' demand for “minimally processed” products that maintain the “fresh-like” characteristics has increased in recent years. Ultrasound (US) is a non-thermal technology that enhances mass and energy transfer processes resulting in improved food quality. A new method of applying US to food without using a liquid or gaseous medium for the propagation of acoustic waves has recently been under research. It is known as direct contact US, since the food is directly placed on a plate where the transducers are located. In this type of systems, the main effect is not cavitation but acoustic vibration, which encourages mass and energy transfer processes due to the “sponge effect.” Furthermore, as the product is not immersed in a liquid medium, the loss of hydrophilic nutritional compounds is reduced; systems such as these can thus be more easily implemented on an industrial level. Nevertheless, the very few studies that have been published about these systems mainly focus on dehydration and freezing. This article summarizes published research on the impact of direct contact US in nutritional and organoleptic quality of food in order to assess their potential to meet new market trends.

Keywords: ultrasound, direct contact, quality, food compounds, nutritional compounds


INTRODUCTION

In recent years, consumers are demanding safe, healthy and long shelf-life products that maintain their “fresh-like” characteristics but without any chemical preservatives. However, this cannot be achieved through the application of thermal technologies, which, although longer shelf-life is possible, nutritional and quality losses are caused due to the high temperatures and long processing time. Therefore, since the twentieth century, non-thermal food processing technologies such as pulsed electric fields (PEF), high hydrostatic pressure (HPP), ultrasound (US), UV light, cold plasma and irradiation (IR) have been widely investigated (1). These technologies allow extending the shelf-life of the food but with small increase in the temperature, affecting minimally the nutritional properties, texture, color, taste and aroma of the food, which means, that products with similar characteristics to those of fresh food are obtained (2). However, despite consumers' demand for “minimally processed” products, awareness of novel technologies is still very low and there is a lack of trust in them (3).

One of these non-thermal food processing technologies is US, and its potential to improve mass and energy transfer processes has attracted great attention. Moreover, US is included within the “Green Food Processing” concept proposed by Chemat et al. (4) to refer to those technologies that allow to process food with a lower consumption of energy and water, thereby obtaining processing methods that are more sustainable and environmentally friendly.

In the food industry, most research on the application of high power US (20–100 kHz, > 1 W/cm2) is focused on systems in which a liquid or a gaseous medium (such as air, then called airborne US) is used for the propagation of US waves (5). Most of the applications of this technology (such as cleaning, atomization, homogenization and emulsification, defoaming, drying, and freezing) are based on that manner of applying US due to its capability to produce permanent changes in the propagation medium (6). The mechanisms of action behind these effects are the cavitation phenomenon, microcurrents, microjets, the sponge effect, and the primary radicals H· and ·OH, which occur in the food matrix (Figure 1) (7, 8).


[image: Figure 1]
FIGURE 1. Cavitation and sponge effect due to US.


Several studies have been conducted over the last few years on the potential of ultrasound to obtain food with greater nutritional value and better organoleptic properties (9). This technology favors mass and energy transfer processes, assisting i.e., the elaboration of infusions at lower temperatures (30°C) with a higher content of total polyphenols (6–10 folds higher) and anthocyanins (8–10 folds higher) (10), and red wines with a greater content of polyphenols (11). Moreover, US also promote the elimination of compounds naturally present in food that are potentially harmful to human health, such as oligosaccharides from pulses (12) or heavy metals such cadmium from edible crabs (13), and even carcinogenic compounds such as acrylamide from fried potatoes (14). One of the most commonly used food preservation process is dehydration in which US application reduces the loss of bioactive compounds and improves the color of dehydrated products (15). In the case of freezing, in addition to reducing processing times, the US favors the formation of small ice crystals that, when thawed, reduce the loss of water, resulting in a product with better texture (16, 17).

Nonetheless, consumers not only demand “minimally processed” food, but also have great interest in functional food or nutraceutical ingredients that have additional healthy benefits beyond basic nutrition (18). However, the conventional extraction of natural food additives is quite limited due to the high-energy cost, the use of toxic solvents or the high consumption of water (19). US allows the extraction of bioactive compounds in an environmentally friendly way (4) reducing the use of solvents or with lower energetic costs. In fact, the potential of US to improve the extraction of bioactive compounds (such as polyphenols, carotenoids and anthocyanins) has been demonstrated in many studies (18–25). In addition, US also favor the extraction of functional compounds from foods that give them specific characteristics (18, 26). Within this group are the polysaccharides such as pectins (27, 28), gums (29), alginate and carrageenans (30, 31) and cellulose (32) that provide structure, stability and viscosity to the products. Finally, US also improved the extraction of proteins used to enrich food with low protein content or those used as functional additives to stabilize emulsions or foams (33–35).

Therefore, US is a non-thermal technology with great potential for the food industry and, in fact, there is already some equipment operating in industries e.g., for extraction, cutting soft products and filtration (36). However, there are still many limitations that make this not always possible, and that is why new US application systems are sought such as direct contact or contacting US system, in which the food sample is in close contact with the transducer. Differently to traditional US in which the product is immersed in a liquid, usually water, or applied to air (airborne US), US is applied in dried conditions. In this case, the acoustic vibrations that reach the solid matrix cause successive compressions and expansions of the material, which behaves as a sponge (Figure 1) (37). This mechanical stress (“sponge effect”) may result in microcracks and microchannels in the internal structure. Acoustic vibration can also improve energy transfer, as reported in different processes such as freezing, drying, etc. (38). As indicated, the main advantage of this system is that the loss of hydrophilic macro or micronutrients would be reduced (39), although this point has not been specifically investigated. In addition, it can be applied to any product without the need to be immersed in water. However, very few studies have been published in this field (40) and thus, this review focuses on describing direct contact US systems and analyzing their impact on food nutritional, quality and sensory properties.



DIRECT CONTACT US SYSTEMS

Similar to water-immersed or airborne US systems, frequency, vibrational amplitude and power intensity are the key parameters (5) for direct contact US. In general, low frequencies are used (close to 20 kHz) where physical and mechanical effects are mostly observed. However, there is not specific studies of the effect of this parameter. Similarly, it occurs with the other parameters. Any case, associated to them, thermal effect can occur if high intensities are applied. This is a crucial parameter in direct contact US which has to be considered for its scaling-up, since it can affect product quality by losing thermosensitive nutritional compounds (i.e., ascorbic acid) or degrading certain pigments (i.e., anthocyanins, carotenoids) affecting negatively the color of the food. Although US is a non-thermal technology by definition, the US-treated product may become heated due to friction among particles, dispersion, and the viscous absorption that takes place when sound waves are transmitted through food products (41), and also due to expansions and contractions generated by the piezoelectric ceramic of the transducers (42). Due to this, to minimize the heat emitted by the transducers, a series of cooling systems or US ON/OFF activation protocols are applied (43, 44).

Several systems have been developed to apply US by direct contact in a series of different food producing processes such as drying, freezing, etc. (Table 1). All of them have the same basic elements; moreover, in all cases, the transducers or horns are in direct contact with the plate (emitter) on which the samples are placed.


Table 1. Different systems of application of US by direct contact with food.
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Drying

Drying is a preservation process that has a great effect on organoleptic properties and heat-sensitive nutritional compounds such as antioxidants and vitamins (39, 59). Numerous studies have focused on the study of US-assisted drying of fruits and vegetables and its effect on the physical (water activity, shrinkage, rehydration, color, porosity, among others) and chemical (nutrients, antioxidants, vitamins) quality of the dried product (60–62).

All the studies included in Table 1 reported that US improved the drying rate (up to 70% in some cases), reduced drying time, and enhanced the quality of the dehydrated food. For example, Liu et al. (50) studied the impact of contact-US-assisted drying (28 kHz) on the color of purple-fleshed sweet potato slices by applying 30 W and 60 W US treatments and four air temperatures (40, 50, 60 and 70°C). The effect of the US was more noticeable at high temperatures, as drying times were greatly reduced: at 70°C, time reduction was 18.7 % (30 W) and 37.5 % (60 W), and the dried potato samples were brighter, redder, and less yellowish than control. Tao et al. (54) also observed improvements in the color (whiter values) of dried garlic assisted by US reducing drying time by 48.5% at 60°C. Similar conclusions have been reported using airborne systems for carrots (63), strawberries (64), and green peppers (65).

An important aspect to be considered in the traditional heat-dried process is the potential loss of thermosensitive bioactive compounds (66). Thus, the reduction of drying times by accelerating mass and energy transfer processes minimizes the loss of nutritional compounds. Liu et al. (51, 52) studied the effect of direct-contact-US-assisted convective drying on total phenolic content (TPC), flavonoids, and ascorbic acid of pear slices by applying hot air flow (35, 45 and 55°C) or far infrared radiation (FIR) (100, 220, 340 W). It was observed that the higher the ultrasonic power the lower the loss in TPC: e.g., at 45°C and ultrasonic powers of 24 and 48 W, the retention of TPC was 14.7 and 39.7%, respectively, whereas at 220 W FIR and ultrasonic powers of 30 and 60 W, the improvement compared to control was 6.7 and 16.7%, respectively. However, no beneficial effect of US was observed at 55°C and 340 W FIR; it even had a negative effect as compared to control. According to the authors, this was related to oxidation reactions, since at elevated temperatures the tissue was more sensitive to damage; when US was applied, associated mechanical effects could intensify heat damage, while oxidative reactions occurred more easily due to increased contact between phenolic compounds and oxygen (67). Similar results were found for flavonoids when US was applied at low temperatures (35°C; 48 W US) or at low FIR powers (100 W, 220 W; 60 W US), thereby leading to increases in flavonoid content of 21.1, 45.5 and 26.6%, respectively. However, at higher temperatures or FIR powers, the effect of US was harmful. The effect of the US treatment on ascorbid acid content was always positive, and increased along with power. The highest ascorbic acid contents were observed at 35°C and 48 W US (US samples, 42.5 mg vitamin C/100 g vs. non-US samples, 30.0 mg vitamin C/100 g), and at 100 W FIR and 60 W US (US samples, 265.5 mg ascorbic acid/100g vs. non-US samples, 226.1 mg ascorbic acid/100 g). Another example is that of Tao et al. (54) applying 20 kHz-US during the drying at 60°C of garlic slices (Allium sativum L.). Garlic has healthy benefits associated with thiosulfinates that have anti-inflammatory, antioxidant and antimicrobial properties (68). In this study, the total thiosulfine content was 16% higher at an ultrasonic intensity of 902.7 W/m2 compared to non-sonicated samples, The TPC was also improved at 902.7 W/m2 (12 %), while at a higher ultrasonic intensity (1,513 W/m2) the content was even lower than control. Nevertheless, the antioxidant capacity was very similar between non-sonicated and sonicated samples, showing a small improvement when applying 902.7 W/m2. The application of direct contact US to food drying systems can therefore increase the retention of thermosensitive bioactive compounds but the treatment conditions need to be optimized, mainly the ultrasonic power.

Finally, in the studies by Liu et al. (50, 52) it was observed that rehydration capacity, one of the most important parameters that defines the quality of dehydrated food (69, 70), was improved by 10.6 % in samples of purple-fleshed sweet potato dried at 40°C and 60W (US), and by 36.4, 15.7 and 13.2% in samples of pear slices dried at 35, 45 and 55°C, respectively, and applying a US power of 48 W. These results can be explained by the fact that the application of US by direct contact in solid food, as reported in liquid immersion systems and air systems (19, 71), leads to the formation of cavities and microchannels in plant tissues via mechanical effects (49–52) that reduce internal resistance to the flow of water and enhance its incorporation during rehydration.



Freeze-Drying

Freeze-drying is a process widely used to obtain high-quality dehydrated food by preserving shape and color while minimizing the loss of nutrients (72). However, extended processing times and high energy costs are involved. The application of US could thus serve as a useful alternative in order to accelerate mass and energy transfer process. To the best of our knowledge, only one published study deals with the application of US by direct contact to vacuum freeze-drying. This would probably be due to the technical difficulties involved in applying US in vacuum freeze-drying systems (58). US equipment in that study consisted in two sonotrodes, in the tip of which a mesh was fixed to hold the samples (Table 1). An intermittent (10s on/90s off) application of US (from 76 to 110 W) led to a reduction in the freeze-drying time of red bell peppers of 11.5%, but no differences were observed in terms of rehydration capacity, bulk density, color, or ascorbic acid content of the treated samples compared to the conventionally freeze-dried samples. Since the application of US in the freeze-drying process allows reducing the processing time, it is necessary to conduct more studies to evaluate its impact on the nutritional and organoleptic quality of the food.

On the other hand, it is worth mentioning that US airborne systems have been tested in atmospheric drying at low temperature processes (an alternative to freeze-drying) with the aim of improving the quality of air-dried food. Bantle and Eikevik (44) did not observe any differences in color or shrinkage of green peas when US was applied. Similarly, Colucci et al. (73) investigated the impact of US-assisted atmospheric drying at freezing temperatures on the antioxidant properties of eggplant samples, and likewise did not find significant differences when applying US (25 and 50 W). Moreover, although differences were not significant, the application of US promoted the degradation of ascorbic acid (1.5–7%), TPC (4.2–15%) and antioxidant capacity (3–13.8%) in samples dried at −10°C and 2 m/s.



Freezing

The quality of frozen food is determined by the shape, location, and distribution of ice crystals inside the product (74, 75). Therefore, rapid freezing is sought in order to allow the formation of small and numerous intra- and extra-cellularly located ice crystals that minimize quality losses after thawing (76, 77). Many studies have shown that immersion freezing in ultrasonic baths improves the quality (microstructure, weight loss, texture, color, and nutritional components) of frozen food by promoting the initiation of nucleation, thereby controlling the growth of ice crystals and accelerating the transfer of mass and heat (19, 40, 78).

Islam et al. (56) studied the effect of direct contact US on the freezing process of mushroom (Agaricus bisporus) cubes by applying a frequency of 20 kHz and a power of 300 W with intermittent treatment of 1 s on/20 s off once the sample temperature reached −1°C, and treatments of 10 s on/10 min off in the course of storage during 3 weeks. They observed that the sonicated samples displayed earlier nucleation at temperatures of −2.0 ± 0.05°C compared to control samples, in which it occurred at −2.6 ± 0.01°C. Differences in morphology and size of the ice crystals were also detected by cryo-electron microscopy. The crystals of the sonicated samples were smaller, thinner, and columnar shaped, while those of control were larger, more irregular, and featured dendrites. Although no quality parameters were analyzed in this study, the characteristics of the ice crystals strongly suggest that the US-assisted process would have a lower impact on the quality of the frozen/thawed products. Recently, Astráin-Redín et al. (57) studied the influence on Water Holding Capacity (WHC), Cook Loss (CL) and protein digestibility of meat when applying direct contact US (40 kHz, 50 W) in freezing chicken breasts while applying an intermittent US treatment. No differences in terms of those quality parameters were observed between sonicated and control samples. These results may be due to the fact that the sample size was small (5–6 g), and, although US-assisted freezing was more rapid (9.9–11.3%), the process was already rapid enough in the control samples to have a negative impact on quality. Indeed, in larger pork loin samples (120 g), Zhang et al. (79) observed smaller and more uniformly distributed crystals resulting from immersion US freezing (180 W and 30 kHz), and they obtained 61% and 12.3% lower weight losses after thawing and cooking, respectively, when applying US compared to a forced air system. Moreover, Li et al. (17) evaluated the influence of immersion-US-assisted freezing (20 kHz) on chicken breast meat, and observed an increase in the proportion of water retained within the myofibrillar protein, thereby resulting in a higher WHC.




CONCLUSIONS

This review summarized the current state of knowledge regarding a new method of applying US to food samples, known as direct contact US systems. Although very few articles have been published on this subject, the application of US has already achieved considerable improvements in mass and energy transfer processes in the food industry, such as dehydration and freezing. In the case of dehydration, the application of US leads to a reduction in drying times, resulting in dehydrated food with a higher content of TPC, flavonoids and ascorbic acid, as well as improved sensory attributes such as color, along with improved functional properties (i.e., rehydration). However, most of the studies did not analyse the thermal effect that these systems could have on the samples; thus, the effect of the US treatment cannot be evaluated correctly as it can be hidden or misleading. As far as freezing processes are concerned, it has been reported that direct US contact freezing promotes the formation of small ice crystals, although no improvements in certain highly relevant quality parameters of defrosted foods such as WHC and CL have been observed. For all these reasons, the application of US by direct contact can be regarded as a thoroughly useful technique to improve mass and energy transfer processes of food. However, due to the scarce number of articles on this subject, further research is required in order to gain a better understanding of this system's effect on food nutritional and organoleptic quality.
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Aquatic products, such as fish, are popular throughout the world due to their satisfying flavor characteristics as well as rich animal nutrition, and they provide high-value food therapy, but they are easily oxidized and spoiled. It is necessary to detect aquatic products through rapid and accurate technology. Low-field nuclear magnetic resonance (LF-NMR) and magnetic resonance imaging (MRI) have been widely used in the aquatic product industry due to their sensitivity, fast analysis, non-destructive nature and low cost. The applications of LF-NMR in the measurement of aquatic product quality and nutrients (water, fat, and protein) are summarized in this paper. Applications in aquatic products have been shown to depend on deep processing, storage and authentication. This review discusses the application of MRI technology in the quality control of aquatic products. Therefore, this review will guide the application of the aquatic products industry and aims to supply the reader with both the theory of the method and practical applications of the method for use as a rapid and non-destructive technology in scientific research and the industrial industry.
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INTRODUCTION

Aquatic products, a relatively high-nutrition and economically valuable food, have become a popular food among consumers and producers around the world (1, 2). Due to their high water content, the flesh of aquatic products spoils easily. Therefore, to ensure the quality and safety of aquatic foods, non-destructive and fast technologies are applied with quality monitoring since they maintain the quality of the traditional character, including texture, taste, and flavor. At present, it is reported that 30% of aquatic products cannot be consumed each year due to spoilage, which accounts for 25% of total agricultural losses (3). Therefore, it is essential to attend to the quality monitoring of aquatic products during production, storage, processing, and transportation.

With the introduction of advanced technologies, low-field nuclear magnetic resonance (LF-NMR) has become a powerful tool that is gradually being applied for the detection of water content, distribution, and migration in aquatic products (4, 5). It is considered to be an accurate and non-destructive method for visualizing the internal food structure (6, 7). Meanwhile, magnetic resonance imaging (MRI) has been widely used in life sciences and food science research (6, 8). Moreover, the transverse relaxation time (T2)-weighted nuclear magnetic resonance (NMR) signal-obtained relaxation time has been proven to be very informative for water dynamics and its correlation with quality changes, as has been demonstrated using the chemometrics model to predict the shelf life of aquatic products (9–12).

In this paper, our review covers the progress and applications of LF-NMR in aquatic products for the determination of water and fat as well as protein. This review has summarized the latest application progress of LF-NMR in deep processing, storage and authentication. The applications of MRI technology in the non-destructive visualization of aquatic products are introduced. Finally, the potential of using LF-NMR/MRI as a technique for non-destructive testing in aquatic products was shown, which will strongly contribute to applications and developments in the aquatic product industry.



OVERVIEW OF LOW-FIELD NUCLEAR MAGNETIC RESONANCE TECHNOLOGY

NMR spectroscopy probes into the interaction of a nucleus with an applied external magnetic field (13) and was initially used to illustrate the structure of molecules and their chemical properties in the 1970s (14). It can qualitatively and quantitatively analyze the composition and structure of organic and inorganic materials (15). NMR can be used to analyze the behavior of NMR-active nuclei (i.e., 1H and 13C, which are most commonly used for food and processed product applications) (16) in a magnetic field or exposed to pulsed radiofrequency (RF) irradiation (17). Relaxation is the complicated process whereby nuclei transition from an excited state [owing to the splitting of the nuclear spin levels (Zeeman effect) of an applied magnetic field] to equilibrium (18).

According to the strength of the magnetic field, NMR technology is divided into high-field NMR (≥1.0 Tesla, T: unit indicating the magnitude of a magnet), middle-field NMR (0.5–1 T) and low-field NMR ( ≤ 0.5 T) (Figure 1). High-field NMR technology has the advantages of high sensitivity, high resolution and a high signal-to-noise ratio; however, a significant limitation of the related instruments is that they are expensive and require periodic replenishment of liquid nitrogen (19, 20) (Figure 2). The price of high-field NMR is 10 times that of LF-NMR. Compared with high-field NMR technology, LF-NMR not only requires low instrument costs and no special sites for installation but also contains shields inside the instrument and does not need refrigeration. LF-NMR belongs to the submicroscopic field (between molecules) via spin-lattice relaxation (i.e., longitudinal relaxation time, T1) and spin–spin relaxation (i.e., transverse relaxation time, T2). NMR relaxation measurements of water protons provide a great deal of information about the dynamics of water (21). The RF pulse is assumed to resonate with the hydrogen proton. Some of the low-energy hydrogen proton absorption energy transitions to a high-energy state. After the RF pulse disappears, the hydrogen proton returns in a non-radiative manner to the ground state and reaches a Boltzmann equilibrium; the time required for this process is the relaxation time, and it is used to obtain kinetic information between molecules (22–24).


[image: Figure 1]
FIGURE 1. Schematic illustration of the strength of the magnetic field.
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FIGURE 2. Schematic illustration of the relaxation time principle.


In 1973, Dr. Paul C. Lauterbur first acquired magnetic resonance images by spatial coding. This established a branch of magnetic resonance imaging (MRI) (25). MRI is a non-destructive and non-invasive detection technology that visually reflects the internal structure of a sample. MRI has significant importance in the real-time monitoring of quality changes in aquatic products during processing, transportation, and storage.

The number of references analyzing foods with LF-NMR and MRI over the last 5 years shows that there has been an increasing number of publications over time, indicating that LF-NMR and MRI have been used more frequently in food research. Furthermore, many publications have proven that LF-NMR and MRI techniques have played a key role in investigating the most abundant chemical components (water, protein, and fat), deep processing, storage, and authentication of aquatic products. The number of scientific works regarding the use of LF-NMR for chemical components increased from 163 papers to 291 during the period 2017–2020. The current paper covered most studies that shed light on the deep processing and storage of aquatic products. The number of published works on deep processing and storage of aquatic products increased from 33 papers to 82 during the period 2017–2020.



APPLICATIONS OF LF-NMR IN AQUATIC PRODUCT NON-DESTRUCTIVE TESTING

Aquatic products are easily oxidized and spoiled. Traditional measurement methods used to analyze aquatic product quality are not only time-consuming ones but also destroy the sample. With the increasing demand for international aquatic products, it is necessary to develop a fast, non-destructive detection technology. According to these technical requirements, LF-NMR was used for the detection of aquatic product quality and opportunities.


Measurement of Water in Aquatic Products

Water is the most abundant chemical component in aquatic products, and water content change is one of the important indicators used to evaluate the quality of aquatic products (26). Based on the state of the water, it can be divided into bound water (tightly bound to macromolecules, such as proteins), trapped water (within the myofibrillar structure), and free water (the water outside the myofibrils) (24) (Figure 3). There are a variety of traditional moisture measurement methods, such as the direct drying method, vacuum drying method, distillation method, and Karl Fischer method. Traditional measurement methods are time consuming and can only measure the water content, while the state and distribution of water cannot be determined. LF-NMR can be applied to the detection of moisture content, distribution, mobility, and water-binding state in aquatic products. The T2 relaxation time can be detected by LF-NMR, and water migration and the water content are analyzed according to the changes in T2 in aquatic products. At present, LF-NMR has been reported in the literature for analyzing water dynamics and its correlations with the water holding capacity, texture, and flavor of fish (10, 27).


[image: Figure 3]
FIGURE 3. Schematic illustration of the three water phase models (bound water, trapped water, and free water).


The changes in the water state of dried sea cucumber during rehydration, as well as the interaction of water with the surrounding macromolecules, can significantly affect T1 during LF-NMR analysis (28). The moisture content was determined by T2 transverse time. The proper presoaking and rehydration times were estimated to be 24 and 96 h, respectively. The rehydration ratio of dried sea cucumber was analyzed by principal component analysis (PCA). There was a good correlation between water content and chewiness. The dry and salt-containing sea cucumbers were clearly distinguished on the PCA score map. LF-NMR can indirectly reflect the texture characteristics of aquatic products, and the results were consistent with the texture parameters of aquatic products. The change in the quality of the wet surface of kelp was recorded as the T2 relaxation time during storage at room temperature, 4 and −18°C. The amount of trapped water on the wet surface of kelp increased with the extension of storage time. The critical quality control period was between 28 and 35 d at room temperature, and the critical periods of quality control at 4 and −18°C were between 35 and 42 d and between 49 and 56 d (29). The above results indicated that LF-NMR could be used to measure water changes. Water content can be used as a reference standard for predicting the shelf life of aquatic products. Liu et al. (30) used LF-NMR combined with water-holding capacity, Ca2+-ATPase activity and texture analyses, and this combined method provided a great correlation with trapped water (T21), water-holding capacity, free water (T22), and elasticity. The results were consistent with those of Wang et al. (31), who studied the mechanism of water changes by LF-NMR. This result suggested that T21 was directly related to the water holding capacity. The elasticity of aquatic products was consistent with the variation trend of free water content, and water changes would affect the flavor of aquatic products.



Measurement of Fat Content in Aquatic Products

Fat is an essential nutrient, and fat content can thus be used to evaluate the quality of aquatic products. There are a variety of traditional methods used for fat content determination, such as the oil weight method, residual method, Soxhlet extraction method, Babcock method, and Gabb's method (32). Traditional measurement methods can be complicated, inaccurate, time-consuming, and labor-intensive. However, samples are qualitatively analyzed by these traditional measurement methods, so corresponding chromatographic peaks must be compared using known data or combined with mass spectrometry/infrared spectroscopy data. A significant limitation of mass spectrometry/infrared spectroscopy methods is their lowered sensitivity for less polar compounds (e.g., hydrocarbons and organometallic compounds). In the quantitative analysis of a sample, standard substances are required to calibrate the output signal before detection, the cost is high, a professional technician is required, and mass spectrometry/infrared spectroscopy is also time-consuming and laborious. The national standard GB/T 31743-2015 allowed for the direct detection of solid fat content by NMR, and the solid fat signal and liquid fat signal observed for the sample were directly determined by NMR and calculated to obtain the solid fat content (32).

At present, LF-NMR has been applied as a technique to rapidly and non-destructively detect fat content. LF-NMR combined with stoichiometry could be used to analyze the fat content of aquatic products, which could be characterized by T1-weighted imaging and the T2 relaxation time (33, 34). The fat content of salmon was quantitatively analyzed by pulsed nuclear magnetic resonance relaxation signals (range of 90–182 g kg−1), and this technique was combined with the novel software “Norwegian mass cutting (NQC)” to obtain a “fat image.” Therefore, the NMR spectrometer monitored the fat changes online and can thus be expected to be an increasingly popular research tool (35). Moreover, LF-NMR is more convenient and accurate than traditional Soxhlet extraction (28, 36). The relationships between water migration and the fat content of aquatic products were investigated with were investigated. Fat content was visually reflected by changes in T1-weighted imaging, and CPMG echo peaks and fat prediction models, including principal component regression (PCR) and partial least squares regression (PLSR), have been rapidly established. LF-NMR, which is combined with chemometric methods, has been used for the quantitative analysis and quality control of fat content in aquatic products.



Measurement of Protein in Aquatic Products

Protein is the main component of aquatic products. Three kinds of proteins from aquatic products are myofibrillar protein, myogen, and matrix protein. The quality changes of aquatic products are mainly caused by the degradation of the myosin heavy chain, α-actin, actin, and tropomyosin. The combination of physical, chemical, and microbiological reactions resulted in a decrease in the freshness of aquatic products (37–40). There are a variety of traditional methods used for analyzing proteins, such as SDS-polyacrylamide gel electrophoresis, mass spectrometry, and near-infrared spectroscopy (27, 41–43). These techniques are complicated, time-consuming and laborious. Many factors that influence protein changes and are of significant importance are protein oxidization and degradation. At present, the T2 transverse relaxation time determined by LF-NMR can reflect the moisture distribution and migration in the intramyofibrillar space and extramyofibrillar water population. Water molecules are capable of interacting with surrounding surface proteins, leading to relaxation decay rate changes and relaxation declines (44). Meanwhile, the changes in myofibrillar proteins were analyzed from the perspective of water migration and combined with traditional methods used to detect proteins, enzyme activities, texture, and other indicators to evaluate the quality of the aquatic product (27).

Based on the indicators of emulsifying activity, WHC and LF-NMR, the differences in the fatty acid compositions and the acylglycerol structures of the lipid phase significantly affected the emulsifying capacity of the myofibrillar proteins (45). The results above indicated that LF-NMR could be used to explore the mechanism of protein changes. Ozel et al. (45) applied the T2 transverse relaxation time to investigate the effects of different polysaccharides on the swelling ratios of whey protein hydrogel composites. LF-NMR is capable of monitoring the hydrogel swelling structure. In addition, LF-NMR provided more information on swelling mechanisms than conventional methods, establishing its potential for further investigation. Greiff et al. (46) used LF-NMR to study the effects of different concentrations of salt additives on the protein structure of carp surimi. As the concentration increased, T21 and T22 gradually increased, and the cooking loss rate and WHC decreased because the interaction between water molecules and proteins in the muscle fibers was suppressed. The LF-NMR results showed that the difference in protein structures was mainly related to the salt additive concentration.




APPLICATIONS OF LF-NMR IN DEEP PROCESSING, STORAGE AND AUTHENTICATION OF AQUATIC PRODUCTS

Note that the signal obtained through LF-NMR studies on the water dynamics of aquatic products comes directly from the water signal of the aquatic product samples. Moreover, the T2 transverse relaxation time has been used by many researchers to investigate the water content and distribution in traditional and modern processing, including deep processing, storage, and authentication. The water content and distribution were monitored in real time for aquatic products. LF-NMR can accurately measure water content changes and migration and determine the types of aquatic products and their byproducts. Therefore, it has been gradually applied to the aquatic products industry.


Applications of LF-NMR in the Preservation of Aquatic Products

Gudjónsdóttir et al. (47) used LF-NMR to study the effects of different fresh-keeping methods (without polyphosphate and brine pickling) on the moisture and salinity of Atlantic salmon filets. The study showed that T21 increased as the water content of fish filets increased. T21 has a significant correlation with the water content, salt content and water holding capacity. Moreover, similar WHC results were related to water located outside the myofibrillar network (extramyofibrillar) (48, 49). Sánchezalonso et al. (50) used LF-NMR to study the effects of different freezing methods (air blast, liquid nitrogen, and walk-in freezer methods) on the quality of squid slices. The T2 transverse relaxation time effectively reflects the water distribution and migration of squid slices in freezer storage due to the wide band of T21 within the range 120–360 ms. Moreover, the results showing that these T2 changes exist may indicate quality changes because it has been recorded that the freezing rate was optimized and that the temperature used for quality parameters was controlled. Idag et al. (51) studied salt uptake in Atlantic salmon filets and showered that salt uptake was affected by antemortem stress and rigor mortis. The T2 transverse relaxation time was used to show that salt diffusion and distribution strongly depended on the fat distribution during the curing process. Da Silva et al. (7, 48) and Ghidini et al. (49) studied the quality changes of aquatic products preserved by different methods (pickling and adding sodium polyphosphate, polyphosphates, or sulphites). They found that the internal aquatic product tissue of proteins degraded, denatured, and aggregated during storage, and the value of trapped water and free water decreased, which was attributed to chemical conversion between water and protein protons. It is well-documented that the T21 and T22 of frozen shrimp significantly increase with increasing additive concentrations compared with those of the CK group. This further demonstrates the importance of LF-NMR, which can significantly influence the quality of frozen shrimp during preservation. Reseachers (47, 52) studied the effects of injecting additives (salt and protein) and different preservation methods (salt content and modified atmosphere packaging) to evaluate the quality of fish filets during the freezing process and revealed that the infusion of various salts into the fish and the protein distribution were more uniform than those in the untreated group. The addition of protein powder enhanced muscle protein electrostatic force, resulting in increased water amplitude (A2b) in myofibrils. Comparing the other processing conditions, the modified atmosphere in the packaging caused the T22 migration rate of fish to slow as well, indicating that the modified atmosphere in the packaging had an increasingly protective effect on fish meat losses.



Applications of LF-NMR in the Heating Process of Aquatic Products

Wang et al. (8) used LF-NMR to reveal that clams treated at 80°C in the water state significantly changed. T1 and T2 relaxation times are highly correlated with water dynamics in clams during the heating process. Bi et al. (53) used LF-NMR and observed that only one water population was present in sea cucumber (Stichopus japonicus) preheated at 40°C for 120 min, and the water did not change dramatically during the heating process. For sea cucumber postheated at 80°C, three distinct populations were shown, and the T2 relaxation time of the bulk water decreased dramatically, indicating some changes in internal structures and loss in WHC. A good correlation between the T2 relaxation time and TPA analysis parameters was shown for sea cucumber after both preheating and postheating. Therefore, LF-NMR is presented as a new means of assessing quality and understanding structural changes of seafood during the heating process.



Applications of LF-NMR in the Low-Temperature Storage of Aquatic Products

Wang et al. (10) used LF-NMR to monitor the water mobility of bigeye tuna during low-temperature storage and combined it with texture profile, quality indicator, microorganism and T2 relaxation time analyses to establish multiple linear regression equations and predict shelf life. The results showed that LF-NMR could be used to dynamically monitor the water migration of fish during cold storage. Shu-Min et al. (54) studied the water change mechanism of vacuum-packed cucumber juice fish balls during cold storage. The results showed that T23 showed a decreasing trend, and free water dynamically changed with extended storage time. Sánchez-Alonso et al. (50) analyzed the quality changes in hake stored at −10°C for 6 months. As the storage time increased, T22 and T21 decreased, the WHC and viscosity apparently decreased, and the shear force increased, reflecting the juice losses of hake. The relaxation time (T21, T22), amplitude (A21, A22), and related quality indicators were used to establish a PLS mathematical model to predict the shelf life. Therefore, LF-NMR can be used as an important detection method for evaluating the quality change of aquatic products during low-temperature storage.



Applications of LF-NMR in the Dry Storage of Aquatic Products

Water dynamics of abalone (Haliotis discus hannai Ino) were assessed using LF-NMR and MRI in which dried abalones were rehydrated for 120 h. There was a good correlation between the hardness, chewiness, rehydration ratio, and T22 relaxation time of dried abalone (4). Cheng et al. (55, 56) studied shrimp meat (Penaeus vannamei) and Pacific oyster (Crassostrea gigas) as the research objects and analyzed the drying process by performing LF-NMR. T21 decreased, indicating that the water mobility and water freedom of the shrimp and oyster decreased gradually during the drying process. This migration of water from the extramyofibrillar space into the intramyofibrillar space indicates that this shrinkage of myofibrils significantly influences water mobility by decreasing the space available to keep the water due to the drying process, which is implied by the relaxation times of the different water populations. The difference in texture and color and its correlation with water dynamics were evaluated by LF-NMR. In conclusion, the effect of the drying method on the quality of aquatic products was analyzed from multiple angles.



Applications of LF-NMR in the High-Pressure Treatment of Aquatic Products

Shang et al. (57) used LF-NMR to study pressures of 300, 500, and 600 MPa, causing the relaxation time to increase in sea bass skeletal muscle and making the dynamics of bound water remarkable. However, the pressure of 100 MPa had little effect on the dynamics of bound water, and 200 MPa could cause the relaxation time of bound water to reach a minimum and the bound water to become more stable. High pressure could retain water in different states; thus, the gel-forming capacity and water holding capacity of aquatic products would change. Similar results were obtained in both fresh and smoked salmon samples treated at 100 and 150 MPa in which the T2 values of the 150 MPa-treated samples were different to those of the samples treated at the other pressure levels used. High pressure might lead to a slight decrease in dryness, hardness, color, and appearance in fish and affect T2 relaxation time, in terms of both fish and relaxation time changes, which could be caused by changes in the structure of the fish proteins. We concluded with LF-NMR that high pressure contributes to some changes related to the texture, WHC and T2 relaxation time of fish due to protein denaturation (51). Combined with physicochemical indicator changes and organizational structures, it was observed that high pressure could extend the shelf life of aquatic products.



Applications of LF-NMR in the Ultrasound Treatment of Aquatic Products

Zhang et al. (58) studied the effect of ultrasonic treatment on the rehydration capacity. As the ultrasonic power increased, T22 and T23 (A22 and A23) increased, revealing that the ultrasonic treatment of sea cucumber could lead it to absorb more free water during the rehydration process. The LF-NMR results demonstrated that ultrasonic technology was beneficial to water absorption in aquatic products. Additionally, a study using LF-NMR revealed that ultrasound-assisted immersion freezing reduced the mobility and loss of immobilized and free water in common carp (Cyprinus carpio) (59). LF-NMR is an effective way to evaluate the deterioration of fish during ultrasound storage.



Applications of LF-NMR in the Authentication of Aquatic Products

Liu et al. (60) used LF-NMR to identify fish gills, miscellaneous fish gills, red snapper, and copper pot fish gills. T2 was combined with the traditional drying method to determine the moisture content, state, and distribution of surimi, providing a new method for the rapid and non-destructive identification of aquatic products. In addition, T2 relaxation time measurements are capable of measuring and mapping prawns injected with different hydrocolloids, such as gelatine, carrageenan, agar, Amophophallus konjac, and xanthan gum. In addition, LF-NMR could be used to study the different states of water in the muscle (head, tail, paw, and back), which could be used to authenticate adulterated prawns (61). Geng et al. (28) and Hassoun et al. (62) used LF-NMR combined with PCA/PLSR to identify dried sea cucumber/salt-dried sea cucumber and adulterated shrimp, and the PCA/PLSR score map can clearly distinguish between the different kinds of sea cucumber and adulterated shrimp. The correlations between NMR parameters, rehydration rate and texture characteristics of dried sea cucumber/adulterated shrimp were analyzed by the linear regression mathematical method. Marciani et al. (63) applied 1H NMR to perform data processing and distinguish between wild and farmed salmon, as well as determine their origins, with a high accuracy based on their tissue lipid species and profiles. These studies suggested that they contained complementary functions that would improve the authentication of aquatic products according to their geographical areas and kinds, as well as treatment methods.



MRI Used for Visual Observation in Aquatic Product Storage and Processing

MRI non-destructively provides a great deal of information on internal molecule distribution for use in development research and estimating the quality of aquatic food (52, 64). X-ray diffraction, scanning electron microscopy, transmission electron microscopy, optical microscopy, and atomic force microscopy have been frequently used in the visual analysis of aquatic products (53). However, these methods cause significant damage to the molecules detected. MRI technology can be used to non-destructively see the sample through sliced images of aquatic products, improving the processing conditions and quality by real-time dynamic information (65).

Geng et al. (28) used MRI and LF-NMR to study the water dynamic changes in the presoaking and rehydration process of dried sea cucumber. MRI imaging results showed that the free water content was more than the trapped water content of the dried sea cucumber in the rehydration process. The rehydrated sea cucumber mainly contained free water. The stoichiometric method combined with MRI image information was used to analyze the moisture content of the aquatic product and predict the shelf life. Zhang et al. (58) found that different powerful ultrasonic methods affected the internal water distribution during the rehydration of sea cucumber. The study showed that the higher the ultrasonic power was, the stronger the signal of hydrogen protons in the rehydration of sea cucumber, the greater the moisture content inside the sea cucumber and the stronger the ability of sea cucumber to rehydrate. This was combined with SEM and pseudocolour images for comparative analysis and the more comprehensive monitoring of aquatic product quality changes. MRI was used to analyze the water distribution and content changes of fish during low-temperature storage (8, 10). The water migration of tuna could be observed visually. Physical and chemical indicators were used to analyze the quality changes and monitor tuna dynamically. Bian et al. (66) used MRI greyscale images and pseudocolour maps to find changes in the water-oil balance of dried saury samples, which was consistent with the sensory evaluation results. At the same time, MRI was combined with sensory scores, microbial indicators and physical-chemical indicators, and the saury's shelf life was predicted. Relying on MRI results is one of the best tools for predicting the shelf life of aquatic products. Wu et al. (67) used MRI to analyze the distribution and content of fish fat tissue under different feeding habits and aquaculture conditions. Therefore, MRI can realize the real-time online, non-destructive and non-invasive detection of moisture mobility in aquatic products to better control the quality of aquatic products.




CONCLUSION AND FUTURE RESEARCH

LF-NMR and MRI are useful for a wide range of applications related to food property and food authentication. While there are many methods that can be used to measure food components, LF-NMR/MRI technology can not only measure the moisture, protein and fat content in aquatic products but also detect quality changes in real time and in a rapid, non-destructive and accurate manner. Examples of applications include using LF-NMR/MRI as a substitute for the conventional method to analyze aquatic products faster; it can distinguish between complex aquatic product types; it can detect water content and monitor water migration; and it can evaluate aquatic product quality to reveal the mechanism of aquatic product spoilage. In addition, nuclear magnetic data can be combined with mathematics and stoichiometry to establish relevant quality models, providing new ideas for evaluating the quality of aquatic products. However, applications of LF-NMR are still relatively scarce, and the applications of combining LF-NMR with related testing instruments are even scarcer due to technical and testing limitations. Nevertheless, LF-NMR/MRI techniques are still applied in aquatic product research and are good candidates for assessing quality control during industrial processes. This future direction has rapidly promoted the applications of LF-NMR, combined with other related instruments, in the real-time monitoring of aquatic products, thereby improving the efficiency of applying non-destructive testing to aquatic products and introducing LF-NMR technology into the corresponding standard system to promote the development of the aquatic product industry.
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Food is subjected to various thermal treatments during processes to enhance its shelf-life. But these thermal treatments may result in deterioration of the nutritional and sensory qualities of food. With the change in the lifestyle of people around the globe, their food needs have changed as well. Today's consumer demand is for clean and safe food without compromising the nutritional and sensory qualities of food. This directed the attention of food professionals toward the development of non-thermal technologies that are green, safe, and environment-friendly. In non-thermal processing, food is processed at near room temperature, so there is no damage to food because heat-sensitive nutritious materials are intact in the food, contrary to thermal processing of food. These non-thermal technologies can be utilized for treating all kinds of food like fruits, vegetables, pulses, spices, meat, fish, etc. Non-thermal technologies have emerged largely in the last few decades in food sector.
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INTRODUCTION

Food quality is a great concern when processing food for preservation. Conventional food preservation processes expose food to a very high temperature, which no doubt reduces the contamination or microbial load from food, but it also results in some undesirable changes in food, such as loss of nutritional components that are temperature-sensitive, change in the texture of food due to heat, and changes in the organoleptic characteristics of food (1). In thermal processing, food is exposed to heat for a long duration of time, which causes observable changes in food and results in the production of low-grade food (2, 3). The thermal techniques used for preservation result in the formation of chemical toxicants in food that are carcinogenic and harm the human body (4, 5). The amount and the type of toxicants formed also depend on the type of thermal method used for cooking food. Microwave cooking and deep fat frying result in the formation of heterocyclic aromatic amines, which can even cause mutagenic changes in the body (5, 6). Thermal treatment can also cause loss of water from food, oxidation of lipids, and changes in the composition of fatty acids. Barbequing of meat causes loss of meat juices that mainly contain saturated lipids stored in the form of adipose tissue, leading to a decrease in saturated fatty acid and an increase in polyunsaturated fatty acid in the final product. The presence of polyunsaturated fatty acid makes the final product more susceptible to lipid oxidation and decreases the quality of product, imparting an off-flavor with a reduced mouthfeel (7). But now, consumers' awareness regarding food safety has increased and they demand food free from microorganism and with high nutritional qualities and excellent mouthfeel. This led food professionals to search for a better alternative, like non-thermal treatments. In non-thermal processing, food is exposed to ambient temperature for a very limited period of time, i.e., for ~l min or less, which causes no change in the nutritional composition of food, the texture remains intact, and the mouthfeel is not lost (8–10). The rise in consumer demand for fresh food with longer shelf-life and good sensory qualities led to extensive research in the field of non-thermal treatment of food (11). Thermal technologies that require huge energy consumption and produce low-grade food can be fully or partly replaced by the consumer-, environment-, and pocket-friendly (since they are economical) non-thermal technologies for food processing and preservation (12–14). Various non-thermal food processing treatments came into light since the last few decades, which included pulsed electric field, cold plasma, ultrasonication, microwave, supercritical technology, etc. These non-thermal treatments unmask food to treatment conditions for a fraction of seconds, which results in the reduction of the microbial load in food with an increase in shelf-life, with good sensory and textural characteristics (15, 16). The preservation effect of non-thermal technologies is more than that of thermal technologies because there is no chance for the formation of any undesirable products/by-products in food or on the surface of food since it is not exposed to higher temperatures (17). Pulsed electric field is an extensively used non-thermal processing treatment in the food sector. It is mostly exploited for liquid food including fruit juices, alcoholic beverages, non-alcoholic beverages, etc. It can be directly applied on the entire fruit. It damages the cell wall of microorganisms, leading to the death of microbes and the reduction of the microbial load (18). The intensity of pulse and pulse width play important roles in microbial reduction in food exposed to pulse electric field treatment (19). Non-thermal treatment can also arrest the activity of enzymes, leading to the spoilage of fruits and vegetables. Cold plasma technology is extensively used to enhance the physiological properties of proteins and carbohydrates in food, so that they can be used in numerous applications in food processing. Gaseous cold plasma processing has been used for improving the cooking and textural properties of food grains (20, 21). It also inactivates the microbes present on the surface of the food product. Cold plasma treatment time plays an important role in achieving the desired results (22–24). Ultrasonication is an energy-efficient non-thermal treatment usually used for the intensification of processes like synthesis, extraction, and preservation of food and allied products. Ultrasonication duty cycle and exposure time have positive effects on food. A perfect combination of duty cycle and exposure time can be utilized in developing safe and nutritious food with ultrasonication (25, 26). Other technologies such as ultra-pressure treatment and irradiation are also exploited in the food processing sector to achieve food safety with minimal or no loss of the nutritional, textural, and organoleptic characteristics of food (27, 28). These non-thermal treatments result in a decrease of the microbial load by altering the structure of the membranes in bacterial cells and unfolding of the helical structure of the DNA of the genetic material of microbial cells, leading to the death of microbial cells in a short period of time. Apart from the reduction of the microbial load, these non-thermal treatments are also used for the extraction of bioactives from plant and animal sources having nutraceutical food application for the intensified synthesis of the nutraceutical components, dehydration, for enhancing the physical and chemical properties of food constituents, etc. (29–35). In spite of the many advantages of these non-thermal technologies in the food sector, they are rarely used in food industries and remain at laboratory scale only. There is a great need for the understanding of the construction and workings of these non-thermal technologies and their action on food. There is enough scientific literature available on these technologies. The present review focuses on the recent status of non-thermal techniques in food processing industries to enhance the quality of food products, the effects of these non-thermal techniques on food components, instrumentation used for these non-thermal techniques with a focus on the limitations of these techniques for large-scale production and how they could be overcome, and the future prospects of these techniques in food processing industries. This comprehensive review will definitely help food scientists and technologists working in the field of non-thermal technology since non-thermal treatment is gaining research interest due to its numerous merits over thermal techniques.



NON-THERMAL TECHNOLOGIES


Ultrasonication


Theory

Ultrasonication is an emerging non-thermal technology in the food sector, but it is already a well-established technique in other processing sectors (36). In simple words, ultrasound is a sound wave bearing certain frequency that is more than the normal human hearing frequency, i.e., above 20 kHz (37). When ultrasonic waves oscillate through the medium, they generate many expansion and compression effects in the medium. There is a formations of small cavities due to the presence of air. The cavities formed grow to a desired size and then collapse. When these cavities collapse, they generate both a large amount of energy and local hot spots, and thus there is an increase in heat and mass transfer rates (38). Ultrasonication is used to speed up the chemical synthesis of organic compounds and increase the yield of reaction because the ultrasonication effect results in enhanced heat and mass transfer. Ultrasonication is used with different frequencies, which are classified as low-frequency, medium-frequency, and high-frequency ultrasonication, with frequency ranges of 20 kHz–100 kHz, 100 kHz−1 MHz, and 1 MHz–100 MHz, respectively (39). Low-frequency ultrasonication produces large shear forces in the medium, whereas high-frequency ultrasonication produces less shear forces in the medium. The medium frequency results in the formation of radical species, and this frequency range is considered to be optimum for various sonochemical-assisted process, but the formation of chemical radicals can bring about undesirable changes in food, such as oxidative changes in lipids and proteins (40). Ultrasonication is done using an ultrasonic horn, which is dipped in the liquid solution or juice and is treated with certain treatment frequency. Ultrasonication can be done using an ultrasonic bath, in which the food material or packaged food is kept and the sound waves are generated in a bath that creates ultrasound effect and brings about desired changes in food (41).



Applications

In food processing, frequency in the range of 20 kHz–100 kHz is used for the extraction of bioactives, emulsification, cooking, debittering, intensified synthesis, etc. Jadhav et al. (42) reported on the synthesis of designer lipids using sonication as an excellent alternative for intensified yield. The authors reported a maximum yield of 92% in 6 h of reaction. Due to the increase in energy, there is a generation of high-energy spots that increase the rate of mass transfer, and the reaction is completed in a shorter period of time. Ultrasonication-assisted synthesis is rapid compared to the conventional synthesis process (43). Ultrasound also assists the interfacial transfer of molecules, which enhances the efficiency of the process of extraction of bioactives from plant and animal sources. The extraction process not only increases the yield of the extraction process but also improves the physical and chemical properties of the extracted compound. One such recent study by Sun et al. (44) reported that protein extracted using ultrasonication showed superior properties in terms of the size of the particle, emulsification power, and structure. Ultrasonication-extracted particles with small particle size and larger α helix structure have improved emulsifying power when treated with sonication for 30 min at 20 kHz. Cheila et al. (45) designated ultrasonication as a greener approach for the extraction of bioactives from the leaves of velame. Ultrasound increased the yield of extracted bioactives to 94% in 39.5 min using indirect ultrasonication. Ultrasound has been proven to be an intensified extraction process for the extraction of oil from olive fruit, soybean, and flaxseed (46, 47). It is also employed for the extraction of bioactives from different parts of plants, fruits, and vegetables (48–51). Ultrasonic-assisted filtration process is also very effective and is of importance to dairy and beverage industries. In cheese making, the membrane filtration process is used for the complete separation of milk protein from other milk solids (52). Ultrasonication also aids in the processes of freezing, drying, and thawing of food products (53–55). Mothibe et al. (56) used ultrasonication as a preliminary processing step before the dehydration of apples and reported that the drying time was reduced and the dried apple had a good texture with less water activity. The authors reported that treatment at 25 kHz and time of 15 min showed good results. As the treatment time increased, there was more loss of soluble solids from apple. The ultrasound-assisted process not only decreases the drying time but also enhances and retains the texture after rehydration. Rehydration refers to the absorption of moisture by the dried food (57). Tao et al. (58) showed that ultrasound-rehydrated white cabbage showed a higher rate of rehydration compared to the untreated sample. Similar studies were reported for the rehydration of carrot and green pepper (59, 60). It is also used as a pretreatment for convective drying and freeze drying (61, 62). Ultrasonication is also effective for the preservation of food products by using brine solution. Carcel et al. (63) reported on the use of ultrasound in the treatment of pork loin with a brine solution; ultrasound was applied to this solution. The authors reported that the ultrasound-assisted brine sample has more concentration of brine in it with good color and texture of pieces of pork loin compared to the untreated sample. Ultrasonication is also beneficial for the process of degassing in carbonated beverages and is a good replacement for the processes of pasteurization and sterilization in the reduction of microbial load in food and food products (26). Ultrasound has successfully proven its potential in the food sector in various critical areas like food preservation, extraction, intensified synthesis, and improvement of the physical and chemical properties of food. The very limited technical information about ultrasonication and consumer awareness about ultrasonic-processed food have been the hindrance in the commercialization of this process in food industries. However, the treatment must be studied on bulk food to understand its effect so that it can be implemented at industrial scale.




Cold Plasma Technology


Theory

Plasma is the fourth state of matter after solid, liquid, and gas. The term plasma was used by Langmuir in the year 1925 (64). An increase in the kinetic energy of solids leads to the heating up of molecules, and there is phase transformation from solid to liquid, further increasing the energy of liquid and converting liquid to gas. The increase in energy causes disintegration in the intermolecular structure. When the energy of gases crosses a certain value, it results in the ionization of gas molecules (65). Ionization of gas molecules gives rise to plasma. Hence, it is known as the fourth state of matter. Basically, plasma treatment is divided into two types: thermal plasma and cold plasma (non-thermal). Thermal plasma produces huge energy by utilizing high temperature. Cold plasma is a non-thermal treatment that works in the temperature range 25–65°C (66). When gas is ionized, free radicals (ions, electrons, etc.) are formed. The composition of the plasma reactive species largely depends on the composition of gas which is ionized (67). The gases commonly used for the generation of plasma include argon, helium, oxygen, nitrogen, and air (68). These gases are subjected to any of the types of energy like thermal, electrical, magnetic field, etc., to generate plasma containing positive ions, negative ions, and reactive species like ozone and singlet oxygen (O) (69). Based on the nature of plasma, it has found various applications in the fields of chemistry, chemical engineering, textile, electronics, surface coating, and pharmaceuticals and in food sectors (70). In the food sector, cold plasma can be used for the reduction of the microbial load in food or on the surface of food, enhancing the physical and chemical properties of food constituents like lipids and proteins, and for the sterilization of food processing equipment, inactivation of food spoilage enzymes, treatment of food packaging material, and treatment of wastewater (71). Cold plasma is produced at near ambient temperature and does not depend on high temperature for microbial inactivation. Since the temperature used is ambient, there are no chances of thermal damage to heat-sensitive food material (16).



Applications

Microbial inactivation in cold plasma is due to the effect of reactive species on the microbial cell. Reactive species damage the DNA of cells, induce oxidation in protein, and damage the cellular components of microbes, causing cell death (72). Lin et al. (73) have reported that cold nitrogen plasma shows inhibitory action on Salmonella enterica serovar Typhimurium biofilms formed on the outer surface of an egg shell. The sample was treated at 600 W for 2 min, which reduced the catabolic and anabolic activities of the S. enterica serovar Typhimurium by 82.2%. Devi et al. (74) showed 97.9% and 99.3% reductions in the growth of fungal species such as Aspergillus parasiticus and Aspergillus flavus, respectively, on the ground nut surface when treated at 60 W plasma power. In the food sector, atmospheric pressure cold plasma is used in combination with other gases like helium, argon, etc. Recently, Bang et al. (75) reported on the combination of antimicrobial washing and in-package cold plasma treatment to mandarin oranges for reduction of the microbial load. Treatment at 26 and 27 kV for 1–4 min inactivated Penicillium digitatum. The combined effect of washing with an antimicrobial solution and cold plasma treatment reduced the load of P. digitatum in the package without affecting the texture, sensory, and nutritional qualities of the oranges. The treated oranges showed a decrease in ripening damage compared to the untreated oranges. Liao et al. (76) reported the use of cold atmospheric pressure-activated water or plasma-activated ice as a cold storage medium for seafood. Shrimps stored in plasma-activated water showed longer shelf-life due to bacterial inactivation, and there was no observable change in the texture of shrimps. The total volatile base nitrogen value for shrimps stored in plasma-treated ice was lower than 20 mg/100 g on the ninth day, which was higher than the 30 mg/100 g for shrimps stored in untreated water or ice. Cold plasma treatment is also effective against the pathogenic microbes present in food and processed food products. One such recent study reported by Gan et al. (77) showed the effectiveness of cold plasma against Escherichia coli and Saccharomyces cerevisiae in the juice of chokeberries. The authors reported that treatment of 4 min decreased the loads of E. coli and S. cerevisiae by 2.27 and 1.23 log CFU/ml, respectively. The treatment was seen to be more effective against the inactivation of E. coli compared to S. cerevisiae. Similar studies on the inactivation of E. coli were also reported by Shah et al. (78). Cold plasma is also used for disinfection of the surfaces of food processing equipment to remove the microbial load before the processing of food. Hou et al. (79) investigated the effect of atmospheric pressure cold plasma on bacterial inactivation and the quality of blueberry juice. There was a decrease in the load of Bacillus spp. in juice with exposure to cold plasma for 6 min by 7.2 log CFU/ml. The short exposure time resulted in good color and bioactive component retention in juice. Similar results were reported for the preservation of fresh tomato juice (80), cloudy apple juice (81), and apple, tomato, orange, sour cheery nectar (82), and whey grape (83) juice. It is also used for the preservation of meat and related products by reducing their microbial load. Roh et al. (84) studied the effect of cold plasma treatment of 3.5 min against pathogenic microbes in chicken breast. The treatment resulted in decreases in the loads of E. coli by 3.9 log CFU/g of chicken, Listeria monocytogenes by 3.5 log CFU/g, and Tulane virus by 2.2 CFU/g of chicken. Similar results were reported for the inactivation of Salmonella in chicken breast (68, 85, 86) and the microbial load in sea snail (87). The technology is also used for enhancing the physical and chemical properties of food constituents (16, 23). This technology also finds application in enhancing the physical and chemical properties of carbohydrates and proteins in order to increase their functionality and application in food. In the recently published research by Jahromi et al. (88), sodium caseinate in granular form was subjected to 10-kHz treatment for 0, 2.5, 5, and 10 min. With the increase in treatment time, the physical and chemical properties were enhanced. The hydrophilicity of protein increased due to unfolding of the protein structure. Water solubility increased from 20.6 to 30.28%. Tensile strength increased from 5.04 to 7.17 MPa for the 10-min treatment and decreased to 4.73 MPa at 15 min. The effect of cold plasma especially on milk protein is reported by Sharma et al. (89). Cold plasma contains various reactive species, and it is found that these reactive species may trigger the process of lipid oxidation during storage. Gao et al. (90) reported that cold plasma treatment at 70 kV for 180 s triggers the oxidation of lipids during storage. The thiobarbituric acid-reactive substance (TBARS) value increased to 2.48 from 1.43 mg MDA/kg when stored at refrigeration temperature for 5 days, which was 0.37 mg MDA/kg for the control sample of chicken patties. In the TBARS assay, malondialdehyde (MDA) is measured. MDA is a by-product resulting from the process of lipid peroxidation. This MDA reacts with thiobarbituric acid and forms a pink chromogen, known as TBARS. This oxidative degradation of lipids in food can be controlled by altering the treatment conditions, such as the exposure of food to plasma for a short duration of time or the addition of antioxidants in food to overcome these disadvantages of cold plasma on lipids in food. Food containing higher lipid levels can be exposed for a shorter time to cold plasma compared to food with a low lipid content (91, 92).




Supercritical Technology


Theory

Supercritical technology makes use of supercritical fluids, which are considered as a good replacement for organic solvents used in various operations (93). When a fluid is heated beyond its critical temperature and critical pressure, it attains a supercritical state and is referred to as a supercritical fluid. The supercritical fluid shows some properties of gas and some properties of liquid. It shows density like liquids and diffusivity and viscosity like gas (35). Supercritical fluid shows enhanced properties similar to liquid, and hence it can be used as a solvent with an increased rate of mass transfer during the extraction of bioactives from various plant and animal sources. The properties of fluids can be altered with changes in temperature and pressure. Many fluids are used for supercritical operations, but carbon dioxide finds special attention as an excellent supercritical fluid in the food processing sector because it can achieve a supercritical state at a modest temperature and pressure (31.1°C and 7.4 MPa, respectively). Supercritical fluids are extensively used in food industries for extraction, microbial inactivation, enhancement of mass transfer in synthesis, etc. Among all the applications, the supercritical technology is extensively employed for extraction purposes.



Applications

Supercritical carbon dioxide is used for the purpose of extraction since it is non-toxic and can be separated from the final product without much effort (94). Natural bioactives that are extracted are sensitive to temperature and oxygen. In the presence of carbon dioxide, the supercritical extraction temperature is very low and there is no chance of the presence of oxygen; hence, the quality of the extracted material is high and can be used as a functional ingredient in various nutraceutical formulations. Recent studies reported by Lefebvre et al. (95) showed that supercritical carbon dioxide is effectively utilized as an excellent tool for the selective extraction of antioxidants from rosemary. The temperature and pressure of CO2 were 25°C and 20 MPa, respectively, which were ideal and did not affect the purity of the extracted products. Santos et al. (96) investigated the extraction of bioactives from feijoa leaves using supercritical and pressurized liquid extraction. The authors reported that pressurized extraction gave more yield of antioxidant and antibacterial components, but these extracted components were not effective in their function, while supercritical extraction of antioxidant and antibacterial components at 55°C and 30 MPa showed higher effectiveness against pathogenic bacteria including E. coli. The technique is also used for the extraction of functional and nutraceutical ingredients from microalgae (97), oil from fruit seeds (98–101), oil from olives (102), oil from ginger (103), extraction of corn germ oil and green coffee oil (104, 105), essential oil extraction (106, 107), and extraction of bioactives such as carotenoids, lycopene, astaxanthin, anthocyanins, and quercetin (108–110), which can be used as components in nutraceutical formulations. Extraction using supercritical carbon dioxide has been common for many years in the food processing industry. Apart from this, supercritical technology is also used for reducing the microbial load in food. Since the operating temperature in supercritical treatment is low, the original characteristics of food, along with its organoleptic characteristics, is retained (111). Supercritical fluid treatment reduces the pH of bacterial cell, which leads to the rupture or bursting of cells and the inactivation of bacterial enzymes that are responsible for catabolism and anabolism; thus, the bacterial cell dies and reduces the load of microbes in food and related products (112). It is extensively used for the preservation of fresh agricultural products including fruits, vegetables, and their juices (113). Bertolini et al. (114) studied the effect of supercritical carbon dioxide on the decrease of microbial load in pomegranate juice and compared it to traditional pasteurization and high-pressure processing. The authors reported that supercritical-treated juice showed bacterial growth below the detection level after storage for 28 days. The total phenolic content increased by 22%, but it decreased in traditional pasteurization by 15%. The antioxidant activity of the phenolic components was more in supercritical-treated juice compared to that in high-pressure processing and traditional pasteurization. Similar results were reported for the preservation of coconut water (115), sports drink (116), and liquid food (117). Supercritical fluids are also used for the preservation of ground meat. Yu and Iwahashi (118) treated ground beef with high-pressure carbon dioxide at 1 MPa pressure for 26 h and found a reduction in the microbial load. The critical review of the literature showed that the supercritical technology has bright prospects in the food processing sector not only for extraction but also for the preservation and enhancement of the physiological properties of food constituents to be used as functional ingredients in functional and nutraceutical formulations.




Irradiation


Theory

Gamma rays with high energy, X-rays, and high-speed electrons are approved irradiations to be used in food processing industries. Radionuclide 60CO and 137Cs producing gamma rays are used for the production of elevated energy photons. X-rays with energies up to 5 MeV are used in the food processing sector. High-speed electrons with energy of 10 MeV are used in food industries for various applications (119). Irradiation effects are achieved without an increase in the temperature of food. Since the temperature of food is not raised, there is no chance of damage to the components in food that are sensitive to heat (120). The penetration ability of a high-speed 10-MeV electron is up to 39 mm deep in food with high moisture content. X-rays and gamma rays can reach deep into the food material (119, 121). These radiations result in the unfolding of DNA and damage to the nucleic acid, and the ionization of water molecules results in oxidative damage to the microbial cells; thus, there is reduction in the microbial load of food (122).



Applications

Irradiation is mostly employed in the food processing sector for the preservation of food products. It is effective against pathogenic microbes including E. coli, Staphylococcus, and Salmonella (123, 124). Changing the intensity of irradiations shows more intense effects on the inactivation of microbes in food. Irradiation is also used in the preservation of meat for several days. Ready-to-cook chicken stored for 15 days treated with gamma radiations of intensities 0, 1.5, 3, and 4.5 kGy showed excellent result for the inactivation of L. monocytogenes, E. coli, and Salmonella typhimurium, with D10 values of 0.680, 0.397, and 0.601, respectively. The ready-to-eat chicken showed good sensory and textural characteristics even after 15 days of storage (125). Irradiation technology also enhances keeping qualities of food and keeping food fresh by the inactivation of microbes causing foodborne diseases (126). It has been found that the use of irradiation scan results in some undesirable changes in food if treated at high irradiation doses, mostly seen in food like meat whose color and lipids are the main defining factors and a slight change in color and lipids may lead to rejection by consumers (127). It is also seen in cereals and food grains (128). Thus, to achieve the desired inactivation in food with no or little change in the food composition and processed food products, irradiation is usually done with a low dose, and the irradiation effect is combined with the use of antimicrobial agents (129). Irradiation is successfully used for achieving microbial inactivation, like the microbial load in fresh pasta (130) and for enhancing the physical and chemical properties of food, such as those of wheat (131), garlic bulbs (132), grape juice (133), mangosteen fruit (134), apple juice (135), etc. Despite the many advantages of irradiation technology mostly in food preservation, consumer acceptability of irradiation-processed food is low because of the wrong perception of the word “irradiation.” For a non-food technologist, irradiation is the generation of some carcinogens in food, as the word is similar to “radiation therapy” (122). Low consumer acceptance is the great hindrance in the development of this technology in the food industry. Changing the views of consumers and encouraging them to buy irradiated food could be solutions for the development of this technique, and designing simpler and reliable instrumentation and overcoming the myths about this technology among consumers will greatly influence the market of irradiated food in the coming years.




Pulsed Electric Field


Theory

Pulsed electric field (PEF) is an emerging non-thermal technology and finds various applications in the food sector. The growing demand for safe food with nutritional qualities has influence on the use of pulsed electric field in the food sector. In pulsed electric field, a pulse of high field intensity is applied to food for a very short duration of time (19). Usually, for the treatment of food, the field intensity is from 25 to 85 kV/cm, and the exposure time is a few milliseconds or nanoseconds. Since food is exposed to pulsed electric field for a very short duration of time, there is no chance of heating; hence, undesirable changes in food due to high temperature are eliminated (18). In the early 1950s, PEF was used for preservation by inactivating microbes. Since then, it has developed a lot in recent years and has been widely used for microbial inactivation in food. A typical PEF device consists of a food treatment chamber, a control system, and a pulse generation unit. The food is kept in the treatment chamber in between two electrodes generally made of stainless steel (136). Pulsed electric field is generally used for liquid food or semi-solid food that can flow easily (137). There is a damage to the cell membrane of microbes due to the high field intensity. Hydrogen peroxide is found in a PEF-treated sample, and it brings about oxidative changes in the cell lipids and protein of the bacterial cell, which also inactivates the metabolic enzymes, thus causing cell death (138). The efficiency of PEF in reducing microbial load largely depends on the intensity of field applied, the total exposure time, temperature, and energy.



Applications

PEF is extensively employed for increasing the shelf-life of food by decreasing the microbial load. A recently published study by Preetha et al. (139) showed that PEF with an intensity of 5.6 W/cm2 was effective against E. coli in flowable food like pineapple and orange juice and coconut water, with decreases in the E. coli load of 4.5, 4, and 5.3 log CFU/ml juice respectively. Similar results with moderate PEF intensity are also effective for microbial inactivation in fruit juices (140). Microbial cells that are larger in size are exposed to PEF easily, but smaller microbial cells may resist the treatment and remain unaffected (141). Apart from microbial inactivation, PEF is also effective in the deactivation of food spoilage enzymes. Similar studies are reported for the inactivation of enzymes in apple and carrot juice (142) and pine nut (143). López-Gámez et al. (144) investigated PEF treatment of 580 J/kg on carrot, which showed enhanced anabolism for the production of phenolic compounds over a storage period of 36 h. PEF is also extensively used in the extraction of bioactives from many natural sources. A recent study was reported by Käferböck et al. (145) on the extraction of functional components from microalgae using PEF with a frequency of 300 Hz and pulse width of 4–32 μs. The PEF treatment resulted in enhanced extraction of the functional components with high purity, which can be used for their nutraceutical application in food industries without purification. A similar study for extraction from the microalgae Haematococcus pluvialis is reported by Gateau et al. (146). Other studies were on extraction from apple peels (147), cyanobacteria (148), tomato (149), and from cinnamon (150). Apart from the known application of PEF in microbial inactivation, extraction, and physiochemical changes, nowadays, PEF is also employed for unit operations like dehydration and freezing. Liu et al. (151) reported on PEF with an intensity of 0.6 kV/cm and exposure time of 0.1 s that resulted in a decrease in the drying time of carrot by 55% at 25°C and 33% at 90°C. The PEF-treated sample showed good textural properties and color after rehydration compared to the untreated sample. PEF pretreatment before the drying operation results in enhancing the vitamin and mineral contents in food (152). It is also used in the freezing of food and improves the quality of food during the thawing process (153). PEF treatment leads to an improvement in the coefficient of diffusion for water before drying, reduces the time required for freezing and drying food, and maintains the quality of rehydrated and thawed food for a longer period. PEF is also employed for enhancing the physical and chemical properties of major food components such as polysaccharides, proteins, etc. (154–156), and for the modification of potato starch (157) and the properties of oat flour (158). PEF also enhances the rate of reaction; because of the high intensity, there is an enhanced heat transfer, which increases mass transfer in the esterification (159) and chelation (160) reactions. The numerous good effects of PEF on food products make it a good non-thermal treatment method. There is a need for the development of high-strength PEF instrumentation for commercial application.




High Hydrostatic Pressure


Theory

High hydrostatic pressure (HHP) utilizes a very common medium, i.e., water, to apply the pressure on the product to be treated. HHP can bring about a significant decimal decrease in the population of pathogenic Gram-negative bacteria, Gram-positive bacteria, yeast, and mold and helps in food preservation for a longer duration. The reduction in microbial load depends on the pressure and temperature during treatment. It largely depends on the type of food processed. Food, when subjected to HHP treatment, undergoes high pressure for a short duration of time. The pressure applied to food during treatment is in the range of 200–700 MPa (161). The quality in terms of nutritional components, sensory, and texture of HHP-processed food is excellent since the food is exposed to treatment conditions for a very short period of time (162). It is found that the HHP treatment is more effective against eukaryotes, Gram-negative bacteria, protozoa, and parasites than yeast and mold, which are inactivated at much higher pressure (163). The instrumentation required for HHP is very simple and easy to operate. It consists of a pressure compartment in which food is kept and water is introduced into the chamber; food is then pressurized using this water (164). Thus, HHP-treated food shows fresh-like attributes since there is no intervention of high temperature and chemical additives. Pressure of 350–450 MPa is sufficient for the inactivation of Gram-negative bacteria, yeast, and mold at room temperature, but to inactivate Gram-positive bacteria, pressure more than 1,100 MPa is required (165). The high pressure results in damage to the cell membrane of microbial cells, which changes the permeability of the microbial cell wall and membranes. The coiled protein structure breaks and there is destruction to microbial cell enzymes, which alter the metabolic pathways; finally, the microbial cell dies, leading to a decrease in the microbial population in food (161).



Applications

HHP treatment has been proven to be efficient in the inactivation of microbes in a wide range of food products, including processed fruits, meat and meat products, and dairy products, which serve as an excellent medium for microbial growth. The recently published study by Bulut and Karatzas (166) investigated the effectiveness of HHP against E. coli in liquid food. Orange juice was stored at −80°C, and then HHP treatment was applied to the juice with pressure of 250 MPa for 900 s. The HHP treatment reduced the microbial load by 4.88, 4.15, and 4.61 log CFU/ml for orange juice with pH 3.2, 4.5, and 5.8, respectively. Cap et al. (167) investigated a decrease in Salmonella spp. load in meat using HHP treatment. The HH pressure of 500 MPa for 60 s was enough to inactivate the Salmonella spp. in a chicken breast sample without any effect on the organoleptic and sensory attributes of chicken. Cava et al. (168) showed that dry cured sausage can be preserved for more than 60 days with inactivation of L. monocytogenes by 3.2 log CFU/g with HHP treatment of 600 MPa for 480 s. There was no oxidative damage to the lipids and proteins in food up to 60 days. HHP has no effect on the oxidation of lipids; thus, it does not contribute to the development of rancidity in food. de Jesus et al. (169) reported that HHP is not only effective in the reduction of the microbial load but it can also be effectively utilized for the extraction of antioxidant, anthocyanin, and phenolic compounds with various nutraceutical properties in food. Similar studies on extraction were reported from tomato waste (170), pomace of grapes (171), red microalgae (172), egg yolk (173), and from gooseberry juice (110). HHP also enhances the physical and chemical properties of fermented juices and increases bioactives in the fermented juice (174). HHP is also effective in the preservation of human breast milk (175, 176). It is also beneficial for intensifying the technical and functional properties of milk proteins for their increased application in various functional and nutraceutical foods (177). HHP has been the potential treatment not only for bacterial inactivation but also for the extraction and enhancement of antioxidant, phenolic, bioactive, and functional components from various sources, suggesting its application potential in various nutraceutical, pharmaceutical, health, food, and related industries. There are many technical obstacles in building the HHP units that are feasible for the treatment of high-volume food, and hence there are very few or no HHP-treated food available in the market today.




Pulsed Ultraviolet Technology


Theory

Ultraviolet technology is a very economical, non-thermal technology. It is basically used to reduce the microbial load on the surface of food materials that are indirectly exposed to radiation, which are grouped as UV-A in the electromagnetic spectrum in range of 320–400 nm, UV-B in the range of 280–320 nm, and UV-C in the range of 200–280 nm (178). When food is exposed to UV-C, with 200–280 nm, these short wavelengths are absorbed by the microbial cell nucleic acids. These absorbed photons cause the breakage of the bond and interlinking between thymine and pyrimidine of different strands and the formation of dimers of pyrimidine. These dimers prevent DNA transcription and translation, thus leading to the malfunctioning of the genetic material, which causes microbial cell death (179). The photons of UV-A and UV-B result in the destruction of the cellular membranes, proteins of microbial cells, and other cellular organelles, which causes death of the microorganisms present in food (180).



Applications

Pulsed UV technology is among the most popular non-thermal technologies in the food processing sector. Owing to its economical nature, it is also being experimented on a pilot scale for the inactivation of microbes. A recent study by Fenoglio et al. (181) on a pilot-scale UV inactivation of pathogenic microbes showed that the intensity of UV-C with 390 mJ/cm2 leads to the inactivation of pathogenic bacteria in fruit juices, with log reductions of 6.3 for Lactobacillus plantarum, 5.1 log CFU for E. coli, and 5.5 for S. cerevisiae. Similar studies on the inactivation of microorganisms in fruit juices are reported in apple juice (182), orange juice (183), and cantoloupe melon juice (184). Ultraviolet inactivation is also extensively used for the inactivation of microbes present in milk and milk products (185). Ultraviolet radiation also shows useful effects on the chemical and physical properties of food. Kumar et al. (186) showed that UV-C radiation with 254 nm was able to enhance the physical and chemical properties of protein from wheat. Therefore, it can be used for many applications in food industries. Recent studies have shown that ultraviolet treatment of fresh fruits and vegetables (after harvesting) not only results in microbial inactivation but also increases the antioxidant content and enhances its activity (187). UV treatment is also used for the reduction of toxins in food (188). With many positive effects on food, there are some studies reported in the literature which showed that high-dose UV treatment can lead to a decrease in the color of food and adversely affects the texture of solid food (189). All food products have different textures with uneven and rough surfaces, so the ability of radiation to reach inside the food material may be reduced, decreasing the efficiency of the inactivation process. Thus, to increase the efficiency of the process and achieve higher inactivation, non-thermal processes are usually coupled or antibacterial agents are used along with UV treatment (190, 191). Due to its simple operation, UV is one of the well-established non-thermal processing technologies adopted by food processing industries to produce food with longer shelf-life. The effect of UV can be more intensified if the process is coupled with other processes to bring about desired changes.




Ozone


Theory

Ozone, chemically written as O3, contains three molecules of oxygen. It is a colorless gas with a typical odor. It is formed when molecular oxygen (O2) combines with singlet O. Ozone is denser in gas form than air. Ozone is a very reactive gas, and it is very much unstable and cannot be stored and needs to be produced on the spot when needed. Ozone is extensively employed as an effective antibacterial against many bacteria in food. It can be used in gas form or it can be mixed with water to form ozonated water. There are many ways by which ozone causes microbial cell death. Ozone alters the permeability of cells by damaging the microbial cell membranes. Ozone is also known to damage the structure of proteins, leading to the malfunctioning of microbial enzymes, which affects the metabolic activity and finally results in microbial cell death (192, 193).



Applications

Gimenez et al. (194) reported on the effectiveness of ozone against L. monocytogenes present in meat. Treatment of 280 mg O3/m3 for 5 h with pulse of ozone passed after 10 min for 30 min duration was effective, but an increase in the treatment time showed a change in color and oxidative damage to the lipids present in meat. Thus, to reduce the exposure time of ozone, it is combined with other treatments of food additives in order to enhance its effectiveness without any damage to food. Such studies were reported for the inactivation of Salmonella (195) and spoilage microorganisms (196). Ozone treatment of fruits after harvest enhances their physical, chemical, and textural properties with a reduction in the microbial load when stored in modified atmosphere packaging for 15 days (197). It is extensively used in the reduction of microbes in fruit juices (198–200). Ozone treatment is also effective in the inactivation of toxins present in food (193). There are many research reports in the literature proving the potential of ozone in the food sector, but these studies are on a laboratory scale and are not commercialized. Ozone is used in the industry for the disinfection of processing equipment. It is a very reactive molecule that reacts with many components in food, leading to undesirable changes. It also induces oxidation in food lipids; thus, it can be used in combination with other techniques. There is a need for thorough studies regarding the doses of ozone in order to reduce undesirable changes in food and to improve its acceptability. Efforts are required to increase consumer acceptability of ozone-treated food, which will force the food industry to adopt this technology to process food and market ozone-treated food.





CONCLUSION

Non-thermal treatments are among the most focused research areas in the food sector due to consumer demands for safe and nutritious food free from microbes. The food product is exposed to non-thermal treatment for a very short period of time and food is treated at ambient temperature. Since the exposure time is short and the temperature is low, there are no chances of damage to heat-sensitive nutritional components in food, no damage to the food texture, and no chances of the formation of any toxic compound in food due to heat. Thus, with non-thermal treatments, consumers get fresh processed food with high nutrition and good color and flavor. But there are two sides of the coin: with advantages come some disadvantages as well. If food is exposed for a longer period or treated at a higher intensity, these non-thermal technologies may lead to some undesirable changes in food, such as oxidation of lipids and loss of color and flavor. But these technologies have many advantages compared to thermal processing. Additionally, the development of equipment to process food in bulk using non-thermal technology, understanding the proper mechanisms, development of processing standards using non-thermal treatments, and clarifying consumer myths and misunderstanding about these technologies will be helpful in the promotion of non-thermal technologies in the food sector. Once these limitations are properly overcome in a planned manner, non-thermal technologies will have a broader scope for development and commercialization in food processing industries, delivering safe and nutritious food with good color and mouthfeel to consumers.
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This research was to investigate the effect of weakly acidic electrolytic water (WAEW) treatments combining with the locust bean gum (LBG) and sodium alginate (SA) active coatings, containing daphnetin emulsions on microbiological, physicochemical, and sensory changes of turbot (Scophthalmus maximus) during refrigerated storage at 4°C for 24 days. Results showed that WAEW, together with LBG-SA coatings containing daphnetin emulsions treatments, could significantly lower the total viable count (TVC), H2S-producing bacteria, pseudomonas spp., and psychrotrophic bacteria counts, and inhibit the productions of off-flavor compounds, including the total volatile basic nitrogen (TVB-N), inosine (HxR), and hypoxanthine (Hx). Furthermore, the treatments also prevented textural deterioration, delayed water migration, and had higher organoleptic evaluation results. Therefore, WAEW, together with LBG-SA coatings, containing daphnetin emulsions treatments, had the potential to improve the quality of turbot during refrigerated storage.

Keywords: active coating, daphnetin, turbot, quality, shelf-life


INTRODUCTION

Turbot (Scophthalmusmaximus) has high economic value and nutritional value and is widely cultivated in China (1). The flavor and high glial protein contents of turbot make it an economically important fish in high demand (2). However, fresh turbot is perishable due to chemical and biological changes, and its organoleptic properties have easily deteriorated during refrigerated storage (3).

The quality deterioration of fish after death results from the microbiological spoilage and biochemical reactions. The specifics spoilage organisms (SSOs) are considered to play a key role in the fish spoilage process (4). Weak acid electrolytic water (WAEW) is produced by the electrolysis of dilute sodium chloride or hydrochloric acid solution and exhibits strong antibacterial activities against SSOs, which has been considered as a new sanitizer (5). WAEW kills the SSOs physically, and it does not generate resistance (6). The antimicrobial mechanism of WAEW may be related to the damage of the microbial cell protective barrier, the changes of the cell membrane permeability, the leakage of inclusions, and the inactivation of some key enzymes (7). WAEW has been tested against the main foodborne pathogens, including Escherichia coli, Listeria monocytogenes, salmonella, and staphylococcus aureus (8). Palotás et al. (9) reported that a common carp (Cyprinus carpio) treated with WAEW (100-mg/kg chloride ion concentration for 5 min) had additional bactericidal efficacy on the surface of the carp fillets and increased the shelf life of the samples, causing 2.4-lg CFU/g decrease, compared with the control by the end of the 7-day storage at 2°C. Khazandi et al. (10) stated that WAEW (either 45 or 150 mg/kg of free chlorine) significantly reduced the total bacterial load and SSOs on King George whiting and Tasmanian Atlantic salmon fillets (about 1–2 lg CFU/g) during storage at 4°C and significantly extended the shelf life of the fillets by 2 and 4 days, respectively.

Active coatings could retard the chemical and microbiological deteriorations of foods by serving as both gas barriers and carriers of food antioxidant or antimicrobial agents (11). The sources of proteins, lipids, or polysaccharides have been researched to meet the demand for novel and environmentally sustainable biomaterials for active coatings (12). Plant-based gums are promising materials for fish preservation because they can keep good quality and prolong the shelf life of foods by increasing a water barrier, reducing microbial contamination, maintaining the flavor, retarding reducing the degree of shrinkage distortion, and preventing fat oxidation (13). However, the active coatings have limitations in antimicrobial and antioxidative properties. The combination of antimicrobial or antioxidative agents with active coatings for fish preservation is of great interest (11). Among natural preservatives, plant polyphenols possess multiple biological functions in inhibiting lipid oxidation, enzymatic reactions, and food spoilage by microorganisms (14). Bazargani-Gilani and Pajohi-Alamoti (15) reported that sodium alginate (SA) active coating containing resveratrol inhibited the increase of pH, peroxide, and K values of rainbow trout fillets and extended the shelf life during refrigerated storage. Cao et al. (16) showed chitosan coating containing chlorogenic acid could inhibit lipid and protein oxidation in snakehead fish fillets stored at 2°C for 5 months. Nie et al. (17) reported the pectin coating infused with gallic acid had lower levels of total volatile basic nitrogen (TVB-N), lipid oxidation, and total sulfhydryls of Japanese sea bass fillets stored at 4°C. Besides, active coatings have been successfully combined, within a hurdle strategy, with other technologies as, for example, WAEW. Luan et al. (18) reported that the chitosan active coating combined with WAEW treatments could retard hairtail spoilage and slow down the protein deterioration of a hairtail (Trichiutus haumela) fillet during cold storage at −3°C, which extended the shelf life of hairtail to 6–7 days. Feng et al. (19) stated that active coatings containing epsilon-polylysine hydrochloride and rosemary extract combined with WAEW could effectively inhibit microbial growth and delay the increase in TVB-N, thiobarbituric acid and metmyoglobin value in puffer fish (Takifugu obscurus) during refrigerated storage at 4°C, which extended the shelf life to 14 days.

Daphnetin (7, 8-dihydroxycoumarin) is a dihydroxylated derivative of coumarin derived from plants and has been reported to possess antimicrobial, antioxidant, antimalarial, anticoagulation, and immunomodulating activities (20). Despite the fact that there were some studies on daphnetin extending the shelf life of fish during refrigerated storage (21), little is known about the effect of WAEW combining with active coatings containing daphnetin emulsions on fish preservation. Therefore, the objective of the present study was to evaluate the preservative effects of WAEW combining with locust bean gum (LBG) and SA-based active coatings containing different concentrations of daphnetin emulsions (0.16, 0.32, and 0.64 g/L, respectively) on turbot during refrigerated storage at 4°C in the aspects of microbiological analysis, TVB-N,K-values, free amino acids (FAAs), water distribution and migration, texture profile analysis (TPA), and organoleptic evaluation.



MATERIALS AND METHODS


Preparation of Turbot Samples

WAEW was generated by electrolyzing hydrochloric acid solution (3%) in a chamber, using a continuous electrolysis generator (FX-SWS100, Fangxin Water Treatment Equipment Co. Ltd., Yantai, China). The parameters of the WAEW were as follows: the concentration of hypochlorous acid was 30 mg/kg; the oxidation-reduction potential was 1,100 mV, and the pH value was 6.5. The concentrations of daphnetin emulsions used in the present study were 0.16, 0.32, and 0.64 g/L, respectively, and prepared according to our previous research (21). The final active coating solutions were marked as LBG-SA-0.16D, LBG-SA-0.32D, and LBG-SA-0.64D, respectively.

Fresh turbot weighing 500 ± 50 g was purchased from a local market in Luchao Port and randomly divided into five batches: (i) washed with deionized water (CK); (ii) immersed in WAEW for 10 min, followed by a coating with an LBG-SA-active coating (0D); (iii) immersed in WAEW for 10 min, followed by a coating with an LBG-SA-0.16D-active coating (0.16D); (iv) immersed in WAEW for 10 min, followed by a coating with an LBG-SA-0.32D-active coating (0.32D); (vi) and immersed in WAEW for 10 min, followed by a coating with an LBG-SA-0.64D-active coating (0.64D). Then the treated turbot samples were individually packed in a sterile polyethylene bag and stored at 4°C. Turbot samples were randomly sampled for quality analysis on 0, 4, 8, 12, 16, 20, and 24th days, respectively.



Microbiological Analysis

About 5-g turbot samples and 45-ml normal saline were fully homogenized and subjected to serial dilutions. The microbiological analyses were carried out (22): (i) determination of total viable counts (TVC) on a plate count agar medium was cultivated at 30°C for 48 h; (ii) determination of H2S-producing bacteria on an iron agar medium was cultivated at 30°C for 48 h; (iii) determination of Pseudomonas spp. on a Pseudomonas CFC selective agar medium was cultivated at 30°C for 48 h; (iv) determination of psychrophilic bacteria on a plate count agar medium was cultivated at 4°C for 7 days. The final calculation result was the logarithm of the mean of colony forming units (CFU) on the culture medium with 30–300 colonies.



Determination of TVB-N

TVB-N determination was performed with the method of Zhuang et al. (23). In brief, 5.0-g minced turbot flesh was homogenized with 45-ml deionized water. The homogenate was stirred at 25°C for 30 min, and then centrifuged at 3,040 × g for 5 min. Subsequently, 5.0 ml of the supernatant was taken to determine the TVB-N content, using the Kjeldahl nitrogen-determination instrument (Kjeltec 8,400, Foss, Denmark). TVB-N content was expressed as a mg N/100-g turbot sample.



Determination of K Value

The ATP-related compounds were measured by HPLC (Waters 2,695, Milford, CT, USA) according to Cao et al. (24). The K value was determined according to the following concentration ratio:
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Determination of FAAs

FAAs were performed as described by Yu et al. (25) using, an amino acid analyzer (Hitachi L-8800, Tokyo, Japan). The FAAs identification and quantification were completed by the retention time and peak area with reference to FAAs standards (Sigma Chemical Co. St Louis, MO).



Low-Field Nuclear Magnetic Resonance Analysis

The distribution and migration of water in turbot samples were evaluated through proton relaxation experiments, using an LF-NMR analyzer (NiumagMesoMR23-60H.I, Suzhou, China), with a proton resonance frequency of 21 MHz (corresponding to the pulse sequence of Carr–Purcell–Meiboom–Gill) (26). Thedorsal muscle of turbot samples were cut into 3 × 2 × 1.5 cm (about 5 g) and wrapped with polyethylene film. For each measurement, 16 scans were performed with 3,000 echoes.



Magnetic Resonance Imaging Analysis

The proton density-weighted images were obtained by MRI experiments on all turbot samples, also using the above-mentioned LF-NMR analyzer. The slice width was 1.4 mm, time of repetition was 500 ms, and time of echo was 20 ms.



Determination of TPA

TPA was performed, using a texture analyzer (TA.XT Plus; Stable Micro Systems, Ltd., Godalming, Surrey, UK), equipped with a cylindrical probe (P/5). The 3 × 2 × 1.5 cm (about 5 g) dorsal muscle was tested with a constant test speed of 1 m/s and sample deformation of 50% to obtain the parameters of hardness, springiness, chewiness, and cohesiveness. Each experiment was repeated six times.



Organoleptic Evaluation

For organoleptic evaluation, the quality index method (QIM) developed by Meral et al. (27) was mentioned. Ten trained professional panelists participated in the organoleptic evaluation. The odor, color, mucus, elasticity, and muscle tissue of the turbot samples were scored at each sampling time. Number 10 indicates the best quality, while a lower score indicates poor quality. The participants were asked to state whether the turbot sample was acceptable or not to determine the shelf life.



Statistical Analysis

The one-way ANOVA-Duncan test program in SPSS 22.0 software was used for multiple comparisons, and the results were expressed as means ± SD.




RESULTS AND DISCUSSIONS


Microbiological Results

The changes in microbial communities (lg CFU/g) of all turbot samples during refrigerated storage at 4°C were shown in Figure 1. The TVC count of CK sample on 0 day was 3.1 lg CFU/g, and WAEW treatment reduced the TVC count to 2.2 lg CFU/g. The TVC counts of all turbot samples increased during refrigerated storage, and the WAEW and daphnetin-treated samples had lower TVC counts in each sampling time, compared with the CK sample. The TVC count of CK sample on 12th day was 7.4 lg CFU/g, which exceeded the “shelf-life” limit of 7.0 lg CFU/g for marine fish (28). H2S-producing bacteria (mainly Shewanella putrefaciens) and Pseudomonas spp. are the common SSOs in some marine fish and fish products during refrigerated storage (29, 30). The population of the two microbial communities increased with storage time in all samples (Figures 1B,C), which showed similar trends as that of TVC. At the beginning, the counts of H2S-producing bacteria of the CK and WAEW-treated samples were 2.7 and 1.1 lg CFU/g, respectively, and the counts increased in all the samples during refrigerated storage. The H2S-producing bacteria counts were reached to 7.5, 7.1, 6.1, 5.9, and 5.4 lg CFU/g for CK, 0, 0.16, 0.32, and 0.64D, respectively, at the end of the storage. The initial counts of Pseudomonas spp. treated with/without WAEW were 2 and 1.1 lg CFU/g and increased to over 7 lg CFU/g on 16 and 20th days for both CK and 0D samples, respectively. Other samples were still under 7 lg CFU/g at the end of the storage. Psychrotrophic bacteria could cause deterioration in odor, texture and flavor through the production of metabolic compounds, such as aldehydes, ketones, biogenic amines, and volatile sulfides (31). In the current study, the counts of psychrotrophic bacteria treated with/without WAEW were 2.1 and 1.2 lg CFU/g and increased in all the turbot samples during refrigerated storage. The CK and 0D samples exceeded the upper acceptable limit of 6 lg CFU/g on the 16th day; however, the daphnetin-treated turbot samples were still below the upper limit at the end of the storage.


[image: Figure 1]
FIGURE 1. Changes in (A) total viable counts, (B) H2S-producing bacteria counts, (C) psychrophilic counts, and (D) Pseudomonas spp. counts of turbot samples during refrigerated storage [CK, washed with deionized water; 0D, immersed in weakly acidic electrolytic water (WAEW) for 10 min, followed by a coating with a locust bean gum–sodium alginate (LBG-SA)-active coating; 0.16D, immersed in WAEW for 10 min, followed by a coating with an LBG-SA coating with 0.16 g/L daphnetin; 0.32D, immersed in WAEW for 10 min, followed by a coating with an LBG-SA coating with 0.32 g/L daphnetin; 0.64D: immersed in WAEW for 10 min, followed by a coating with an LBG-SA coating with 0.64 g/L daphnetin].




TVB-N Results

The TVB-N quantifies the presence of nitrogenous compounds (ammonia, dimethyl amine, and trimethyl amine) in marine fish, revealing the degree of freshness (32). Its increase during storage is related to the activity of spoilage bacteria and endogenous enzymes (33). The TVB-N values of turbot samples during refrigerated storage are presented in Figure 2. The initial TVB-N value was 7.26 mg N/100 g, indicating good quality and increased with storage time for all the samples; furthermore, the increase was faster after the middle of refrigerated storage because of the increased bacterial activity, endogenous enzymes, storage conditions, and hygienic practices (34). The CK sample had higher TVB-N value throughout the refrigerated storage, and its fits with that TVC had a sharp increase. The CK and 0D samples exhibited a higher increase rate, reaching to 34.58 and 38.61 mg N/100g on 12 and 16th days, exceeded the maximum allowable value (30–35 mg N/100 g) of TVB-N in marine fish (35). The usage of WAEW and daphnetin treatments showed a significant inhibiting effect on the TVB-N increase of turbot samples during the refrigerated storage (p < 0.05), compared with the CK sample. The 0.64D sample was still acceptable at the end of the storage, which indicated that WAEW and daphnetin treatments could effectively inhibit the growth of microorganisms and slow down the production of nitrogen and amine substances to delay the deterioration of turbot. Some studies showed that the microbial changes of fish were correlated with TVB-N values (36, 37). Similarly, the TVB-N value of turbot increased with the microbial growth during refrigerated storage, indicating that volatile alkaline compounds were mainly produced by the metabolic activities of SSOs (38). WAEW and daphnetin treatments inhibited the microbial growth in turbot during refrigerated storage, protecting toward protein degradation and producing less ammonia and amine compounds, thus having lower TVB-N values, compared with the CK sample (39).


[image: Figure 2]
FIGURE 2. Changes in total volatile basic nitrogen values (TVB-N) of turbot samples during refrigerated storage [CK, washed with deionized water; 0D, immersed in weakly acidic electrolytic water (WAEW) for 10 min, followed by a coating with a locust bean gum–sodium alginate (LBG-SA)-active coating; 0.16D, immersed in WAEW for 10 min, followed by a coating with an LBG-SA coating with 0.16 g/L daphnetin; 0.32D, immersed in WAEW for 10 min, followed by a coating with an LBG-SA coating with 0.32 g/L daphnetin; 0.64D, immersed in WAEW for 10 min, followed by a coating with an LBG-SA coating with 0.64 g/L daphnetin].




K Value Results

The K value has been useful for determining quality as it negatively correlates with the freshness of fish, and the increase in K-value is related to the degradation of ATP (40). The degradation of ATP is an autolytic change, which is accompanied by muscle softening during the stiffness process and results in a decrease in fish freshness. The sequence of ATP degradation to Hx is as follows: ATP → ADP → AMP → IMP → HxR → Hx (41). The initial K value was found to be 11.72% (Figure 3), and the muscle of turbot is fresh, which was similar to the previously reported value of turbot (42). The K value increased in all samples during refrigerated storage, and the CK and 0D samples increased significantly faster than that of the daphnetin-treated sample (p < 0.05). The K value of CK 0, 0.16, 0.32, and 0.64D samples at the end of storage were 93.61%, 84.72%, 74.16%, 64.85%, and 59.36%, respectively, where the K values of the 0.64D-treated samples were significantly lower than the other samples. Only the 0.64D sample was still acceptable (lower than 60%), and other samples were categorized as fish spoilage (>60%) (43). WAEW and daphnetin treatments could effectively reduce the degradation of ATP, which can be attributed to the inhibitory effect of WAEW and daphnetin on nucleotide-degrading enzymes and bacteria responsible for nucleotide degradation (44). As reported by Jung et al. (45), the brown sole (Pleuronectes herzensteini) treated with WAEW could delay the degradation of nucleic acids-related substances in the muscle and retain the freshness of the fish. According to Alasalvar et al. (46), the conversion of ATP to IMP was a totally autolytic process within 1–2-day storage; however, the subsequent breakdown of IMP to Hx was caused by both fish and microbial enzymes. In the present research, the decreased degradation of ATP to IMP in WAEW and daphnetin-treated samples might result from inactivation of microorganisms by both WAEW and LBG-SA active coatings, containing daphnetin emulsions.


[image: Figure 3]
FIGURE 3. Changes in K value of turbot samples during refrigerated storage [CK, washed with deionized water; 0D, immersed in weakly acidic electrolytic water (WAEW) for 10 min, followed by a coating with a locust bean gum–sodium alginate (LBG-SA)-active coating; 0.16D, immersed in WAEW for 10 min, followed by a coating with an LBG-SA coating with 0.16 g/L daphnetin; 0.32D, immersed in WAEW for 10 min, followed by a coating with an LBG-SA coating with 0.32 g/L daphnetin; 0.64D, immersed in WAEW for 10 min, followed by a coating with an LBG-SA coating with 0.64 g/L daphnetin].




FAAs Results

FAAs are the main contributors to the development of taste sensations in fish, including umami, bitterness, and sweetness, as well as being precursors to biogenic amines, such as histamine derived from histidine via microbial metabolism (47), which could affect the flavor and taste of aquatic products during processing or storage. Alanine and glycine have a sweet taste (48), while glutamic acid and aspartic acid have the typical “freshness” of aquatic products (3). The concentrations of FAAs in turbot samples on 0, 12, and 24th days are shown in Table 1. In the present research, most of FAAs and total FAAs showed upward trends in all the samples during the refrigerated storage. The main FAAs in the turbot samples were glutamic acid, glycine, alanine, valine, phenylalanine, and lysine, accounting for 49.23–55.49% of the total FAAs contents. The glycine content in the CK samples increased from 5.12 mg/100 g on 0 day to 14.56 mg/100 g at the end of storage. The changes of glycine content in the WAEW and daphnetin-treated samples were similar to that of the CK samples; however, their final contents were significantly (p < 0.05) higher. The glutamic acid and alanine contents of WAEW and daphnetin-treated turbot samples also increased significantly during the refrigerated storage due to the short peptides were broken down by proteolytic enzymes, resulting in an increase in the FAAs contents. Histidine, as an off-flavor amino acid, accounted for 1.22–11.99% of the total FAAs contents. The histidine content in the CK samples increased from 1.57 mg/100 g on 0 day to 32.02 mg/100 g at the end of storage; however, the histidine contents of 0.16, 0.32, and 0.64D samples were 16.46, 10.48, and 14.50 mg/100 g at that time, respectively. The lower histidine concentration resulted in a reduction of bitterness in the turbot samples during the refrigerated storage (47). The flavor deterioration is associated with the reduction of some umami and sweet flavor enhancing amino acids and the accumulation of off-flavor amino acids. WAEW and LBG-SA active coatings, containing daphnetin emulsions treatments, were effective in delaying the flavor deterioration process and maintaining the flavor of turbot samples during the refrigerated storage.


Table 1. Changes in the free amino acid content of turbot during the refrigerated storage at 4°C.
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Water Distribution Results

LF-NMR can be used to describe the changes of water distribution and transfer in fish and fish products by measuring the proton relaxation (49). Figure 4A shows the distribution of T2 transverse relaxation times of turbot samples on 0, 12, and 24th days during the refrigerated storage. There are three peaks corresponding to the three relaxation components, known as T21 (<10 ms), T22 (20–400 ms) and T23 (>1,000 ms) and stand for bound water, immobilized water, and free water, respectively. The pT21, pT22, and pT23 corresponded to the areas of T21, T22, and T23 (50). pT21 varied, ranging from.83 to 1.12% during the refrigerated storage. There was no significant difference among WAEW and daphnetin-treated samples (p > 0.05) in the pT21 during storage, indicating T21 could not be affected by WAEW and daphnetin treatments as well as storage time, which was due to the water entrapped within highly organized myofibril structures (51). pT22 diminished progressively, and pT23 increased constantly during the storage (p < 0.05). In the present study, The CK samples had significantly lower immobilized water contents than that of WAEW and daphnetin-treated samples during the refrigerated storage. About 0.32 and 0.64D samples had higher contents of immobilized water on 12 and 24th days, probably owing to the WAEW, and LBG-SA active coatings, containing 0.32 or 0.64 g/L daphnetin emulsions treatments, could effectively suppress the changes of the immobilized water into free water. Some research reported that water located within myofibrillar macromolecules released or translated to free water due to the destruction of myofibril structures (38, 52). Besides, this process of water migration was also well reflected in a followed phenomenon that WAEW and daphnetin treatments retarded the change rates of T22 and T23. WAEW and daphnetin treatments could effectively delay the water located within myofibrillar macromolecules to release or translate to free water based on the destruction of myofibril structures.
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FIGURE 4. Changes in (A) water distribution and (B) magnetic resonance imaging of turbot samples during the refrigerated storage [CK, washed with deionized water; 0D, immersed in weakly acidic electrolytic water (WAEW) for 10 min, followed by a coating with a locust bean gum–sodium alginate (LBG-SA)-active coating; 0.16D, immersed in WAEW for 10 min, followed by coating with LBG-SA coating with 0.16 g/L daphnetin; 0.32D, immersed in WAEW for 10 min, followed by coating with LBG-SA coating with 0.32 g/L daphnetin; 0.64D, immersed in WAEW for 10 min, followed by coating with LBG-SA coating with 0.64 g/L daphnetin].


MRI can highlight the signal of different phases of water in the organization. The proton density map is much brighter, and the pseudo-color image is redder (53). The sample was brighter and redder in images on 0 day (Figure 4), and the brightness was darker and bluer with the refrigerated storage time increasing. The color of CK samples on 12 and 24th days was bluer and darker than that of WAEW and daphnetin-treated samples. The results demonstrated that the density of water protons in CK was the lowest compared with the other samples, and the tissue structure was seriously damaged, resulting in water loss. However, there was less structural disruption of myofibrils in WAEW and daphnetin-treated samples during the refrigerated storage (54). The brightness of 0.32D and 0.64D samples was lighter compared with the other samples, which indicated that the WAEW and LBG-SA active coatings, containing 0.32 or 0.64-g/L daphnetin emulsions treatments could be more suitable for quality maintenance of turbot samples during refrigerated storage, and the result was consistent with the variation of LF-NMR transverse relaxation.



TPA Results

Texture is considered as a valuable quality attribute to evaluate the influence of preservation (55). The physical properties (hardness, chewiness, springiness, and cohesiveness) for textural evaluation of turbot samples during the refrigerated storage are shown in Figure 5. The texture properties of all the turbot samples were decreased during the refrigerated storage, indicating the Argo turbot samples lost good quality and freshness (5). The hardness of the fresh sample was 2.0 × 104 g and decreased significantly (p < 0.05), with increasing storage time, regardless of the storage conditions. The muscles became softer and less elastic with increasing storage time, resulting from the activity of the autolytic enzyme, the degradation of myofibrils, and the destruction of the connective tissue (56). The chewiness showed similar behaviors with that of hardness as a decrease in these two parameters was observed during the refrigerated storage, which is consistent with the findings of Liu et al. (57). WAEW and daphnetin-treated samples had significant higher chewiness values (p < 0.05) compared with the CK samples during the storage. Springiness is used to describe the ability of muscles to return to their original form after the removal of deformation force, as well as their resistance to subsequent deformation (58). The average value of springiness of fresh turbot was about.67 and decreased significantly (p < 0.05) by 73.19, 67.60, 59.80, 44.23, and 51.68% for CK, 0, 0.16, 0.32, and 0.64D turbot samples at the end of storage, respectively, indicating the occurrence of deterioration in texture. Cohesiveness reflects the interior adhesive force of samples. The cohesiveness of turbot also showed a decreasing trend during the refrigerated storage. The initial values of cohesiveness were about 0.60 and decreased to 0.16, 0.20, 0.28, 0.37, and 0.33 for CK, 0D, 0.16D, 0.32D, and 0.64D turbot samples at the end of the storage, respectively. Decrease in springiness and cohesiveness may be attributed to the destruction of covalent cross-linking structure between proteins, the decomposition of proteins, and the reduced force between muscle fiber as the microbial growth and enzymatic carried by the fish itself (59). Some studies pointed out that texture deterioration might be caused by the degradation and disintegration of myofibril structure, affecting the acceptance of consumers (60). The combined effect of WAEW and daphnetin could inhibit the growth of microorganisms and delay the degradation of muscle fibers to protect the muscle texture of turbot. Therefore, WAEW and daphnetin treatments were effective in minimizing changes in turbot muscle tissues during the refrigerated storage.
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FIGURE 5. Changes in (A) hardness, (B) chewiness, (C) springiness, and (D) cohesiveness of turbot samples during the refrigerated storage [CK, washed with deionized water; 0D, immersed in weakly acidic electrolytic water (WAEW) for 10 min, followed by coating with locust bean gum–sodium alginate (LBG-SA)-active coating; 0.16D, immersed in WAEW for 10 min, followed by coating with LBG-SA coating with 0.16-g/L daphnetin; 0.32D, immersed in WAEW for 10 min, followed by coating with LBG-SA coating with 0.32 g/L daphnetin; 0.64D, immersed in WAEW for 10 min, followed by coating with LBG-SA coating with 0.64-g/L daphnetin].




Organoleptic Evaluation Results

The organoleptic evaluation results, including smell, color, mucus, muscular tissue and elasticity of turbot samples during the refrigerated storage, are presented in Figure 6. At the beginning, all the turbot samples had high organoleptic scores, demonstrating excellent quality. The organoleptic scores of all the turbot samples decreased significantly (p < 0.05) during the refrigerated storage; however, WAEW and daphnetin-treated samples had significant higher scores (p < 0.05) than that of CK samples. On the 12th day, the score of CK was lower than the limit value of 5, which was considered as unacceptable for turbot in the present research. However, 0.16, 0.32, and 0.64D exceeded the limitation on the 16, 20, and 20th days, respectively. WAEW and daphnetin treatments helped the turbot samples maintain a relatively better organoleptic quality during the refrigerated storage; thus, the way of WAEW and daphnetin treatments could be an effective way to delay the quality deterioration and maintain the organoleptic quality of turbot samples. However, the organoleptic evaluation showed some mismatching in the microbiological and chemical results of turbot samples, which may be probably due to the spoilage caused by microbial growth on the surface of the turbot samples. Therefore, it is appropriate to evaluate the storage quality of the turbot samples by the comprehensive analysis of physicochemical, microbiological, and organoleptic evaluation.
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FIGURE 6. Changes in (A) smell, (B) color, (C) mucus, (D) muscular tissue, and (E) elasticity of the turbot samples during the refrigerated storage [CK, washed with deionized water; 0D, immersed in weakly acidic electrolytic water (WAEW) for 10 min, followed by coating with locust bean gum–sodium alginate (LBG-SA)-active coating; 0.16D, immersed in WAEW for 10 min, followed by coating with LBG-SA coating with 0.16-g/L daphnetin; 0.32D, immersed in WAEW for 10 min, followed by coating with LBG-SA coating with 0.32 g/L daphnetin; 0.64D, immersed in WAEW for 10 min, followed by coating with LBG-SA coating with 0.64-g/L daphnetin].





CONCLUSIONS

This research investigated the effect of WAEW combined with LBG-SA-active coatings, containing daphnetin emulsions (0.16, 0.32, and 0.64 mg/mL, respectively) treatments on the quality of the turbot samples during the refrigerated storage at 4°C. The microbiological analysis showed that WAEW and daphnetin treatments effectively inhibit the growth of spoilage microorganisms, attributing to the sterilizate activity of WAEW and the antibacterial activity of an active coating, containing daphnetin emulsions. WAEW and daphnetin treatments were highly efficient in maintaining lower TVB-N and K values and higher contents of aromatic amino acids, such as glutamic acid, glycine, and alanine in the refrigerated turbot samples. Moreover, TPA and LN-NMR results also stated that the presence of WAEW combined with daphnetin treatments showed positive effects on retarding the degradation of myofibril structure. WAEW, together with LBG-SA active coatings, containing 0.32 or 0.64-mg/mL daphnetin emulsions treatments had similar effects on quality maintenance of the turbot samples during the refrigerated storage. Therefore, 0.32-mg/mL daphnetin addition was determined to maintain the quality of turbot for economic consideration and the principle of using as few food additives as possible.
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Study Results
Carot siices Improvement in the drying rate
US parameters: (70.0%)

- Frequency: 20kHz Lower final moisture

- Power: 100W

- Static pressure

Conditions evaluated:

- Aiflow: 1 and 3 m/s
Air temperature: 22°C

Carrot, apple, and
mushroom slices

Reduction of drying time (carrots:
up to three times, apples:

US parameters: 50.0-76.7% and mushrooms:
- Frequency: 20kHz 68.3-83.3%)
- Power: 100W Reduction of drying time (carrots:
- Pressure static (1): 50.0-68.3%, apples:
0.05 kg/om? 66.7-233.7% and mushrooms:

Conditions evaluated:
- Aiflow: 1.7-2m/s
- Air temperature: 20

50.0-75.0%)

and 55°C
Apples and potatoes Increase in the effective diffusivity
slices coefficient

US parameters:

- Frequency: 20kHz

- Power: 25 and 50, W

- Static pressure:
0.0155-0.050 kg/em?

- Suction pressure: 10
and 20 mbar

Conditions evaluated:

- Airflow: 1 m/s

- A temperature: 31°C

Apple sices

US parameters:

- Frequency: 20kHz

- Power: 76 and 90W

Conditions evaluated:

- Air temperature: 40
and 60°C

- RHY% air: 25%

- Aifow: 1m

Reduction of drying time
(46.0-67.0 %)
No differences in texture

Red bell peppers and
apples

US parameters:

- Frequency: 24 kHz

No impact on final relative water
content

Intermittent US treatment at net
sonication of 10 % did not

- Power: 422W improve the process, but at net
- Effective amplitudie: sonication of 0% there was a
6-13pum reduction in drying time (18-20%)

Continuous US treatment allowed
to reduce drying time (18-27%)

Conditions evaluated:

- Air temperature: 70°C

- Continuous US
treatment

- Intermittent US
treatment:

* 50% net sonication
time

* 10% net
sonication time

Potato cylinders
US parameters:

- Frequency: 24 kz
Conditions evaluated:

- Air temperature: 70°C

US effect was strongest in the
outermost layer (0.0-0.6 mm) and
at the sonicated surface

US treatment allowed to recuce
drying time (by 10.3%)

Purple-fleshed sweet
potato sices
US parameters:

Drying time was reduced by
increasing the US power
(81.5-47.7 %) but the US effect
was less pronounced at higher air
temperature

The drying rate was improved
(50.8-100.0 %) at high US power
and low temperature

Increase in the effective moisture
diffusivity (D) (17.6-48.1%)

- Frequency: 28kHz

- Power: 30 and 60W
Conditions evaluated:

- Air temperature: 40,

50, 60, and 70°C Distortions of the cellular tissue
and the appearance of large

- Aifow: 1 m/s cavities
Improvement of the
refydration capacity

Pear slices. Increase in the drying rate (at

US parameters: 45°C, the increase was 33.3% at

- Frequency: 28kHz

- Power: 30 and 60W

Conditions evaluated:

- FIR power: 100, 220,
and 340W

- Air flow: 1.5 s

24 W and 140.1% at 48W)
Positive impact on total phenolic
content, flavonoids, and ascorbic
acid

Appearance of more numerous
and larger microchannels in the
cell tissue

Kiwi slices

US parameters:

- Frequency: 28kHz

- Power: 18,36, and
54W

Conditions evaluated:

- FIR temperature: 120,

Reduction of drying time (the
increase at 120, 200, and 280°C
was 32.2-48.4%, 22.2-38.9%,
14.3-33.3%, respectively)

The drying rate was improved
(66.79%) by increasing US power
US decreased the resistance to

200, and 280°C internal diffusion, facilitated the
- Airflow: 1.6 m/s migration and removal of the
immobiized and bound water
Pear slices Best increase in drying rate
US parameters: (83.3-140.1 %) at low air

- Frequency: 28kHz
- Power: 24 and 48W
Conditions evaluated:
- Air temperature: 35,

temperature
The microstructure of the pear
samples showed more numerous
and larger cavities

45, and 55°C Positive impact on total phenolic
- Aiflow: 1 m/s content, flavonoids, and vitamin G
Improvement in
rehydration capacity
Garlic (Allum satium L) Reduction of drying time (the
US parameters: increase at 216.8, 902.7, and

1513.5 W/m? was 5.0%, 12.5%,
35.0% respectively, at 50°C)
The drying time was reduced by
increasing air temperature
Positive impact on thiosulfinate
and TPC at 216.8 and 902.7

- Frequency: 20kHz

- US treatment: 3s on/
1soff

Conditions evaluated:

- Power: 216.8, 902.7,
and 1613.5 W/m?*

- Air temperatura 50, 60, W/m?
and 70°C Greater retention of organosulfur
- Airflow: 2.5 Vs compounds

Color improvement

White cabbage (Brassica

oleracea L. variety

Capitana L)

US parameters:

- Frequency: 20kHz

- US treatment: 45
on2s oft

Conditions evaluated:

- Power: 492.3 and
1131.1 Wm?

- Air temperature: 60 °C

- Airflow: 2.5 /s

- Pre-blanching
treatment (100°G/30s)

Synergistic effect of blanching
and subsequent US drying to
intensify drying process

No color diferences

Higher TPC (12.6 %) in
un-blanched sonicated samples
at 492.3 Wim?

No positive effect on Vitamin G
content

No clear effect on glucosinolate

Mushroom (Agaricus Earlier nucleation

bisporus) Smaller crystal size and more
US parameters: uniform shape

- Frequency: 20kHz The microstructure was more

- Power: 300W uniform, featuring more numerous

- 12 transducers

Conditions evaluated:

- US treatment: 10
on/20s off when the
sample temperature
reached —1°C

- US treatment: 10s on/
10min off during 3
weeks of
frozen storage

and more dense pores

Chicken breasts Reduction of freezing time

US parameters: (19.9%)
- Frequency: 40kHz No difference in quality attrioutes
- Power: S0W such as WHC, GLand

Conditions evaluated:

- US treatment: 3s on/
55 off throughout the
entire freezing process

- Air temperature —13 to
—25°C

- Air flow: < 0.4 Vs

protein digestibility

Minimum US thermal effect at
76W and net sonication time of
10%

Reduction of drying time

No difference in qualiy attributes
such as bulk density, color,
ascorbic acid, and

refydration capacity

Red bell peppers

Samples were frozenin a

cooling chamber to reach

atemperature of ~20°C

Then they were dried by

applying US

US parameters:

- Frequency: 20kHz
Freeze-drying pressure
was 46 Pa

Conditions evaluated:

- Power: 76,90, and
110W

- Net sonicated time:
continuo (100%), 25%,
14% and 10%
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Process variant p-value Ho hypothesis

ANOVA evaluation over day 0, 1, and 7 at EPS

I—tap water 0.03 Rejected
I1-PTW 0.002 Rejected
I—PTW 034 Not rejected
V—PTW 053 Not rejected
V—PTW 0.06 Not rejected

VI—CIO, 025 Not rejected
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Process variant Unwashed Pre-bathing Pre-rinsing Pre-washing Main washing Post-rinsing

©) (U] @ ® @ ®)
Time of washing in (s] 0 180 30 180 180 30
la—tap water NA Tap water Tap water Tap water Tap water Tap water
Io—tap water NA NA Tap water Tap water Tap water Tap water
1-PTW NA PTW Tap water Tap water Tap water Tap water
I—PTW NA NA PTW Tap water Tap water Tap water
V—PTW NA NA Tap water Tap water PTW Tap water
V—PTW NA PTW PTW Tap water PTW Tap water
VI—CIo, NA NA Tap water Tap water cio, Tap water

The washing time for each of pre-bathing, pre-washing and mein washing was 180's and the washing times for pre- and post-rinsing were 30's. NA, not analyzed. For better visualization,
tap water treatment is highlighted in blue, PTW treatment in pink, and CIO treatment in red.
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Continuous pumping. Treatment time 0.2

Unaffected
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Highly effective at 300 MPa
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Temperature 140°C 0.2

Intense fragmentation. 100-300nm.
Strong inactivation at 300 MPa. PPO
inactivation >90%. Absence of browning
during more than 5 days in air exposed juices
Undetected

Increased >150%

Preserved

Unaffected

Unaffected. Increased extraction from skin
collidal particles

Improved extraction from apple and grapes

Unaffected. Better fruitiness

Better implantation and lesser competitiveness
with indigenous microbiota

Increased extraction from juice cell fragments.
Favors the formation of fermentative esters
Improved

Decreased

Improved. Higher stabilty of nanofragmented
particles. Color stabilty. Better protein stabilty
and lower haze formation.

HHP

Discontinuous pressurization with water.
Treatment time 3-10min

Unaffected

Highly effective at >400 MPa/5-10 min
Effective at >600 MPa/5-10 min

Not applicable. Effective at >1,000
MPa/5-10min

Starch gelatinization. Protein denaturation.

Weak. Variable, usually needs temperature
assistance

Lower than in thermal treatments

Non differences-slight reduction

Preserved

Unaffected

Unaffected. Improved extraction from grapes.

Non-significant differences in total phenolics and
flavonoids. Improved extraction from grapes.

Unaffected

Better implantation and lesser competitiveness
with indigenous microbiota

Not described

Improved
Decreased

Unaffected. Better protein stabilty and delayed
protein haze.
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variant concentration in
0 1 2 3 4 5
Distiled water 0.1 ImgI™')
+0.09
Tap water 16 fmg ']
+0.05
PTW 2.48
+0.56
ClO2 20 [mg-')
£0.1
Unwashed 1,793.6 [mgkg™']
+£378.7
I—tap water 9370 758.0 6718 9072 860.9 [mgkg™]
+ 7509 +561.6 +4782 £7246 +£647.4
1—PTW 1,013.7 8116 729.1 635.1 632.6 [mgkg~]
+387.3° +181.7 +710.2 +356.7 +350.2
—PTW 709.9 4367 3779 4033 [mgkg™]
+354.2° +319.9 £2216 +£257.6
N—PTW 5099 5339 1019.0 631.2 [mg kg™
+185.9 +1749 +489.5° +2983
V—PTW 1,342 891.0 783.7 1,206.2 739.4 [mgkg~]
+561.4° +280.4% +566.7 +483.8° +£2913
VI—Cio, 3806 539.4 5527 4226 [mgkg™']
+199.2 +2743 +189.3° +306.4
PTW application.
©Ci02 application.

All experiments were repeated three-fold with n = 5 resulting in n
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