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Abstract 14 

Application of ultrasound has been considered a “green” technology, because it offers 15 

advantages in terms of selectivity, better quality, use of less chemicals, and energy efficiency. 16 

Hence, it is well suited for extraction of bioactive compounds from plant and animal 17 

materials, which generally require large quantities of organic solvents. In addition to 18 

extraction, the inactivation of certain microorganisms, especially the Gram-negative bacteria 19 

have been reported in literature. The principle of extraction and inactivation of 20 

microorganisms are attributed to the cavitation phenomena. Ultrasound per se is not 21 

sufficient to inactivate all microorganisms. Gram-positive organisms are known to have 22 

thicker cell walls, and some contain peptidoglycans which are difficult to disrupt. The effects 23 

of ultrasound also depend on the type, shape, or diameter of the micro-organisms. Vegetative 24 

cells are more susceptible to ultrasound than spore. Enzymes are thought to be inactivated by 25 

denaturation of the protein. Many micro-organisms are not inactivated by ultrasound alone 26 

but in combination with mild heat or other non-conventional techniques will be highly 27 

effective. The combined effects are known to be synergistic rather than additive. 28 

Keywords: Ultrasonication, extraction, bioactive compounds, sterilization, isolation. 29 

1. Introduction 30 

There is a growing consumer awareness and concern about the hygiene aspects of food 31 

manufacture and increasingly, the regulatory authorities have imposed strict regulatory 32 

measures for food processing and safety (Ververis et al, 2020). The traditional methods of 33 

heat treatment for food processing and preservation include Pasteurization and sterilization 34 

(Xiao et al., 2017). The main purpose of these treatments is to destroy the undesirable micro-35 

organisms and enzymes found in food products. However, in order to be effective, both the 36 

treatment temperature and time need to be considered. During heat processing, the food may 37 
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lose some nutrients, develop undesirable flavours and colour, and some of the organoleptic 38 

properties are also deteriorated (Xiao et al., 2017; Ling et al., 2015). As a result, novel non-39 

thermal methods of processing have received much interest. One such novel processing 40 

technologies is the use of Ultrasound. In a recent review, Evelyn & Silva (2020) showed how 41 

high-intensity ultrasound could inactivate cells and denature enzymes.  42 

This review summarizes the main findings of the use of Ultrasound (US) technology as a pre-43 

treatment for the extraction of bioactive compounds and inactivation of microorganisms as a 44 

prerequisite for food safety. The review is based on systematically searching the English 45 

literature from the Web of Science and Scopus data bases in the last 10 years using the key 46 

words “Ultrasound”, “Extraction”, and “Sterilization”. Out of over 7400 references collected, 47 

only 50 were chosen for their relevance to the scope of this review which is “Extraction of 48 

bioactive compounds and food safety” and also because the review is restricted to a 49 

maximum of 50 references. We hope this review could provide the readers with an updated 50 

information about the use of US technology as a pre-treatment for the extraction of bioactive 51 

compounds and also provide enough evidence that in conjunction with other technologies, 52 

US could also be considered as an effective tool for assuring the safety of most liquid food 53 

products. 54 

 55 

2. Mechanism of Action of Ultrasound (US) 56 

Similar to sound waves, US is a mechanical wave, propagated in an elastic medium at a 57 

frequency between 20kHz and 10MHz. They are beyond the audible range of the human ear. 58 

As a US wave passes through a medium, it causes a longitudinal displacement of particles, 59 

which results in an alternating series of compression and rarefaction in the medium (Chemat 60 

et al., 2017). At a certain point, successive compressions and rarefaction of the medium 61 
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would cause a critical molecular distance to be reached above which the medium breaks 62 

down causing Cavitation Bubbles. The cavitation bubbles grow during rarefaction phases and 63 

decrease in size during compression cycles. During the compression cycle, the cavitation 64 

bubbles will reach a critical point, when they will collapse during a compression cycle 65 

releasing large amounts of energy (Figure 1). It has been estimated that the temperature and 66 

pressure at the moment of collapse to be around 5000 K and 2000 atmospheres respectively 67 

(Chemat et al., 2011). These high pressures and temperatures caused by the cavitation 68 

bubbles near a cell surface will generate microjets directed towards the cells causing them to 69 

rupture.  70 

US assisted processing is considered a novel, non-thermal method of preservation of food. 71 

There is a fundamental difference in the physical and chemical phenomena used in ultrasound 72 

compared to those applied in conventional extraction, or preservation techniques.  US offers a 73 

net advantage in term of shorter processing time, enhanced quality, and is considered an 74 

environmentally friendly “green” technology (Toepfl et al., 2006; Bhargava et al., 2021; 75 

Gavahian et al., 2017). Many food ingredients and bioactive products are well known to be 76 

thermally sensitive and vulnerable to chemical and physical changes (Chemat et al., 2017).  77 

Therefore, US is ideal for the extraction and processing of sensitive food products and 78 

ingredients. Since reliable ultrasound equipment are readily available, the food industry is 79 

much interest in employing this technology as a novel environmentally friendly processing 80 

technology.  81 

3. Ultrasound in Extraction of Bioactive Compounds 82 

Compared to conventional extraction methods such as Soxhlet or steam distillation, 83 

Ultrasound Assisted Extraction (UAE) processes can be completed within a few minutes with 84 

high reproducibility, reduced consumption of solvents and water, with greater purity of the 85 
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end products, consuming only a fraction of the energy needed (Chemat et al., 2017). Several 86 

classes of food components such as aromas, pigments, antioxidants, and other organic and 87 

mineral compounds have been extracted and analysed efficiently from plant and animal 88 

tissues, and other food materials (Chemat et al., 2017; Evelyn & Silva 2020). 89 

A very compelling advantage is that UAE is not restricted by the solvent used, or by the 90 

moisture content of the products. Mass transfer processes is enhanced by subjecting to Power 91 

ultrasound (Kroehnke et al., 2021). It is also a unique way to produce agitation in Super-92 

critical Fluid Extraction (SFE) because the use of mechanical stirrers is not possible.  93 

4. Extraction Mechanisms    94 

In liquid media, the implosion of cavitation bubbles results in macro-turbulences and micro 95 

mixing. High shear forces caused by cavitation phenomenon in the medium are considered 96 

the principal mechanism for the efficacy of extraction of bioactive compounds from food 97 

matrices and inactivation of microorganisms and enzymes (Patil et al., 2018). This is 98 

schematically shown in Figure 2. The same cavitation phenomena which cause fragmentation 99 

of macromolecules, surface peeling, erosion, sonoporation, and permeabilization of cell walls 100 

give rise to better extraction of bioactive molecules, inactivation of microorganisms and 101 

denaturization of enzymes (Chen 2017; Patil et al., 2018). Table 1 summarises the condition 102 

under which US is used as a pre-treatment in the extraction of bioactive compounds. 103 

5. Sterilization/Pasteurization 104 

US has been proven to be effective for the destruction of E. coli, Pseudomonas fluorescens 105 

and Listeria monocytogenes without any detrimental effect on milk proteins in pasteurized 106 

milk (Cameron et al., 2009). The thinning of cell membranes, localized heating, and 107 

production of free radicals are considered to be the main mechanism of microbial 108 

inactivation. It has also been shown that US could activate or inactivate enzymes under 109 
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different conditions. For example, polyphenoloxidase (PPO), pectinmethylesterase (PME), 110 

and peroxidases (POX) which cause the deterioration of fruit and vegetable juices and 111 

various enzymes in milk which degrade its quality are inactivated by US (O’Donnell et al., 112 

2010; Akdeniz & Akalın, 2020). US also inhibited α-amylase and papain mainly due to the 113 

changes of their secondary and tertiary structures, but pepsin is activated (Yu et al., 2014).  114 

At the molecular level, US either promotes or inhibits enzyme activities by altering their 115 

characteristics (secondary and tertiary structures) or by altering the substrate and the reactions 116 

between the enzyme and substrate by providing an optimal environment for the reactions 117 

(Huang et al., 2017; Wang et al., 2018).  118 

In combination with heat, US can enhance the rate of sterilization of foods (Alcántara-Zavala 119 

et al., 2021). Therefore, the duration and intensity of thermal treatment is reduced resulting in 120 

overall less damage to the food. The US assisted pasteurization/sterilization treatment is more 121 

homogeneous, and it causes minimal loss of colour, flavour, and vitamins, higher uniformity 122 

and significant energy savings (Monteiro et al., 2018; Evelyn & Silva, 2020; de Araújo et al., 123 

2021).  124 

6. Ultrasound Phenomena in Food Preservation 125 

Food deterioration is primarily caused by micro-organisms and enzymes (Bhargava et al., 126 

2021). Food is an appropriate medium for the microorganisms to grow, because of the 127 

available nutrients and moisture. Enzymes are present naturally in most food but are also 128 

produced by the microorganisms found on the food by contamination and they break down 129 

the nutrients. US is one of the novel non-thermal preservation techniques that could eliminate 130 

microbial and undesirable enzyme activities. US is known to rupture cells at sufficiently 131 

high-power inputs (Li et al., 2018; Huang et al., 2017). A microbial cell can be inactivated at 132 

an intensity less than that needed to cause disruption. The mechanism of inactivation of 133 
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microorganisms is mainly due to cavitation, which is known to be of two types, namely, 134 

Transient, and Stable (Yasui, 2018). The lifetime of a Transient bubble is noticeably short 135 

lasting from one to a few acoustic cycles and it is relatively unstable resulting in 136 

fragmentation into smaller “daughter” bubbles. The bubbles that oscillate in a regular fashion 137 

for many acoustic cycles are referred to as Stable. When they undergo collapse, they produce 138 

light emissions (sonoluminescence) and/or chemical reactions (sonochemical reactions). The 139 

collapse of Stable cavitation bubbles produces localised high temperature and pressure and 140 

create microstreaming in the surrounding liquid which induces various types of stresses 141 

described earlier in the microbial cells to cause them to lyse (Chemat et al., 2017).  142 

Vegetative cells are more susceptible to US than spore (Chemat et al., 2011). Enzymes on the 143 

other hand are reported to be inactivated by US due to the depolymerization/denaturation 144 

effect of the proteins (Chantapakul et al., 2020). The factors that are the most critical for food 145 

processing using US are the amplitude of the ultrasonic waves, the time of exposure of the 146 

micro-organisms, the type of micro-organisms present, the volume of the food processed, the 147 

composition of the food, and the temperature of the treatment (Chemat et al., 2011).  148 

By itself, US is not severe enough for the destruction of many types of micro-organisms, 149 

especially the spores and Gram-positive organisms (Palanisamy et al., 2019; Silva & Evelyn, 150 

2020). However, when US is use in combination with heat or pressure or both will be highly 151 

effective in inactivating bacterial and fungal spores that could prevent food spoilage, or 152 

foodborne illnesses and outbreaks. Table 2 summarises the processing of various food 153 

products with US in combination with other preservation methods such as heat 154 

(Thermosonication -TS), pressure (Manosonication -MS) and pressure and heat 155 

(Manothermosonication -MTS).  156 
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It is thus clear from the evidence shown in Table 2 that Thermosonication, Manosonication 157 

Manothermosonication and US in combination with other novel technologies described could 158 

induce food safety without compromising quality. 159 

 160 

7. Inactivation of Microorganisms.  161 

It has been shown that microorganisms do not all react in the same way to US treatment (Gao 162 

et al., 2014). Gram-negative bacteria are known to be more susceptible to US treatment than 163 

Gram-positive ones, possibly because of the thicker cell walls found in Gram-positive 164 

bacteria provide them a better protection against ultrasound effects (Drakopoulou et al., 2009; 165 

Gao et al., 2014). The differences in cell sensitivity could also be due to the more tightly 166 

adhered layers of peptidoglycans in gram-positive bacterial cell walls (Ananta et al., 2005; 167 

Kang et al., 2017; Alenyorege et al., 2019). 168 

The type of microorganisms, their shape and diameter, the phase of growth also affect the 169 

inactivation of the microorganisms by US (Palanisamy et al., 2019). Due to the larger surface 170 

area, larger cells seem to be more sensitive to US than the small ones. This is seen with Cocci 171 

which are more resistant to US than bacilli due to the relationship of cell surface and volume 172 

(Cho & Chung, 2020). The micro-organisms most frequently studied, in relation to power 173 

ultrasound are Saccharomyces cerevisiae and Escherichia coli. The former is more 174 

susceptible to ultrasound than other vegetative cells, which is mostly attributed to its large 175 

size. The inactivation of Staphylococcus aureus, Salmonella typhimurium, Pseudomonas 176 

fluorescens, Listeria monocytogenes, Debaryomyces hansenii amd E. coli has been proven in 177 

milk (Marchesini et al., 2015), almond milk (Iorio et al., 2019), chicken meat (Pinon et al., 178 

2019), and egg (Bi et al., 2020).  179 
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Recently, US in combination with some novel technologies have been reported for 180 

inactivation of microbes: (a) in combination with cold-plasma technology had a synergistic 181 

effect in inactivating microorganisms (Liao et al., 2020); (b) in combination with lysosome 182 

was used to inactivate Salmonella typhimurium in liquid whole egg (Bi et al., 2020); (c) in 183 

combination with UV has been used to inactivate microorganisms in mango juice (Wang et 184 

al., 2020); (d) in combination with disinfectants has been reported to prevent biofilm 185 

formation by Staphylococcus aureus and Salmonella species (Shao et al., 2020); in 186 

combination with oxidizing agents Fe2++ and H2O2 have been used to remove certain 187 

pesticides from waste water (Gavahian et al., 2020).   188 

US in combination with other novel processing technologies are able to reduce the time and 189 

temperature of processing to achieve a high degree of food safety. The proliferation of 190 

research incorporating US into the traditional processing methods should pave the way for 191 

products with better food quality and safety in the future. 192 

US plays a role not only in the inactivation of microbes but also in facilitating the quality 193 

improvements in some food products. A recent review discusses how controlled application 194 

of US could stimulate the growth of Lactic Acid bacteria (LAB) and improve the beneficial 195 

features of fermented food products (Peng et al., 2020) 196 

8. Spore Inactivation.  197 

Microbial spores are known to be resistant to extreme conditions such as high temperatures 198 

and pressures, high and low pH conditions, and mechanical shocks. Those microbial spores 199 

that survive heat treatments may severely restrict the shelf-life and safety of thermally 200 

processed foods by causing spoilage and food poisoning. Spores of Bacillus and Clostridium 201 

species are highly resistant to extreme conditions. For example, the decimal reduction time 202 

for Bacillus stearothermophilus spores at 100 ℃ was 714 min and at 121 ℃ was 3-4 min 203 
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(Tseng et al., 2012). The thick proteinaceous coat of the cell walls of the spores, their 204 

peptidoglycan cortex and low water content, high levels of dipicolinic acid, and divalent 205 

cations in the core of the spores are attributed to their high  resistance to heat, chemical and 206 

physical processing (Cho & Chung, 2020).  Because of their high resistance, they are often 207 

used to determine the efficiency of various processes of sterilization. The inactivation 208 

efficacy of spores by ultrasound treatment is often increased in a synergistic manner by 209 

combining it with other lethal physical or chemical treatments, such as high pressure, pulsed 210 

electric field, mild heat, antimicrobial agents, and surfactants (Cho & Chung, 2020). Recent 211 

research into the effect of thermosonication (TS) on Bacillus spores showed that there were 212 

large-scale alterations to the metabolic pathways of the spore resulting in its susceptibility 213 

(Fan et al., 2020).  214 

9. Inactivation of Oocysts from Drinking Water. 215 

The protozoans, Cryptosporidium parvum and giardia cysts are water-borne organisms that 216 

cause parasitic diseases cryptosporidiosis and giardiasis of the human and other mammalian 217 

intestinal tract. Many outbreaks do occur throughout the world and are not restricted to the 218 

developing countries (Efstratiou et al., 2017). Among the municipal water suppliers, the main 219 

concern is that the conventional treatment methods are inadequate and are not a sufficient 220 

barrier in preventing the water-borne transmission of these protozoa. The most commonly 221 

used disinfectants in water treatment plants are chlorine and ozone. Ozone seems to be able to 222 

destroy some of these oocysts at a much lower CT level (product of Concentration and Time 223 

of exposure) compared to chlorine (Nakada et al., 2020).  Recently Abeledo-Lameiro et al., 224 

(2018) showed that US technology is able to drastically reduce the survival rate of oocysts 225 

cryptosporidium and giardia in water. They found that the viability of oocysts decreased 226 

exponentially as the US power increased from 60W to 80W in continuous or intermittent 227 

modes. Thus, combining ozone and US offers a promising alternative to current disinfection 228 
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methods used for water treatment. An added advantage would be that it is able to disinfect the 229 

water without any toxic by-products and at much lower cost of energy consumption. 230 

10. Conclusions 231 

The principle mechanism in the extraction of bioactive compounds from animal, plant, 232 

biological systems have been attributed to the Cavitation phenomenon. The formation, 233 

growth, and collapse of gas bubbles in a liquid medium is called Cavitation and it can 234 

generate localized mechanical energy. Cavitation can disrupt cell-wall structures and cause 235 

the cells to disintegrate and lyse. Therefore, US is a valuable tool in the extraction of 236 

Bioactive components from difficult-to-extract food materials. The same principle of the 237 

mechanism of extraction holds true for the inactivation of microorganisms. 238 

US inactivation of various human pathogens in foods have been widely reported in literature. 239 

It is also known to be effective against food spoilage microorganisms, such as the total 240 

aerobic bacteria, yeasts and moulds, and lactic acid bacteria (LAB). Under controlled 241 

conditions, US is known to promote the growth of LAB and improve the beneficial aspects of 242 

fermented food products. To promote the application of this novel non-thermal food 243 

processing technology, more research is warranted to explore the interactions between 244 

acoustic energy and food quality. Efforts should also be made to integrate efficient US 245 

systems into food processing operations, which will help ensure the production of safe and 246 

high-quality food products that meet microbiological standards at greater energy efficiency. 247 

Incorporation of US in water treatment plants has an added advantage in producing potable 248 

water without chemical contaminants and potential toxic by-products that may be present in 249 

current water treatment operations. 250 

11. Future Research Needs 251 
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While the information on the use of US as a pre-treatment in the extraction of bioactive 252 

compounds and food components, as well as a tool to ensure food safety has been well 253 

established, there is a dearth of information on the food quality of products processed using 254 

US and in combination with other methods. Such information would complement and 255 

enhance the incorporation of US in food processing. Another area of need is the safety of the 256 

workers in the US processing industry. More information on the safety of the US processes to 257 

workers need to be gathered and disseminated.  258 

 259 
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Table 1. Ultrasound as a pretreatment for the extraction of bioactive compounds 

US extraction conditions Samples treated Extract obtained Key observations Reference 

60Hz-20kHz, 275W, Titanium 

probe immersed to 0.5mm 

depth; Cold Plasma Treatment 

(CPT) under vacuum and 46V 

for 5-60 mins 

Sea asparagus 

(Salicornia neei) 

Polyphenols Extract showed high Antioxidant activity 

(AA), and low antimicrobial activity. CPT 

for 5 min increased AA by 22% and 19 % 

as measured by DPPH and ABTS 

Faria et al, 

(2020) 

US assisted Ohmic 

hydrodistillation with 

electrolyte. 35kHz, 50W, 5-15 

min 

Peppermint Essential oils US pretreatment has negligible effect on 

the quality or the quantity of essential oil 

Gavahien et al 

(2017) 

Power 400 W, extraction time 

10 min. 2.2 cm diameter probe 

with On and Off modes. Temp 

from 10-70oC 

Thyme & 

Rosemary 

Phenolic compounds, 

flavonoids and 

carotenoids, 

Antioxidants 

The phenolic, flavonoid and carotenoid 

content of extracts was greatly influenced 

by extraction conditions wherein the 

ultrasound pre-treatment improved the 

extraction of carotenoids but induced the 

Munekata et al 

(2020) 
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opposite effect for polyphenols and 

flavonoids in both herbs. 
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Table 2. US in combination with other methods for food preservation  

Combination method Parameters Sample treated Key observations Reference 

Thermosonication (TS) 

Combination of mild temperature 

with US 

 

Frequency 20 to 25 

kHz, Power 700W, 

Pulse duration: 2s on 3s 

off. Temp 55oC 

Grape juice 

 

 

Non-dairy Mexican 

fermented beverage 

Sensory properties closer to fresh 

juice, microbial safety is ensured, 

physicochemical properties 

unchanged.  

Ma et al., 

(2020) 

Alcántara-

Zavala et al 

(2021) 

Manosonication (MS)  

Combination of high pressure (HP) 

with MS 

Frequency 40 kHz, 

Power 560 W, Duration 

5 min, Pressure 

350 MPa, Temp 40oC. 

Blueberry juice MS process preserved sensory and 

physicochemical properties better 

than conventional pasteurization. 

However, inactivation of E. coli 

0157:H7 was poor compared to TS 

and MTS. 

Zhu et al., 

(2017) 

Manothermosonication (MTS)  

Combination of HP, Temperature and 

US 

Frequency 20 kHz, 

Power 47.2-110.2 W, 

Pulse duration 2s on 

Soy milk Able to inhibit enzyme & 

microorganisms at a lower 

temperature without 

Chantapakul et 

al., (2020) 

Jo
urn

al 
Pre-

pro
of



and 3s off, Pressure 

400 kPa, Temp 25 - 

70oC. 

altering the food quality. 

High power US and lysozyme.  Frequency 20kHz, 

Power 950W, Temp 

35oC, pulse duration 2s 

on 2s off for 25 min. 

Liquid whole egg 

(LWE) 

Deactivates Salmonella 

typhimurium. Caused a reduction of 

4.7 log cycles at 64oC in 3 min. US 

+ Lysozyme treated samples had a 

brighter yellower appearance. 

Bi et al., 

(2020) 

Ultrasound with UV.  US Frequency 20 kHz, 

Power 600W in a pulse 

model of 5s-on-5s off. 

UV 20W, 254 nm 

Mango juice Enhanced safety & quality, sensory 

characteristics remained stable. 

Wang et al., 

(2020) 
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Figure Captions 

Figure 1. Mechanism of US cavitation. (Made using BioRender) 

Figure 2. Schematic diagram of cell lysis caused by cavitation bubbles. (Made using 

BioRender) 
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Highlights for Review 

• US is considered a green technology for extraction of bioactive compounds. 
• Principle of extraction is based on cavitation phenomenon. 
• It is a non-thermal method of destruction of microorganisms. 
• Shows synergy effects in conjunction with mild heat, pressure, and other methods. 
• Offers opportunities to sterilize and make food safe for distribution and consumption. 
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Abbreviations 

 

AA – Antioxidant activity 

ABTS - 2,2′-azino-bis-3-ethylbenzthiazoline-6-sulphonic acid radical scavenging method to 
measure antioxidant activity. 

CPT – Cold plasma technology 

CT – Concentration (x) time (product of concentration and time) 

DPPH - 1,1-diphenyl-2-picrylhydrazyl radical scavenging method to measure antioxidant 
activity. 

LAB – Lactic acid bacteria 

MS – Mano-sonication (Combination of high pressure and ultrasound) 

MTS – Mano-thermo-sonication (Combination of high pressure, temperature, and ultrasound) 

PME - Pectinmethylesterase  

POX - Peroxidases  

PPO - Polyphenoloxidase  

SFE – Super-critical fluid extraction 

TS – Thermo-sonication (Combination of temperature and ultrasound) 

UAE – Ultrasound assisted extraction 

US – Ultrasound 
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