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Acoustic technology is characterized as environmentally friendly and is considered an alternative method due to its

sustainability and economic efficiency. This technology provides advantages such as the intensification of processes,

increasing the efficiency of processes and eliminating inefficient ones, improving product quality, maintaining the product’s

texture, organoleptic properties, and nutritional value, and ensuring the microbiological safety of the product.
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1. Introduction

In recent years, EU and global efforts have been aimed at solving the problems of the efficient use of resources, ecology,

and the development of food production technologies, to increase the sustainability and efficiency of processing. Various

traditional processing and preservation methods, such as extrusion, filtration, extraction, drying, frying, cooking,

fermentation, etc., are still widely used to process raw food materials. The underlying principle of most traditional food-

processing methods depends on the use of high-temperature regimes to inhibit foodborne pathogens, thus ensuring the

safety of food products . Therefore, non-thermal technologies for food processing, such as ultrasound, irradiation,

pulsed electric fields, cold plasma, and high hydrostatic pressure, have been widely evaluated . These technologies

enable prolonging the shelf life of the food, maintaining its nutritional, texture, and sensory characteristics, as well as

increasing the bioavailability of food nutrients .

Acoustic technology is one of the sustainable alternatives to thermal processing, which is recognized as economically

efficient and environmentally friendly and can be applied in the food (cereals, milk, meat, fruits/vegetables, drinks, etc.)

production industry and also in the development of bio-based and biodegradable materials for safe food packaging .

This technology provides advantages, such as the intensification of technological processes, increased extraction

efficiency, the modification of food components, maintaining its texture, organoleptic properties, and nutritional value, and

ensuring the microbiological safety of the product . Depending on the intensity, ultrasound (US) can be used

for the activation or deactivation of enzymes, mixing, homogenization, emulsification, preservation, stabilization, ripening,

and solid–liquid extraction to improve the extraction yields of active ingredients from different matrices. Moreover, the

advances in the development of innovative non-thermal technologies can meet consumer demand for high-quality, safe,

nutritious, and minimally processed foods .

In the food industry, most applications of high-power low-frequency US (>1 W/cm ; <100 kHz) are based on systems in

which a liquid or a gaseous medium (such as air) is used for the propagation of the ultrasonic waves . This type of US,

known as power US, induces mechanical, physical, chemical, and biochemical changes through acoustic cavitation,

caused by the formation, growth, and collapse of bubbles, releasing a large amount of energy. The energy is used in food-

processing operations, such as drying, extraction, emulsification, and inactivation of pathogenic bacteria and their

enzymes in the food matrix or on its surface .

2. Ultrasound Generation Systems

Acoustic technology is based on mechanical waves, and the frequency, amplitude, and wavelength are intrinsic

characteristics of acoustic waves (Figure 1).
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Figure 1. Acoustic waves of high- and low-frequency ultrasound. Blue dots—cavitation bubble.

The frequency of US waves represents the number of cycles completed per second. The amplitude represents the

strength (peak pressure), and the period represents the length of time to complete one cycle (Figure 1). The distance of a

complete cycle is the wavelength. Low-frequency ultrasound leads to a longer cavitation bubble formation and growth

period and bigger bubbles with more-powerful implosions, thus improving the refining efficiency, while high-frequency

ultrasound leads to a shorter cavitation bubble growth period and the formation of smaller bubbles; thus, the cavitation

effect weakens with increasing ultrasonic frequency.

Thus, these characteristics impact the US waves’ ability to promote different effects on the sonicated medium. In this

case, acoustic technology is classified by the frequency into high-frequency (1–100 MHz) and low-frequency (16–200

kHz) US . High-frequency ultrasound (HFUS) generally has been applied in medicine for imaging diagnostics .

HFUS has shorter wavelengths and, for this reason, is absorbed more easily and is, therefore, less penetrating. This

explains its use on superficial structures and, hence, its increasing application in the field of diagnostic medicine .

On the other hand, the application of low-frequency ultrasound (LFUS) promotes physical and chemical modifications on

matrices such as food, polymers, alloys, and others .

In this case, the US-generation technique is a versatile system, which can be used in different operational applications

depending on its configuration and the intensity of the generated acoustic energy . The generation of US using

ultrasonic bath or probe-based systems (Figure 2) takes place due to transducers with different geometries and

diameters, which can transfer the acoustic energy directly or indirectly .

Figure 2. Acoustic systems: ultrasonic bath (A) and ultrasonic probe (B).

The types of acoustic systems (probe or bath) and the processing conditions, such as the frequency, power, duration,

temperature, and sample-to-water ratio, influence the performance of ultrasonication. During the acoustic cavitation

process, the formation of microbubbles occurs, causing certain physical and chemical modifications of the ultrasonically

treated material . The interaction of the cavitation-induced microbubbles and the food matrix can directly or indirectly

lead to the formation of cracks and the initiation of pore formation in the physical structure of the food or food components

. For example, when applying US to the extraction process, the expected results highly depend on the chosen

parameters, such as the applied power and frequency; however, US power is minimized in food manufacturing .

Meanwhile, the frequencies used in these processes are usually in the range between 20 and 100 kHz. When the

frequency is increased, cavitation becomes more difficult to induce, as the period becomes too short for the cavitation

bubbles to form and grow; therefore, higher US intensities would be necessary .

In solid–liquid systems, i.e., in the presence of solid particles, cavitation-induced bubbles collapse, causing the liquid to

rapidly move from the bubble toward the solid’s surface, modifying the surface’s structure .

This process leads to a rapid transfer of heat and mass at the solid’s surface, modifying the surface’s structure. Cavitation

energy is the energy absorbed by the microbubbles and is responsible for acoustic cavitation. In turn, the acoustic

cavitation releases this energy through mechanical, thermal, and chemical modifications of the sonicated medium. In this

way, methodologies based on physical properties, which allow the direct or indirect measurement of the applied acoustic

energy, are widely used . These effects have been observed in food matrices subjected to ultrasound-assisted

extraction, homogenization, modification, stabilization, and emulsification .
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3. Application of Acoustic Technology in Food Processing for Quality and
Safety Control

3.1. Fruits and Vegetables

The extension of the shelf life of fresh or minimally processed fruits and vegetables is a key problem to be solved during

their post-harvest storage . Fully removing microorganisms on the surface of products remains a challenge in the food

industry . In the review of Chen et al. , US processing emerged as a novel tool for food preservation, providing

antimicrobial effects due to the cavitation process. As water is used in this technology, it could be a promising method,

which could be implemented in the washing step to obtain safe fresh or fresh-cut fruits and vegetables . Hereby, US-

assisted fruit drying reduces wastewater toxicity and energy consumption and improves productivity.

US was reported to be effective for application in minimally processed products, causing only minimal losses in natural

aromas and colors, maintaining an acceptable quality of fresh and cut fruits and vegetables and inhibiting or limiting the

formation of microbes . US (frequencies usually used during ultrasonic-assisted drying are between 20 and 40 kHz to

avoid the continuous loss of sound wave energy) can be used as a pre-treatment prior to drying fruits and vegetables,

since it increases the drying kinetics .

Ultrasound-assisted treatment is a pesticide-removal technology, which is safer for the environment and more effective at

pesticide removal for a number of fruits and vegetables, including grapes, cabbage, carrots, tomatoes, and cucumbers 

. For this purpose, in the study of Cengiz et al. , two kinds of US treatments, an ultrasonic bath at 40 kHz and an

ultrasonic probe at 24 kHz, in combination with a low-intensity electrical current (1400 mA + 40 kHz, 800 mA + 24 kHz,

and 1400 mA + 24 kHz) were tested for the determination of US’s effectiveness in the reduction of some important

pesticide residues in tomato samples. These combinations led to a reduction of the captan, thiamethoxam, and metalaxyl

residues by 94.24%, 69.80%, and 95.06%, respectively . Lozowicka and co-authors demonstrated that, for

strawberries, a 5 min cleaning step with US (40 kHz; 5 min) efficiently reduced sixteen pesticide residues by 91.2% .

Similarly, for lettuce surfaces, US with frequencies of 20–60 kHz can be used to remove insecticide contents by up to 89–

95% after 8 min of US treatment without any changes in the nutritional properties . It was found that the residue levels

of organophosphorus pesticides (trichlorfon, dimethoate, dichlorvos, fenitrothion, and chlorpyrifos) on raw cucumber were

significantly reduced by up to around 85% after US treatment (US bath, 40 kHz) for 20 min . Concerning transient

cavitation, under high-intensity ultrasound, bubbles attain the required size promptly and rupture, which would cause a

high pressure (up to 100 MPa) and temperature (up to 5000 K) in a short period . This causes the pyrolysis of

pesticides and cell disruption, which promote reactions between the reactive species and the pesticide molecules.

Acoustic technology has gained much attention due to its inhibitory effect on browning enzymes thanks to the capability of

breaking the cell membranes. In particular, it has been discovered that US in combination with temperature and high

pressure is more effective against polyphenol oxidase (PO) . The PO in the original juice of various fruits was less

inactivated than the US-treated purified form . Ultrasonication at an intensity >200 W induced the aggregation and

dissociation of PO particles and significantly decreased the α-helix structure. Similarly, pineapple juice had its content of

PO reduced after 10 min of US treatment, as well as a viscosity decline of 75% . PO decreased also on fresh cut

potatoes after 5 min of US treatment without a change in color, while a 10 min treatment damaged the cells of potatoes

. The anti-browning effectivity, measured as PO activity increase, improved when ultrasound (40 kHz) was combined

with ascorbic acid (1%) in fresh-cut apple in storage at 10 °C during 12 days .

In summary, US may be valid for the fresh-cut fruit/vegetable industry since the majority of components and sensory

attributes are not affected. Furthermore, ultrasound can be considered as an alternative technique to heat treatments.

3.2. Cereals and Cereal Products

Contamination of certain foods with toxins, produced by some organisms, poses challenges to ensuring food safety and

quality. Cereal-based food products comprise vital nutrients that have the potential to be naturally contaminated by

various fungi, as well as their secondary toxic metabolites, considered as mycotoxins, which can infect the crops before or

after harvest and can be typically found in foods, such as cereals, dried fruits, nuts, and spices . Cereal crops give

filamentous fungi, such as Fusarium and Aspergillus spp., an important opportunity to grow using the edible parts of the

plants, such as starch granules . The result of the fungal invasion is grains shriveling and becoming more porous.

Among various approaches with the aim of eliminating or at least reducing the presence of mycotoxins in food,

ultrasonication is one of the novel techniques being discussed, partially due to the avoidance of direct heat during the

processing . As was shown, US treatment under different conditions allowed a reduction in the amounts of selected
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mycotoxins from about 40% (aflatoxins B1, B2, G1, and G2)  to 96% (aflatoxin B1, deoxynivalenol (DON), zearalenone

(ZEA), ochratoxin A (OTA)) . The degradation of mycotoxins in aqueous solutions and maize was significantly affected

by the US intensity (2.2–11 W/cm ) and sonication time range from 10 to 50 min, showing DON being more stable than

AFB1, ZEA, and OTA . According to Liu et al. , during the initial stage of US treatment (1.1–1.65 W/cm ; 8 min),

power US can promote the dissolution of AFB1 and ZEA, which were subsequently dissolved in water and were partly

oxidized by free radicals under the effect of power US. A possible mechanism of mycotoxin degradation was proposed by

Liu et al. in another study , when 550 W power US (20 kHz; 6.6 W/cm ) with a 13 mm probe was applied for processing

aqueous AFB1, which was degraded by 85.1% after 80 min of US exposure, significantly reducing its bioactivity and

toxicity because of mycotoxin degradation by the free radicals generated during the acoustic treatment.

The dissolution of mycotoxins in water also facilitates their degradation. In this case, the presence of water plays a critical

role, as the covalent bonds of the water molecules break upon US treatment, thus yielding highly reactive radicals,

hydroxyl and hydrogen, together with the subsequent formation of hydrogen peroxide outside cavitation bubbles, which

then attack the organic molecules of toxins and initiate their decomposition.

Due to the adverse health effects caused by mycotoxins, the EU has been working for almost two decades on the

harmonization of mycotoxin standards for foods based on established international regulations and methods of analysis

and sampling. Because of the high cost of state-of-the-art invasive, relatively slow, multi-step, and expensive wet

chemistry methods and the reluctance of industry to perform representative sampling for food safety purposes, the EU felt

obliged to enforce rather strict measures for sampling (EC 401/2006). Taking into account the above-mentioned aspects,

there is a growing interest in the application of new, faster methods for inline or online monitoring of the presence of

mycotoxins in food.

Rapid methods, such as near-infrared (NIR) spectroscopy, appear to provide a new approach to monitoring the quality of

agricultural products . Yearly, the potential of using IR spectroscopy for the detection of mycotoxins, including

deoxynivalenols (DON), ochratoxin, fumonisins, aflatoxins, and fungal contamination in cereals and cereal products, has

also been demonstrated . However, the technique is not particularly suitable for routine batch analysis because of

the limited applications, while the slow scan speed and low sensitivity appear to be the main disadvantages of using IR

instruments.

Acoustic waves generated by an acoustic spectrometer, working in a range of 4.95–35.70 kHz and measuring the

amplitude of the acoustic signal penetrating through the tested sample (thickness of grain layer: 30 mm; diameter: 50 mm)

have been proposed to be applied to determine the preliminary level of mycotoxin contamination based on changes in the

microstructure of unaffected (wholesome) and affected (contaminated/scabby) grains and aflatoxin-inoculated corn

kernels . The speed and non-invasive character of an acoustic method make it suitable to be used to carry out

inline high-throughput analysis, by testing product/matrix porosity, which is influenced by the structure (grain size, shape)

and moisture content of contaminated grain matrix, preferably at the point of harvest or in the cereal-processing chain

before milling and further processing .

Moreover, the efficiency of US application in the reduction of mycotoxins in contaminated wheat-based products can be

explored by using a multi-step prevention system: acoustic screening of grains with the elimination of contaminated grain

from the production chain and, in the second step, a detoxification approach (e.g., ultrasonication and fermentation) 

. Trakselyte-Rupsiene and co-authors used fermentation with lactic acid bacteria (LAB) in combination with an acoustic

screening method (acoustic spectrophotometer; frequency: 10–60 kHz; duration: 10 s; thickness of the grain layer: 50

mm; diameter: 80 mm) for the prevention of Fusarium spp. mycotoxins in wheat grain, as well as in fermented products

. The study suggested that the acoustic technique used could identify DON, as well as DON-3-β-d-glucoside (D3G)

contamination in raw wheat and is a promising tool in the wheat-grain-processing chain, and also, fermentation, using

appropriate LABs, can reduce DON and D3G content in the fermented product by up to 75% and 84%, respectively. All

authors indicated that the US power density and intensity, the solid–liquid ratio, and the US treatment modes significantly

affect the degradation rates of mycotoxins. Even more, in an interesting study by S.O. Kerhervea et al. , the

development of the US technique was reported, intended for quality control by measuring the mechanical properties of

noodle doughs. These noncontact measurements were applied online during dough processing at a pilot plant, giving the

advantage of avoiding contamination arising from direct contact with the monitoring equipment. Furthermore, the authors

also declared that this ultrasonic technique could be promising if monitoring changes in the properties of noodles caused

by proteases that can be associated with biological contamination, mycotoxins, sometimes present in wheat .
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3.3. Beverages

Currently, juice is one of the most-popular beverages in the food industry. However, juice usually suffers from the loss of

important nutrients, freshness, and quality during the thermal processing necessary for food safety and quality

preservation. Thermal treatment (>70–90 °C) denatures proteins, inactivating microorganisms and enzymes, which

causes undesirable changes in the juice and shorten its shelf life. Incomplete inactivation of enzymes results in browning

and cloudiness  and changes in the biochemical, physicochemical, organoleptic properties, and nutritional components

(vitamins, phenolic, etc.) of juices . For example, the hot water treatment of tomato juice at 90 °C for 90 s resulted in

low lycopene retention (67%) and changes in color . Unwanted color reduction (50%) and a decrease in ascorbic acid

content (15–40%) occurred in strawberry juice after thermal processing (90 °C, 5 min) compared to a pulsed electric field

(100 Hz, 500 µs) .

To maintain the desirable sensory characteristics of food, such as taste, flavor, texture, and overall acceptability, some

acoustic-assisted processes have been developed.

The study of Lagnika et al. , investigating the effects of US processing on the physicochemical and nutritional quality of

pineapple juice, showed US treatment (500 W; 20 kHz; probe diameter of 10 mm; 15 min; <65 °C) had a significantly

lower browning degree. US was effective at retaining the total phenolic content and delaying microbial growth in pineapple

juice as compared to the thermally treated or untreated juice sample during 60 days of storage at room temperature. The

study demonstrated that US combined with mild heat pasteurization treatment (65 °C; 15 min) could be able to effectively

inactivate the microorganisms and pectin methylesterase in pineapple juice, whilst preserving a relatively high amount of

phenols .

According to Shen et al., US treatment (26 kHz, 9 min) of green grape juice preserved its sensory attributes, providing the

significant inactivation of microorganisms (<1 log CFU/mL) and the enrichment of bioactive compounds (up to 482.47–

543.62 μg/mL) . Similarly, temperature-controlled US treatment (55 °C; 10 min; intensity 75%) can promote better

appearance and odor in apple juice, indicating the improvement of the sensory characteristics through microbiological

stabilization . Evidence of the advantage of US as a nonthermal approach in stabilizing the food matrix was

demonstrated on cherry tomato . According to the authors, applying of dual-frequency US (20/40 kHz) for 10 min to

cherry tomato resulted in preserved quality parameters (inactivation of microorganisms around 2.12–3.10 log CFU/g) and

even higher retention (31.64–33.09 mg GAE/100 g) of the total phenolic compounds .

HPUS has recently been approved as a highly promising technology that can be adopted for several purposes in the

winemaking process for the treatment of crushed grapes. The effect of US used at different amplitudes (30–90%) for

different periods of time (2–10 min) showed that an increase in the amplitude and sonication time did not affect the main

polyphenol contents of red wines . The application of a pilot-scale power ultrasound system (30 kHz, 2500 W, 8 W/cm )

to crushed grapes facilitated the extractability of compounds from grapes to the must-wine, increasing the total phenol

(18% and 23%) and tannin concentrations (43% and 30%) in the wine from less-ripened grapes and in the wine from

partially rotten grapes, respectively . The application of HPUS to obtain value-added red wines, using short maceration

times, led to producing wine of a higher color intensity and a higher total polyphenol and anthocyanin content from grapes

macerated for 4 h . In this case, the application of US treatment (30 kHz, 2500 W, 8 W/cm ) led to enhancing the

extraction of volatile compounds in the must, especially the free terpene and norisoprenoid content (from 3.37 to 4.92

μg/L). However, US caused the degradation of some phenolic compounds and vitamins, changes in color, the loss of

anthocyanin, and other adverse effects on the food characteristics .

3.4. Milk and Dairy Products

The most-common effects of acoustic cavitation on dairy products were recently reviewed by Carrillo-Lopez et al.  and

Chavez-Martínez et al. . The main impacts of US treatment were observed on the physicochemical, functional, and

microbiological properties of milk and dairy products. In the study by Carrillo-Lopez et al., the application of 10 min of

sonication (50% and 100%; 24 kHz; 400 W in continuous mode) of fresh raw milk led to increasing the yield of Panela

cheese by 24.29%. Moreover, increasing the US time resulted in an evident yellow tone of the cheese . The differences

between low- and high-intensity US, as well as the advantages and disadvantages of each one in terms of the processing,

quality, and preservation of milk and dairy products were reported in detail by Chávez-Martínez and co-authors . As

low-power US (LPUS) (<3 W/cm ) does not have a destructive effect on raw material components in the food industry, its

applications are focused on as quality control tools for the monitoring of the microbial growth, enzymatic reactions,

fermentation, and gelling processes of milk . Low-frequency US (22 kHz; 60–120 W/L) treatment, used to

reconstitute powdered milk, yields a higher nutritional final product with a higher content of bioactive compounds, such as
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exopolysaccharides, vitamin C content, and antioxidants, when applied prior to fermentation, which improves the growth

of fermenting bacteria .

HPUS modifies the biological, physical, and chemical properties of materials through destructive tests, and it has been

used during the production of various dairy products . The rheological properties of dairy products developed by

sonication during the fermentation (sonotrode of 20 kHz; 20 W; 10% protein; 43.5 °C; pH 5.8–5.1) of Greek yogurt could

facilitate the subsequent stirring within the production process of this product type . LPUS applied to monitor cheese

maturation by measuring the US velocity with a couple of narrow-band US transducers (1 MHz) showed that the US

velocity increased with the ripening time from 1630 to 1740 m/s, depending on the cheese texture .

The possibility of using US as a pre-treatment method to improve the nutritional attributes of cheese was demonstrated by

Munira and co-authors . The authors, evaluating the potential of US, comparing it to different milk processing

techniques, such as microwaves (MWs) and high-pressure (HP), for the antioxidant and angiotensin-I converting enzyme

(ACE)-inhibitory activity of cheddar cheese during ripening, indicated that the antioxidant activity and ACE-inhibitory

potential of cheeses made from pre-treated milk significantly increased in the following order: US-II (41 J/g; 20 kHz; milk

flow rate of 35 mL/min) > HP (400 MPa; 15 min; <40 °C) > US-I (23 J/g; 20 kHz; milk flow rate of 15 mL/min) > MW (86.5

J/g; 3 min; <40 °C) > untreated control.

Otherwise, acoustic treatments may not only consequently improve, but can also decrease the quality characteristics of

foods. Thermo-sonication as a method for milk pre-treatment before fermentation offers the possibility to obtain gels with

rheological properties superior to those obtained from conventionally heated milk. However, HPUS applied during the

fermentation process has not shown the most-desired results for this product. According to Nöbel et al. , HPUS (45

kHz; 17 kW/m ) applied during the fermentation of skim milk resulted in the formation of lumps and increased graininess,

which are textural defects in yogurt. Lara-Castellanos et al.  showed a cheese prepared with 30% ultrasound-modified

(20%, w/v; sonicator power of 50%, with pulses of 10 s for 30 min; temperature was controlled at 35 ± 5 °C) casein

delayed the appearance of molds, but gave lower overall acceptability due to the changes in the microstructural,

functional, and textural properties of the ultrasonicated casein.

The application of low-intensity acoustic energy could have less impact on the quality characteristics of foods. Thereby,

the use of acoustic energy can have mixed effects on the taste, aroma, appearance, freshness, and texture of food

products. This effect is related to the US processing conditions and the properties of the processed foods. Since no

studies evaluating the health effects of food produced by acoustic technology have been found, it would be appropriate to

assess the toxicity of ultrasonicated food ingredients on consumer health.

3.5. Meat and Meat Products

Recent studies have reported the prospective application of high-intensity US on fresh meat , mostly in tenderizing,

brining, cooking and fermentation, thawing, freezing, and bacterial inhibition. US treatment increases meat tenderness

and shortens the period of aging, without any effect on other quality parameters . This is attributed to the rupture of the

myofibrillar structure of the protein, collagen macromolecules’ fragmentation, and protein migration, among others, which

accelerate proteolysis.

In the study of Caraveo et al. , the redness of ultrasound-treated meat (40 kHz; 11 W/cm ; 90 min) was lower after

treatment than that of control meat, but no difference was observed after Day 8 of storage. US can significantly decrease

coliform, mesophilic, and psychrophilic bacteria in the meat during storage; however, the original microbial loads

increased constantly during refrigeration. It has also been reported that the quality parameters of food products, such as

the color, nutritional substances, and texture, are closely correlated with the heat transfer rate during the freezing process

. Ultrasound treatment is able to generate smaller ice crystals by accelerating the heat transfer, thus retaining the

original quality properties of the frozen food products . Visy et al. evaluated the combined effect of US-induced acoustic

cavitation (20 kHz frequency; 5.09 W/cm  power density; intensity of 100 W) and microbubbles during the brining of pork

loin (Longissimus dorsi) . The US brining enhanced the NaCl diffusion into the meat compared to meat brined under

static conditions and the formation of microscopic pores on the surface of meat myofibers . Xu et al., evaluating the

changes of US-assisted (power of 350 W; frequency of 40 kHz; 10 °C) thawing on lamb meat quality and differential

metabolite profiles during refrigerated storage, found that ultrasound-assisted thawing improved the water-holding

capacity and increased the color of the lamb during refrigerated storage . Furthermore, ultrasound-assisted thawing

also reduced the sulfhydryl content in the lamb and inhibited protein oxidation. Moreover, potential metabolites associated

with amino acids, carbohydrates and their conjugates, and peptides could be identified after US-assisted thawing .

HPUS, by producing high-speed jets, increases the temperature of the thawing water, subsequently generating

asymmetric bubble collapse, improving heat transfer, thereby shortening the thawing process . Slightly different results
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were reported by Bao et al. , showing increased tenderness and overall acceptability of dry-cured yak meat, but

negatively affecting the meat color, smell, and taste after the US treatment (20 kHz; 200–400 W).

Therefore, the optimization of the sonication time for different applications is inevitable. Meat products are usually non-

homogeneous and extremely attenuating materials, which make it difficult for US waves to transmit through the material,

due to the inability to penetrate the inner parts of the product and the absorption of US by the outer layers. Localized

heating and overheating are common phenomena in ultrasonication . The standardization of the HIUS-assisted

freezing process and product variables is a major challenge to scale this technology for industrialization.

Sonication can also be used as a suitable tool to produce marinated food products with a lesser amount of salt (sodium

chloride) in comparison to presently available commercial marinades. Gómez-Salazar et al.  studied the effect of acid

marination assisted by power ultrasound (40 kHz; 110 W) on the quality of rabbit meat. It was observed that the

ultrasound-assisted marinating increased the NaCl uptake in rabbit meat in comparison with marinating without additional

US treatment. Furthermore, the acoustic treatment also reduced the time required for salting and the coloring of raw meat,

allowing producing a product with a uniform salt content . Contreras-Lopez et al.  observed that the application of

high-intensity acoustic energy increased the overall salt concentration in pork loins and retained the color and quality.

Furthermore, in the study by Sanches et al. , US treatment led to a higher NaCl content in a shorter time during beef

wet brining, reduced the denaturation temperature of myofibrillar proteins, and did not affect the lipid oxidation of the beef

when compared to samples in static brine.
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