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The Synergistic Inactivation of Bacteria with the Combined Ultrasound and Food Grade Antimicrobial 
Treatment 

ABSTRACT 

Despite being able to attain commercial sterility, thermal processing can promote reactions that 

could lower the overall quality of foods. Non-thermal processing was developed to solve some of the 

fundamental constraints of thermal processing, which reduces food nutrition and sensory quality. Non-

thermal processing systems do, however, have some inherent limitations, such as a low rate of bacterial 

inactivation and the necessity for a lengthy treatment period. To increase the efficacy and shorten the 

treatment time needed of non-thermal processing, this study assessed the combination of two common 

non-thermal processing techniques, namely UV light irradiation and ultrasound treatment with food 

grade antimicrobial compounds. 

This study evaluated a synergistic antimicrobial treatment using a combination of ultrasound in 

a low frequency (LFU, 40kHz) or a high-frequency domain (HFU, 1 MHz) and a food-grade antioxidant, 

propyl gallate (PG, 10 mM), against a model gram-positive (Listeria innocua) and the gram-negative 

bacteria (Escherichia coli O157:H7) in water and a model beverage (apple juice). Treatment times ranged 

from 5 to 15 minutes for HFU and 5 to 45 minutes for LFU. Bacterial inactivation kinetic measurements 

were complemented by characterization of biophysical changes in liposomes, changes in bacterial 

membrane permeability, morphological changes in bacterial cells, and intracellular oxidative stress upon 

treatment with LFU/HFU, PG, and a combination of LFU/HFU + PG.  

This study also evaluated the effects of a synergistic antimicrobial combination of high-

frequency ultrasounds and the food-grade antioxidant, propyl gallate, against mono-species biofilms 

from L. innocua and multispecies biofilms formed using a raw milk sample and L. innocua. 

This study also examines the antibacterial activity of combining UV-A light treatment or high-

frequency (HFU) ultrasound treatment with three different classes of phenolic compounds (gallate 

derivatives, cinnamic acid derivatives, and other polyphenolic compounds such as quercetin, flavone, 
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and grape seed extract) against E. coli O157:H7 and L. innocua. This study was motivated by the need to 

develop compounds that can work synergistically with UV-A light treatment or HFU. 

The result of this study indicated that the combination of ultrasound, both LFU and HFU, with 

PG resulted in a significant enhanced bacterial inactivation of 5 log CFU/mL, P<0.05, within 10 (HFU) to 

30 minutes (LFU) of treatment time. The inactivation kinetic of HFU is significantly faster compared to 

LFU with the same PG concentration. Combined treatment of HFU + PG also significantly (> 5 log 

CFU/mL, P < 0.05) enhanced the inactivation of both L. innocua and multispecies biofilm as compared to 

single treatments of HFU or PG, after 30 minutes of treatment time. Upon extended treatment of cells 

with LFU/HFU and PG, a significant increase in membrane damage was observed compared to LFU/HFU 

or PG single treatments. Although oxidative stress was not the primary mechanism responsible for 

synergistic inactivation by LFU+PG, it was one of the factors contributing to bacterial inactivation in 

HFU+PG treatment. Overall, the study illustrates synergistic inactivation of various bacteria targets using 

a combination of LFU/HFU and PG based on enhanced membrane damage, oxidative stress and 

metabolic activity suppression and its potential for applications in the food and environmental systems.  

 On the screening study, six photo-activated compounds were found to have a synergistic 

interaction with UV-A inactivating E. coli O157:H7, and four compounds were confirmed in the case of L. 

innocua, all of which belong to cinnamic acid derivatives. Of six photosensitizers confirmed in UV-A 

treatment, there were four retained their antimicrobial effectiveness when combined with HFU. Sinapic 

acid (SA) demonstrated the highest bacterial inactivation efficiency of the 18 chemicals tested when 

combined with either UV-A or HFU treatment. A "cause and effect" relationship between the 

physiochemical responses of the targeted bacteria to the combined treatments was observed, where 

intracellular oxidative stress could be a direct result of membrane damage, and membrane damage 

could also contribute to the inactivation of membrane-associated dehydrogenase enzyme families.  
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Chapter 1 

Introduction 

1. The motivation for this study 

1.1. Thermal technologies for food processing 

1.1.1. Overall view of thermal processing:  

 Thermal processing is currently the most widely used food preservation method for 

microbial inactivation in the food industry. Thermal inactivation of bacteria and enzymes results 

in shelf-stable, safe products. The extent of thermal treatment required for a food product 

depends on whether it is an acid product, an acidified product, or a low-acid product. A pH of 

4.6 has been selected as a dividing line between acid and low-acid food (Kumar & Sandeep, 

2014). An acid food product is one with a natural pH of less than 4.6. Acid food products include 

apple juice, orange juice, ketchup, etc. An acidified food product is one with an equilibrium pH 

of less than 4.6 and a water activity (aw) greater than 0.85. Examples of acidified foods include 

peppers treated in an acid brine, pickled foods (excluding foods pickled by fermentation), etc. 

For acid and acidified food, the application of pasteurization treatment at 90–95 oC for 30–90 

sec can destroy all bacteria that are non-spore formers (usually Lactobacillus species) or 

spoilage microbes such as yeasts and molds. A low-acid food product is any food other than 

alcoholic beverages, with a natural equilibrium pH greater than 4.6 and a water activity greater 

than 0.85. These food products include butter, cheese, fresh eggs, pears, papaya, and raisins 

(Skudder, 1993). One food safety risk in low-acid food products, that are not a concern with 
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acid food, is the growth of Clostridium botulinum spores. C. botulinum is an anaerobic, gram-

positive, heat-resistant spore-forming bacterium that produces a potent neurotoxin. Because 

certain types of C. botulinum spores are very heat resistant and can survive five to 10 hours in 

boiling water, it is necessary to apply much higher temper than pasteurization temperatures, 

250 oF (121 oC), and under pressure to destroy the spores (Kumar & Sandeep, 2014).  

1.1.2. Effect of thermal processing on food qualities:  

Thermal processing techniques emphasize the achievement of commercial sterility while 

minimizing changes in nutritional value and sensory quality. However, no matter how minimal 

the heating method is, thermal processing can promote reactions that could affect the overall 

quality of foods (Awuah et al., 2007). Quality loss involves both subjective factors like taste that 

cannot be readily quantified and quantifiable factors such as nutrient degradation. Although 

pasteurized products can achieve a shelf-life of a few days or weeks, changes to the nutritional 

and sensory characteristics do occur from mild heat treatments (Simpson, 2009). When a high 

temperature is applied for an extended period of time in the autoclave (canning) process, 

chemical reactions occur, resulting in the loss of nutrients as well as sensory properties such as 

appearance, color, flavor, and texture (Kumar & Sandeep, 2014). 

Vitamins: 

Vitamins are one of the most susceptible food components to thermal processing. 

Vitamin degradation during heat treatment is not simple and dependent on other agents such 

as oxygen, light, and water solubility. In addition, vitamin degradation depends on pH and may 

be catalyzed by chemicals present, metals, other vitamins, and enzymes (Lewis & Heppell, 
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2000). Heat-sensitive vitamins are the fat-soluble Vitamins A, D, E, and β-carotene, and water-

soluble Vitamin C (ascorbic acid), Vitamins B1 (thiamine), and B2 (riboflavin), nicotinic acid, 

pantothenic acid, and biotin C (Ryley & Kajda, 1994). In general, the largest loss of Vitamin C in 

non-citrus foods occurs during heating (Fennema, 1996). In canned juices, the loss of Vitamin C 

tends to follow consecutive first order reactions, i.e., a rapid oxygen-dependent reaction that 

proceeds until oxygen is depleted, followed by anaerobic degradation (Fennema, 1996).  

Browning: 

Even mild heat treatment from the pasteurization process can trigger Maillard reactions, 

which are a complex series of reactions between proteins and reducing sugars via Amadori re-

arrangements (Rechkemmer, 2007). The initial Maillard reaction is characterized by a colorless 

solution, but after several reactions, a brown or black insoluble compound called melanoidins is 

formed (Eliasson, 2006). Although such reactions may be desirable in generating characteristic 

flavors identified with some cooked products, the nutritional value of the product will be 

compromised by protein damage and loss of amino acids, including lysine, L-arginine, and L-

histidine. The loss of lysine is important due to its essentiality in diet (Eliasson, 2006).  

Proteins 

The effect of thermal processing on proteins can be divided into two: those responsible 

for altering the secondary, tertiary, and quaternary structure of proteins and those that alter 

the primary structure. Breaking the secondary, tertiary, and quaternary structures unfolds the 

proteins and improves their bioavailability since peptide bonds become readily accessible to 

https://www.zotero.org/google-docs/?AI3Ucf
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digestive enzymes. However, modifications of primary protein structures by thermal treatment 

on the other hand may lower digestibility and produce proteins that are not biologically 

available as recently demonstrated by beta-lactoglobulin (Swaisgood, 1985). In cell culture 

model systems of Caco-2 cells and M cells, respectively, it was demonstrated that heat-

denatured beta-lactoglobulin was less efficiently transported through mammalian cell 

membrane than the native form (Rytkönen et al., 2006).  

Color 

The color of processed foods plays a role in influencing consumer acceptability. Natural 

occurring pigments in foods are susceptible to changes or degradation from heat such as 

chlorophylls (in photosynthetic tissues), anthocyanins (the red and blue hues associated with 

many fruits and vegetables), carotenoids (found in fruits, dairy products, eggs, fish and 

vegetables) and betanins (present in red beetroots and meat) (Awuah et al., 2007). After heat 

treatment, chlorophylls are converted to pyropheophytin via pheophytin in fruits and 

vegetables, while carotenoids are isomerized from 5,6-epoxides to 5,8-epoxides which have less 

color intensity. Anthocyanins are changed by heat to brown pigments. This loss in color 

attributes of heat-treated food products will adversely affect the purchase decision and 

consumer acceptance of thermally processed foods (Fellows, 2009). 

1.2. Alternative processes to thermal processing 

In the last 20 years, consumer demand for high-quality, microbiologically safe, and 

stable foods has resulted in a growing interest in nonthermal preservation techniques capable 

of inactivating microorganisms and enzymes (Barbosa-Canovas & Rodriguez, 2002; Knorr et al., 

https://www.zotero.org/google-docs/?broken=KZL0rt
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2011). This led to the development of non-thermal processing to address some key limitations 

of thermal treatment adversely decreases food nutrition and sensory qualities. Generally, 

nonthermal technologies are processes that are applied at sublethal or ambient temperature, 

leading to minimal or no impact on key nutritional and quality parameters of foods (Tiwari et 

al., 2009). The term ‘nonthermal processing’ is more appropriate for novel nonthermal 

technologies, such as high hydrostatic pressure, pulsed electric fields (PEFs), high-intensity 

ultrasound, ultraviolet light, and plasma treatment which are intended for application as 

microbe-inactivating processes (Knoerzer, 2016). The food quality preservation effect of non-

thermal technologies is better than that of thermal technologies since there is a minimum 

presence of heat-induced formation of undesirable products/by-products in food (Van Impe et 

al., 2018). Some of the most extensively researched nonthermal processes are high hydrostatic 

pressure (HHP), pulsed electric fields (PEF), UV light irradiation, and ultrasound treatment.  

1.2.1. High Hydrostatic Pressure: 

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 

(~ 5 log CFU/ml) in the population of pathogenic bacteria, yeast, and mold and helps in food 

preservation for a longer duration (Van Impe et al., 2018). The reduction in microbial load 

depends on the pressure and temperature during treatment and largely depends on the type of 

food being processed. The pressure applied to food during treatment is in the range of 200–700 

MPa (Barba et al., 2017). Food, when subjected to HHP treatment, undergoes high pressure for 

a short duration of time. In addition, HHP does not affect the covalent bonds that make up 

https://www.zotero.org/google-docs/?broken=KZL0rt
https://www.zotero.org/google-docs/?broken=XlLIX6
https://www.zotero.org/google-docs/?broken=XlLIX6
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most of the flavor and color compounds in fruits and vegetables (Knorr et al., 2011). As a result, 

the quality in terms of nutritional components, sensory, and texture of HHP-processed food is 

preserved better than heat treatment.  

For bacterial inactivation applications, a 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, a pressure of more than 1,100 MPa is required (Ross et al., 2003). The 

high-pressure results in damage to the cell membrane of microbial cells, which changes the 

permeability of the microbial cell wall and membranes (Roohinejad et al., 2018). 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 (Barba et al., 2017). In contrast, the drawbacks of HPP are that this 

technology can also alter the noncovalent bonds that make up the structure of protein and 

polysaccharides, causing the undesired change in texture, physical appearance, and 

functionality of food (Knorr et al., 2011). Raw meat when subjected to HHP, event at a mild 

level of 300 MPa, for 1 min showed signs of a “cooked meat” appearance due to the 

denaturation of heme protein pigment of meat, thus decreasing the sensory quality of meat 

products (Bak et al., 2019).  

Furthermore, the expensive initial capital investment and operating costs of HHP are 

impeding its broad use in the food business. Despite the fact that the capital cost of 

implementing HPP has been reduced in part by constructing larger units with a tenfold increase 

in vessel capacity over the last 15 years, a commercial HPP unit will still cost between US$ 0.5 

and 2.5 million, depending on the capacity and automation level (Mújica-Paz et al., 2011). This 
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level of capital investment is not feasible for all food producers. Furthermore, due to the 

difficulty of designing chambers that can sustain high-pressure processing, a technological 

barrier occurs at 680 MPa, and there are no vessels available for commercial uses above this 

pressure level. Designing a commercial system that can reach pressures above 700 MPa 

(sterilization level) is considerably more expensive, hence HHP is mostly used in the 

pasteurization process (200 - 600 MPa) (Torres & Velazquez, 2005). The cost of operating an 

HHP plant is determined by several factors, including the plant's operation schedule (300 days 

is suggested), pressure come-up time, holding time (3 min is desirable for commercial viability), 

and vessel filling ratio (50 % minimum recommended) (Mújica-Paz et al., 2011). The cost of 

operating HHP units varies depending on the level of use and vessel size, but it is estimated to 

be between 0.071 and 0.194 US$/lb (Mújica-Paz et al., 2011). To be considered economically 

viable, HHP-treated products must generate additional profits that exceed the mentioned 

capital and operating costs, and this is only true for high-value food products such as high-value 

seafood (oysters, lobster, etc.), cold-pressed juice/cold brew coffee, and high-value meat 

products (Parma ham or Serrano ham) (Norton & Sun, 2008). Therefore, the use of HHP for 

lower-value food commodities is hindered by these cost constraints. 

1.2.2. Pulsed Electric Field (PEF): 

Pulsed electric field (PEF) is an emerging non-thermal technology that finds various food 

sector applications. In a pulsed electric field, a pulse of high field intensity is applied to food for 

a very short duration of time (Toepfl et al., 2006). 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. 
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Since food is exposed to a pulsed electric field for a very short duration of time, there is no 

heating; thus, minimizing the undesirable changes in food (Toepfl et al., 2006). The pulsed 

electric field is generally used for liquid food or semi-solid food that can flow easily (Barba et 

al., 2017). There is damage to the cell membrane of microbes due to the high electric field 

intensity, causing membrane poration. Furthermore, hydrogen peroxide is observed in PEF-

treated samples, causing oxidative damage to cell lipids and protein components, as well as 

metabolic enzymes, together with membrane damage, resulting in cell death. (Roohinejad et 

al., 2018). The efficiency of PEF in reducing microbial load largely depends on the intensity of 

the field applied, the total exposure time, temperature, and energy (Roohinejad et al., 2018). 

However, the following are some of the most significant drawbacks of the PEF technology: - 

High initial cost; little effect on bacterial spores; only appropriate for liquid particles in liquids; 

products of electrolysis may adversely affect foods; energy efficiency not yet certain (Knorr et 

al., 2011). PEF has limited applicability, which is confined to foods that can survive high electric 

fields. Furthermore, the particle size of liquid food restricts the use of PEF in both static and 

flow treatment modes. The maximum particle size in the liquid must be smaller than the gap of 

the treatment region in the chamber to maintain a proper processing operation (Knorr et al., 

2011). 

1.2.3. UV light irradiation: 

Ultraviolet technology is a very economical, non-thermal technology. UV light reduces 

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 the range of 320–400 nm, UV-B 
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in the range of 280– 320 nm, and UV-C in the range of 200–280 nm (Jadhav et al., 2021). When 

food is exposed to UV-C, with 200–280 nm, these short wavelengths are absorbed by the 

microbial cell nucleic acids (Popović et al., 2021). 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 

(Guerrero-Beltrán & Ochoa-Velasco, 2021). The photons of UV-A and UV-B result in the 

destruction of the cellular membranes, proteins of microbial cells, and other cellular organelles 

(Koutchma et al., 2021). Due to its simple operation, UV is one of the well-established non-

thermal processing technologies adopted by food processing industries (Jadhav et al., 2021). 

The effect of UV can be more intensified if the process is coupled with antimicrobial 

compounds to bring about desired inactivation level (Ross et al., 2003). Some of the critical 

challenges with UV light irradiation include the treatment's reliance on light transmission 

through the treated media, so the bacterial inactivation effect is lessened when the media is 

cloudy or has a color that would otherwise absorb the light source wavelength. Moreover, UV-C 

wavelength is deemed carcinogenic that is harmful to human health (Koutchma et al., 2021). In 

addition, UV-A and UV-B single treatment without the use of antimicrobial compounds have a 

very limited bacterial inactivation effect (Barbosa-Cánovas & Rodríguez, 2002).  

The aforementioned nonthermal technologies have numerous potential applications in 

the food sector; however, this current study focuses on ultrasound as a treatment of interest 

due to multiple advantages. The following section will cover the basics of ultrasonic technology, 



 

 10 

as well as the most difficult aspects and constraints of the processes, as well as our research 

strategy to improve this emerging non-thermal technology. 

2. Introduction to the ultrasound systems used in this study 

2.1. Theory 

In simple words, ultrasound is a sound wave bearing a certain frequency that is more 

than the normal human hearing frequency, i.e., above 20kHz (Ashokkumar, 2015). When 

ultrasonic waves oscillate through a medium, they generate many expansion and compression 

cycles in the medium. There are formations of small cavities due to the presence of air in the 

liquid medium. This is known as the acoustic cavitation phenomena (Rokhina et al., 2009). The 

cavities formed grow to a certain size and then collapse. When these cavities collapse, they 

generate a considerable amount of mechanical energy as well as a rise in local temperature, 

resulting in an increase in heat and mass transfer rates (Bhangu & Ashokkumar, 2017). 

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 (Mason et al., 2015). The dominant 

effect of low-frequency ultrasonication is the mechanical forces in the form of the shock waves, 

shear forces, and micro-jets stream, released with the bursting of cavitation bubbles. In the 

medium frequency (100 kHz - 1MHz), the dominant effects are the formation of radical species 

as well as micro mixing and localized temperature rise. This frequency range is optimum for 

various sonochemical-assisted processes (Rokhina et al., 2009). The higher frequency range (> 1 
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MHz to 100 MHz) has a predominant effect on radiation forces (Duck & Leighton, 2018) and 

does not fall into the scope of this study.  

2.1.1. Chemical and physical effects of ultrasound treatment at a different 

frequency 

Non-thermal effects - acoustic cavitation: 

According to Suslick (Suslick et al., 1999), chemical and physical effects of ultrasound 

occur not from direct interaction with molecular species but from the cavitation phenomenon: 

the formation, growth, and implosive collapse of cavities in liquids that release large amounts 

of highly localized energy. Cavitation can be classified into four types based on its mode of 

generation: acoustic, hydrodynamic, optic, and particle (Guzmán et al., 2003). Of these, only 

acoustic and hydrodynamic cavitation can generate the intensities required to induce chemical 

or physical changes in a system (Guzmán et al., 2003). The cavitation bubbles’ size and the 

energy released when they implode are dependent on the ultrasound frequency used. The low-

frequency band generates less but bigger and more powerful cavitation bubbles, and vice versa, 

high-frequency generates more cavitation bubbles with a smaller size and less powerful. The 

following section describes those relationships in detail. The cavitation bubble size is related to 

the resonance frequency as shown in equation 1 (Kanthale et al., 2008): 

𝑅𝑟 =  
1

2𝜋𝑓𝑟
(

3𝑘𝑝

𝜌𝐿
)  (1) 

Where  k is the polytropic coefficient - indicating a certain thermodynamic process of a 

system 
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p is the undisturbed static pressure in the liquid (Pa) 

𝜌 is the fluid density (kg/m3) 

Rr is the resonant radius of cavitation bubble (m) 

fr is the resonant frequency (Hz) 

According to this equation, the radius of a cavitation bubble (Rr) is inversely related to 

the resonant frequency. This also means low-frequency wave leads to larger bubbles and vice 

versa higher frequency ultrasound will have smaller cavitation bubbles. Zhang (Zhang et al., 

1989) reported that acoustic energy released during cavitation depends on bubble size 

according to the following relation:  

𝐸𝑎𝑐

(4/3)𝜋𝑃ℎ
 =  

1

27𝑐
 𝑟𝑚𝑎𝑥

3 (
2𝑃ℎ

𝜌
)1/2(

𝑃ℎ

𝑄
)3/2  (2) 

Where  𝐸𝑎𝑐  is the acoustic energy (J) 

  𝑟𝑚𝑎𝑥 is the maximum bubble radius (m) 

   c is the speed of sound (m/s) 

  𝑃ℎ is the local pressure in the flow field (Pa) 

  𝜌 𝑖𝑠 the mass density of water (kg/m3) 

  Q is the partial pressure of gas in the bubble for radius 𝑟𝑚𝑎𝑥 (Pa) 

 

Equation (2) shows an inverse relationship between energy (𝐸𝑎𝑐) released when a 

cavitation bubble busts and the bubble maximum radius 𝑟𝑚𝑎𝑥. When combined with equation 

1, low-frequency waves create larger acoustic bubbles that release more energy when they 

collapse, whereas high-frequency ultrasound-induced cavitation bubbles release smaller and 

https://www.zotero.org/google-docs/?broken=aRbqgu
https://www.zotero.org/google-docs/?broken=aRbqgu
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less energy (Fuchs & Puskas, 2005). In addition, D’Agostino and Brennen (d’Agostino & 

Brennen, 1983) discovered that the number of bubbles is proportional to the square of the 

frequency, N ∝ ω2, where N is the number of bubbles and ω is the radial frequency, which value 

is calculated by 2𝛑f, and f expresses the ultrasound frequency. Therefore, at higher MHz 

frequencies, more bubbles are formed which is due to the more cycles of compression and 

expansion (Chen, 2010; Fuchs & Puskas, 2005).  

These characteristics in the number and size of acoustic bubble generated by different 

frequencies will affect chemical reactions in the medium that ultrasound is applied. The 

chemical reactions that happen by the effect of ultrasound treatments are known as 

sonochemical reactions and highly depend on ultrasound frequency (Kanthale et al., 2008). A 

typical sonochemical reaction happens when the energy in the form of heat from the bubble 

implosion hydrolyze water molecule into highly reactive hydrogen atoms (H•) and hydroxyl 

radicals (OH•). Hydroxyl radicals and hydrogen atoms then recombine to form hydrogen 

peroxide and molecular hydrogen, respectively. Because of this molecular environment, organic 

and inorganic compounds may be oxidized or reduced depending on their reactivity. As 

described earlier, in low-frequency ultrasound there is a more violent eruption of acoustic 

bubbles and with that more energy is released. This leads to a higher concentration of the free 

radicals generated by low-frequency ultrasound. This makes low-frequency ultrasound one of 

the advanced oxidation processes (AOPs) widely used in wastewater treatment (Bagal & 

Gogate, 2014; Mahvi, 2009; Sivakumar et al., 2002; S. Wang et al., 2008; Xiong et al., 2011). 

Whereas, at higher frequencies, it is proved that the rate in which the sonochemistry happens 

is faster according to several theoretical studies (Jun Yasuda & Shin Yoshizawa, 2015). This is 

https://www.zotero.org/google-docs/?broken=5MGab4
https://www.zotero.org/google-docs/?broken=5MGab4
https://www.zotero.org/google-docs/?broken=46KRzz
https://www.zotero.org/google-docs/?broken=46KRzz
https://www.zotero.org/google-docs/?broken=0fwECH
https://www.zotero.org/google-docs/?broken=UGS0UC
https://www.zotero.org/google-docs/?broken=UGS0UC
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because there are more cavitation bubbles that happen at a much faster manner with a higher 

frequency US. This results in a higher reaction rate for sonochemical-assisted reactions (Asakura 

& Yasuda, 2021). 

Thermal effect: 

The direct effect of ultrasound that can be observed is ultrasonic heating (Humphrey, 

2007). The acoustic energy removed from the wave by absorption is deposited in the medium 

as heat at a rate qv per unit volume where  

𝑞𝑣 = 2𝛼𝑎𝐼   (3)  

and I is the intensity (W/cm2) of the wave at the measurement location. As a result of this heat 

deposition. the temperature T at a point in the field will initially rise at a rate given by 

𝑑𝑇

𝑑𝑡
=  

2𝛼𝑎𝐼 

𝜌0𝐶𝑝
   (4) 

where 𝛼𝑎 is the total absorption coefficient associated with any absorption process and have a 

dependence on frequency, I is the intensity (W/cm2),  𝜌0 is the density (kg/m3), and Cp is the 

specific heat capacity (J/kg.K) of the medium at constant pressure. The quantity 2𝛼𝑎𝐼/𝜌𝑜 has 

been termed acoustic dose rate and it characterizes the rate of transfer of energy from the 

wave to unit mass of the medium and has units W kg-1 (Duck & Leighton, 2018). The 

dependence on the frequency of the initial rate of rising of temperature is identical to the 

dependence of coefficient 𝛼𝑎 on frequency (Duck & Leighton, 2018). For the simple models 

often used for regulatory purposes, 𝛼𝑎 is assumed to have a linear frequency dependence at 
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the low MHz range (1-10 MHz). In this frequency range, the rate in which temperature rises 

proportionally relates to the increase of ultrasonic frequency. Draper (Draper et al., 1995) 

proved this relationship through measure the difference in temperature rises between 1 and 3 

MHz and concluded that 3 MHz induced a much faster temperature rise at all intensities tested. 

Subsequent temperature rises in a media or in biological tissue depends on other factors, 

including the period of exposure, beam dimensions, and the dissipation of heat by thermal 

conduction and convection (including perfusion) (Duck & Leighton, 2018).  

 Biophysical effect: 

It is well documented that ultrasound can produce a wide variety of biological effects in 

vitro and in vivo, and the acoustic mechanisms responsible for some of these bioeffects have 

been identified (O’Brien, 2007). The physical changes (Rokhina et al., 2009) at the molecular 

level are classified as thermal, including pyrolysis and combustions as well as non-thermal, 

including cavitation and shearing force. The thermal effects typically do not cause significant 

damage; however, the extent of any cell damage will depend on the absorbed energy, the 

maximum temperature achieved, and exposure duration (Rokhina et al., 2009). Observed cell 

damage can include partial and full lysis (Piyasena et al., 2003). The cavitation-induced non-

thermal effects reflect on the changes to ultra-structures within cells, altering enzyme stability 

through the protein denaturation effect. Cavitation and shearing also alter cell growth 

properties, which could lead to cell lysis. Other effect includes nucleus rupture and the release 

of DNA as well as the breakage of extracellular polymer substances (Roohinejad et al., 2018). 
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Other changes include chemical and stress-induced changes. Chemical changes caused 

by cavitation-induced radical production include decreased cellular stability and oxidation of 

cellular components such as lipoprotein and nucleic acids (Van Impe et al., 2018). On the other 

hand, the stress-induced changes resulted from the acoustic micro streaming. This mechanical 

effect leads to an enhanced mass transport inside and outside of the cell including the uptake 

of antimicrobial compounds or the efflux of intracellular material, due to the alteration of 

membrane permeability (Rokhina et al., 2009). The acoustic streaming also alters cell surface 

charge and ruptures the cell membranes (Arroyo & Lyng, 2017). 

2.2. Application of ultrasound 

2.2.1. Low-frequency ultrasound (LFU)  

When low-frequency ultrasound is employed, the implosive collapse of cavitation 

bubbles causes mechanical phenomena such as shock waves or micro-jets and micro-streaming. 

(Piyasena et al., 2003). Based on these mechanical phenomena, low-frequency ultrasound 

technology offers a wide range of applications in food processing, including defoaming, 

emulsification, extrusion, extraction, and waste treatment. The ultrasound frequency range 

from 20 to 100 kHz is used in the food industry including emulsification and extraction (Kentish 

& Feng, 2014; Rahimi et al., 2014). Ultrasound-assisted inactivation of foodborne pathogens 

and spoilage enzymes is an alternative to traditional thermal processes due to the lower 

processing temperatures and energy required, thus better food quality (Arroyo & Lyng, 2017; 

Sango et al., 2014). The application of low-frequency ultrasound for the inactivation of bacteria 

https://www.zotero.org/google-docs/?broken=AKmmAT
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in food systems has been evaluated (Arroyo & Lyng, 2017; Ashokkumar, 2015; Sango et al., 

2014). 

Microbial inactivation with conventional low-frequency, high-intensity ultrasound 

technology is mostly due to sonoporation (Meng et al., 2019). Sonoporation is the formation of 

pores on cellular membranes as a result of micromechanical shockwaves, shear forces, and 

sonochemical reactions (free radical generation) (Arroyo & Lyng, 2017; Birmpa et al., 2013; 

Sango et al., 2014). In addition, morphological changes, thinning or disruption of cell 

membranes, and altering genetic mechanisms have also been proposed as the impacts of low-

frequency ultrasound treatment (Kentish & Feng, 2014). However, the key limitations of the 

process are limited inactivation effectiveness, only around 2 log CFU/mL, and extended 

treatment time from 30 min to several hours (Abdallah et al., 2014; Bang et al., 2017; Carmen 

et al., 2004, 2005; Dong et al., 2013). To address these limitations, ultrasound technology is 

often combined with other treatments such as thermal (thermosonication) or high-pressure 

processing (manosonication) to improve the inactivation of bacteria (Evelyn & Silva, 2015, 2018; 

Guzel et al., 2014; Lee et al., 2009; Paga´n et al., 1999; Palgan et al., 2012; Ross et al., 2003).  

Prior studies have shown that a simultaneous combination of Ultrasound with thermal 

treatment (thermosonication) or high-pressure (masosonication) processing can achieve 4-5 log 

bacterial inactivation (Coronel et al., 2011; Evelyn & Silva, 2015, 2016, 2018; Lee et al., 2009).  

Despite this potential, industrial translation of these concepts has been limited due to 

various factors including the capital cost of combining existing ultrasound technologies with 

thermal or high-pressure processing, the potential deterioration of food quality attributes, or 

https://www.zotero.org/google-docs/?broken=BmwW97
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the destruction of ultrasound devices due to the cavitation effect (Ross et al., 2003). 

Additionally, thermal and high-pressure processing, even though being used at a lower level 

when combined with ultrasound treatment, still have an impact on the overall quality or 

texture of food products (Guzel et al., 2014; Lee et al., 2009).  

2.2.2. High-frequency ultrasound (HFU) 

It is well known that HFU generates stable cavitation in which cavitation bubbles do not 

implode vigorously. As a result, this type of cavitation has no sonoporation effect, hence the 

HFU treatment has the advantage of maintaining the structural integrity of food products. The 

impact of stable cavitation is the creation of free radicals and a greater rate of local 

temperature rise caused by volume absorption of the treated material, as stated in section 

2.1.1 (Duck & Leighton, 2018; Rahimi et al., 2014).  As discussed in section 2.1.1, stable 

cavitation also produces acoustic micro streaming, which exerts stress on biological cells due to 

altered membrane permeability, resulting in enhanced antimicrobial agent uptake and/or efflux 

of intracellular chemicals. The preservation of food structural integrity and the combined 

effects of free radical generation, localized temperature rise, and enhanced membrane damage 

make HFU a strong candidate for bacterial inactivation in food applications.  

Indeed, a growing subject within high-frequency ultrasonic research is investigating the 

combination of HFU with antimicrobial compounds for microbial inactivation applications, 

known as antimicrobial sonodynamic therapy (ASDT). Because of its immense potential, the 

ASDT is gaining substantial traction among academic researchers and industries. Several studies 

have looked at ASDT applications for bacterial inactivation (Costley et al., 2017; Dadjour et al., 
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2006; Drakopoulou et al., 2009; Liu et al., 2011; Nakonechny et al., 2013; Pang et al., 2019; 

Pourhajibagher et al., 2020; Serpe & Giuntini, 2015; Tachibana et al., 2008; X. Wang et al., 2014, 

2015; Xu et al., 2016; Zhuang et al., 2014). The synergistic bacterial inactivation of the 

combined HFU and additional antimicrobial compounds is based on a combination of free 

radical augmentation (from treatment medium or from added antimicrobial compounds), mass 

transfer improvement, and biological membrane damage. Although SDT is conceptually similar 

to the well-established photodynamic therapy (PDT), which uses light instead of ultrasound to 

activate the sensitizer (Dougherty et al., 1998), the former still exhibits several distinct 

advantages. Ultrasonic irradiation is superior to light irradiation in that the applied energy can 

be focused precisely on the specific pathological location requiring treatment. In addition, 

ultrasound is a type of mechanical wave that can penetrate tissues to a greater extent than 

light. As a result, SDT can be used to treat deeply located diseases (Tachibana et al., 2008). 

Moreover, studies have shown that high-frequency and low-intensity ultrasound can alter the 

cell membrane, thus increasing its permeability to sonosensitizers (Harrison & Balcer-Kubiczek, 

1991). The compounds that can work synergistically with ultrasound in bacterial inactivation 

applications are referred to as "sonosensitizers," and they are discussed in greater detail in the 

next section. 

2.3. Sonosensitizer compounds 

As mentioned in the previous section, the generation of free radicals or reactive oxygen 

species (ROS) is the mechanism underlying ASDT (Shibaguchi et al., 2011). When the 

sonosensitizer is exposed to a specific intensity and frequency of ultrasound, it is activated from 
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the ground to an excited state. On returning to the ground state, it releases energy, which is 

transferred to oxygen to produce ROS, such as singlet oxygen and free radicals. These ROS can 

mediate apoptosis, thereby inhibiting the growth of pathological cells (Trendowski, 2014). It is 

worth mentioning that these sonosensitizers have low toxicity and no inhibitory effect by 

themself, and they become active only after being exposed to ultrasonic irradiation. There is a 

diverse spectrum of sonosensitizing chemicals available, including synthesized drugs and 

naturally occurring substances. However, due to their biocompatibility and potential to be 

introduced to the food system, naturally occurring and food-grade compounds have received a 

lot of attention in recent years. Examples of natural and natural-derived sonosensitizers are 

Porphyrins from blood (Hematoporphyrin, Protoporphyrin IX, and Hematoporphyrin 

monomethyl ether), Chlorophyll derivatives from green plants, and silkworm excrement 

(Pheophorbide a, Pyropheophorbide-a methyl ester, and Chorin a6), Hypocrellins from 

traditional Chinese herb Hypocrella bambuase (Hypocrellin B and SL-017) and lastly Curcumin 

from Curcuma longa (Curcumin and Hydroxyl-acylated curcumin) (Pang et al., 2016).  

     

Hematoporphyrin         Protoporphyrin IX  Hematoporphyrin monomethyl ether 
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       Pheophorbide a   Pyropheophorbide-a methyl ester               Chorin a6 

   

       Hypocrellin B                SL-017 

   

Curcumin         Hydroxyl-acylated curcumin 

Fig.1. Chemical structures of natural and natural-derived sonosensitizers 

Sonosensitizers derived from natural products play a significant role as highly potent 

anti-microbial, anti-infective, and anti-inflammatory agents. More importantly, natural 

compounds often exhibit high selectivity and specific biological activities based on their ability 

to modulate multiple signaling pathways (Cragg & Newman, 2013; Turrini et al., 2014). As a 

result, a lower dosage of natural sensitizer can be utilized to achieve the same level of 

inactivation as a higher concentration of chemical-based disinfection. 
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2.4. Microorganism target in this study 

In general, both Gram-positive and Gram-negative are the target for the application of 

ASDT; due to a wide variation in the cellular structure and organization, the interaction of 

sonosensitizers with these bacterial targets are significantly different. Compared with Gram-

negative species, their Gram-positive counterparts are much more susceptible to ASDT because 

of the thick but porous peptidoglycan layer that makes it easier for sensitizer to enter. Both 

bacterial species show an overall negatively charged cell surface. Such an anionic envelope acts 

as an electro-attractive surface for cationic sensitizers that are more efficiently bound to and 

internalized by bacteria (Pang et al., 2016), thus the electrostatic interaction between 

sonosensitizers and the bacterial membrane is critical for ASDT to work. 

Due to the short lifetimes (~10-9 sec) and mobility (5 - 15 nm) of ROS (Duco et al., 2016), 

the sensitizers are preferable to penetrate or at least bind to bacterial cell walls for maximum 

oxidative damage following ASDT. The ROS generated by sensitizer molecules may interact with 

different cellular components based on their affinities for these targets. In general, three 

putative bacterial targets have been proposed, including the cell membrane phospholipids, 

essential proteins, and nucleic acids (Alves et al., 2021). Comparatively, membrane proteins are 

considered the preferred targets for photo/sonodynamic oxidation, not only due to their vital 

functions in bacteria but also because they are abundant on the bacterial surface and able to 

quickly react with ROS after binding with exogenous sensitizers (Awad et al., 2016; Dosselli et 

al., 2012). By damaging such targets, considerable morphological and functional changes in 

microbial cells are induced by APDT/ASDT. Morphological damages mainly contain the 
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alteration of the mesosome structure. Mesosomes are unique membranous bacterial structures 

that actively function in cell injury and physiological cellular processes, such as replication and 

separation of nucleoids and oxidative phosphorylation (Li et al., 2014). As a result, damages to 

this special structure will have a major impact on bacteria's capacity to carry out typical 

membrane operations as well as cell multiplication. Moreover, direct destruction of the 

bacterial cell wall and the inner membrane will break membrane integrity, resulting in the 

leakage of cytoplasmic contents and subsequent inactivation of the membrane transport 

system. Functional alterations are generally caused by a disorder of membrane potential, loss 

of protein and enzyme activities, and inhibition of metabolic processes (e.g., DNA replication, 

and glucose transport) (Alves et al., 2021; Wang et al., 2020). In most cases, those two types of 

changes occur simultaneously. For instance, oxidative modification of component lipids alters 

membrane fluidity and organization as well as membrane protein function that, when extensive 

enough, culminates in cell death (Alves et al., 2021). 

3. Overview of the Dissertation Study 

3.1. Hypothesis and specific objectives 

The overall hypothesis of this study is a simultaneous combination of sub-lethal levels of 

ultrasound treatments and sub-lethal concentrations of sonosensitizers can lead to synergistic 

bacterial damages, including membrane damage and intracellular oxidation, and result in rapid 

and synergistic inactivation of bacteria in model aqueous and food systems. The results of this 

study will develop new processes for food industries based on synergistic combination of food 

grade sonosensitizers with ultrasound treatment to ensure microbial safety while minimizing 
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processing intensity on food. The study will also discover novel food grade sono-sensitizers for 

industrial application. 

The specific objectives of the proposed research are to (a) characterize and quantify the 

synergism between ultrasound treatment and the selected sensitizers (i.e. benzoic acid 

derivatives), and (b) measure the biochemical changes in the ultrasound-treated cells with or 

without sonosensitizers to characterize a model of action and a potential pathway for 

synergistic bacterial inactivation and (c) Evaluate the translation of the synergistic inactivation 

between ultrasound treatment and sonosensitizers in model food model for bacterial 

disinfectant and compare results with other non-thermal processes. The knowledge base 

gained from this research project will provide a promising alternative to address some of the 

key limitations of both physical processing and chemical preservatives. 

3.2. Study outline 

3.2.1. The effect of the combination of low-frequency treatment and propyl 

gallate for the inactivation of target bacteria 

Chapter 2 evaluated a synergistic antimicrobial treatment using a combination of low 

frequency and a low-intensity ultrasound (LFU) and a food-grade antioxidant, propyl gallate 

(PG), against a model gram-positive (Listeria innocua) and the gram-negative bacteria 

(Escherichia coli O157:H7). Bacterial inactivation kinetic measurements were complemented by 

the characterization of biophysical changes in liposomes, changes in bacterial membrane 

permeability, morphological changes in bacterial cells, and intracellular oxidative stress upon 

treatment with PG, LFU, and a combination of PG + LFU. 
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3.2.2. The effect of the combination of high-frequency treatment and propyl 

gallate for the inactivation of target bacteria 

Chapter 3 evaluates a combination of high-frequency Ultrasound (HFU) and a food-

grade antioxidant, propyl gallate (PG), to enhance the inactivation rates of a model Gram-

positive (Listeria innocua) and a Gram-negative bacterium (Escherichia coli O157:H7) in water 

and a model food system. The study also evaluates potential mechanisms of synergistic 

interactions based on an assessment of alterations in bacterial permeability, morphology, and 

intracellular oxidative stress.   

3.2.3. The effect of the combination of high-frequency treatment and propyl 

gallate for the removal and the inactivation of biofilm  

Chapter 4 describes the use of high-frequency Ultrasound (HFU) and PG against a Gram-

positive biofilm (Listeria innocua) and a multispecies biofilm model formed using raw milk. This 

setup included a high-frequency and low-intensity ultrasound and a food-grade antioxidant, 

propyl gallate (PG). The biofilm inactivation was complemented by removal efficiency, changes 

in enzymatic activities, and changes in morphology, in response to HFU, PG, and a combination 

of PG + HFU.  

3.2.4. The synergistic activity of diverse class of food grade compounds 

combined with high frequency ultrasound for microbial inactivaiton 

Chapter 5 describes the antimicrobial activity of the combination of either UV-A light 

treatment or ultrasound technology (US) and three different classes of compounds including 
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gallate derivatives, cinnamic acid derivatives, and others (Quercetin, Flavone, and Grape seed 

extract) against Escherichia coli O157:H7 and Listeria innocua. Synergistic antibacterial activity 

was initially screened between combinations of the UV-A light treatment and eighteen phenolic 

acids classified into three categories including gallates, cinnamic acid derivatives, and others. 

The underlying antimicrobial mechanism of the combination of UV-A and sinapic acid involved 

the production of intracellular reactive oxygen species (ROS), while the photodynamic 

treatment didn’t induce enzyme inactivation in E. coli O157:H7. In contrast, the damage to the 

cell membrane was the key factor influencing the antimicrobial activity of the US and sinapic 

acid combination. These results may support the development and optimization of photo- and 

sono-antimicrobial chemotherapy for food sanitation. 
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Abstract 

This study evaluated a synergistic antimicrobial treatment using a combination of low frequency 

and a low-intensity ultrasound (LFU) and a food-grade antioxidant, propyl gallate (PG), against a model 

gram-positive (Listeria innocua) and the gram-negative bacteria (Escherichia coli O157:H7). Bacterial 

inactivation kinetic measurements were complemented by characterization of biophysical changes in 

liposomes, changes in bacterial membrane permeability, morphological changes in bacterial cells, and 

intracellular oxidative stress upon treatment with PG, LFU, and a combination of PG + LFU. The 

combination of PG+ LFU significantly (more than 4 log CFU/mL, P<0.05) enhanced the inactivation of 

both L. innocua and E. coli O157:H7 compared to PG or LFU treatment. As expected, L. innocua had a 

significantly higher resistance to inactivation compared to E. coli using a combination of PG + LFU. 

Biophysical measurements in liposomes, bacterial permeability measurements, and SEM-based 

morphological measurements show rapid interactions of PG with membranes. Upon extended 

treatment of cells with PG + LFU, a significant increase in membrane damage was observed compared to 

PG or LFU alone. A lack of change in the intracellular thiol content following the combined treatment 

and limited effectiveness of exogenously added antioxidants in attenuating the synergistic antimicrobial 

action demonstrated that oxidative stress was not a leading mechanism responsible for the synergistic 

inactivation by PG+ LFU. Overall, the study illustrates synergistic inactivation of bacteria using a 

combination of PG+LFU based on enhanced membrane damage and its potential for applications in the 

food and environmental systems. 
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1. Introduction 

Low-frequency ultrasound is used in the food industry for diverse applications including 

homogenization, extraction of bioactive compounds from complex food materials, and cleaning of 

equipment and surfaces [1]. The key advantage of ultrasound processing is its ability to simultaneously 

create micro and macroscale mass transport effects [2]. These effects manifest in the form of 

mechanical impacts including microstreaming, bubble collapse, turbulence, and localized thermal 

effects. In addition, bubble collapse during ultrasound processing can generate free radicals that may 

facilitate chemical reactions [3]. Based on these mechanical effects and chemical impacts, the 

application of ultrasound for inactivation of bacteria in food systems has been evaluated [2,4,5]. The 

results of these prior studies suggest that even though low-frequency ultrasound may disrupt cell 

membranes, the overall effectiveness of ultrasound-induced inactivation of bacteria is limited to 1-2 log 

in model food systems. To address these limitations, ultrasound technology is often combined with 

other treatments such as thermal or high-pressure processing to improve inactivation of bacteria [6].  

Prior studies have shown that simultaneous combination of ultrasound with thermal treatment or high-

pressure processing can achieve 4-5 log bacterial inactivation (4-5 log CFU) [6]. Despite this potential, 

industrial translation of these concepts has been limited due to various factors including the capital cost 

of combining existing ultrasound technologies with high pressure or thermal processing. In addition, the 

negative impact of thermal and high-pressure processing on the overall quality or texture of food 

products is also a significant limitation. Therefore, there is an unmet need to improve effectiveness of 

ultrasound processing for enhancing inactivation of pathogens and spoilage microbes in food systems.   

Sonodynamic therapy (SDT) is one of the emerging approaches that is based on a combination 

of a chemical compound and an ultrasound process to enhance inactivation of diverse types of cells 

including cancer and bacterial cells [7]. In this concept, a synergistic combination of a chemical 

compound with the US may result in enhanced chemical and mechanical damage to cells [7–10]. This 



 

 46 

enhanced cellular damage and inactivation may a result due to generation of oxidative stress and 

membrane damage induced by a combination of US and selected chemical compounds [7,10–13]. 

Despite these working hypotheses, there are significant gaps in mechanistic understanding of 

sonodynamic processes that may result in bacterial inactivation. Overall, the sonodynamic inactivation 

of bacterial cells has a significant potential for the food industry, as the cytotoxic effects of the selected 

compounds are only limited to ultrasound processing time, unlike other chemical preservatives and 

additives currently used in the industry. However, most of the currently used compounds for the 

sonodynamic applications in biomedical systems are not food grade [9]. Thus, the overall goal of this 

study was to evaluate the synergistic combination of a food-grade compound with a low frequency (40 

kHz) and a low power density (0.092 W/mL) ultrasound process to achieve inactivation of bacteria and 

characterize the role of mechanical damage and oxidative stress for synergistic bacterial inactivation. 

 In this study, propyl gallate (PG), a derivative of gallic acid (Gallate acid propyl ester) was selected as a 

model food-grade sonosensitizer. Propyl gallate is a well-known antioxidant used in diverse food 

products, cosmetics, and food packaging materials to prevent rancidity and spoilage. Besides the 

antioxidant effect, alkyl gallates including PG are reported to have a mild antimicrobial effect against a 

wide variety of planktonic bacteria, biofilm, and fungi [14–21]. In this study, PG was selected based on 

its reported membrane activity [22] as well as its ability to generate oxidative stress [17,23] when 

combined with light irradiation.  

In this study, bacterial strains of both the gram-positive (Listeria innocua) and the gram-negative 

bacteria (a non-Shiga toxin-producing Escherichia coli O157:H7) representing key foodborne pathogens 

were selected. Furthermore, the biological changes to cellular membranes and intracellular thiol content 

were measured in treated bacterial cells to evaluate potential pathways for bacterial inactivation. In 

summary, this study will illustrate the potential of food-grade compounds with a low frequency and a 
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low-intensity US system (LFU) to achieve synergistic inactivation of target bacteria and characterize the 

possible mechanisms for this synergistic interaction.   

2. Materials and Methods 

2.1. Reagents 

Propyl gallate (PG), L-α-phosphatidylcholine from egg yolk (egg PC), reduced L-glutathione 

(GSH), sodium chloride (NaCl), sodium dodecyl sulfate (SDS), chloroform, methanol, 

ethylenediaminetetraacetic acid (EDTA), and Triton X-100 were all obtained from Sigma-Aldrich (St. 

Louis, MO, USA). Measure-iT™ Thiol Assay Kit, a thiol-reactive fluorescence probe, was purchased from 

Molecular Probes (Eugene, OR, USA). 1-Hexadecanoyl-2-(1-pyrenedecanoyl)-sn-glycero-3-

phosphocholine (β-Py-C10-HPC) was purchased from Invitrogen by Thermo Fisher Scientific (Waltham, 

MA, USA). Zirconia-silica beads (0.1 mm diameter) were acquired from Biospec Products (Bartlesville, 

OK, USA). Luria-Bertani (LB) broth, tryptic soy broth (TSB), tryptic soy agar (TSA), phosphate-buffered 

saline (PBS), and tris-hydrochloride (1M; Tris-HCl) were purchased from Fisher BioReagents (Pittsburgh, 

PA, USA). Ultrapure water was obtained using a Milli-Q filtration system (EDM Millipore; Billerica, MA, 

USA).  

2.2. Microbial strains, culture methods, and enumeration of bacteria 

Escherichia coli O157:H7 (ATCC 700728, Manassas, VA, USA) and Listeria innocua (ATCC 33090, 

Manassas, VA, USA) were provided by Dr. Linda Harris and Dr. Trevor Suslow, respectively, at the 

University of California, Davis. These strains were selected as models for the gram-negative and gram-

positive bacteria respectively. Both bacterial strains have been modified with a Rifampicin resistance 

plasmid, enabling a selective culture of these strains in the Rifampicin-containing growth media. 

Antibacterial experiments were performed against the stationary phase bacteria, at an initial bacterial 

concentration of 106 CFU/mL. Inactivation of bacteria following treatments were assessed based on the 

standard plate counting method, where treated bacterial samples were serially diluted in a phosphate-
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buffered saline (PBS) followed by overnight culturing of bacteria on the Rifampicin modified tryptic soy 

agar (TSA) plates. 

2.3. Study Design 

To investigate synergistic effect of the combined LFU and PG treatment for inactivation of E. coli 

O157:H7 and L. innocua, sample size was determined using a balanced one-way analysis of variance 

power analysis. For this analysis, the following parameters were selected: number of treatment groups = 

4, significance level = 0.05, a power level = 0.8 and f value = 1.2.  Based on the power analysis, a sample 

size of n = 3 for each treatment group was determined. 

Briefly, 200 μL of bacterial suspension with a concentration of 1.0 × 107 CFU/mL was added to 

each well of a round-bottom 12-well plate (Corning, FalconTM, USA) and randomly assigned into four 

treatment groups.  

 Group 1. Control without any treatment. 

Group 2. PG 10 mM; 200 μL of the bacterial suspension was added to wells containing 2 mL of 

PG solution at10 mM concentration and then incubated at room temperature for 30 min for E. coli 

O157:H7 and 45 min for L. innocua in the dark. 

Group 3. LFU; The wells containing bacterial suspension were exposed to ultrasound waves at a 

frequency of 40 kHz and treatment time ranging from 5 to 30 minutes for E. coli, and from 10 to 45 

minutes for L. innocua. 

 Group 4. LFU+PG; To evaluate the influence of combined treatments based on PG @10 mM and 

low frequency ultrasound energy. The bacteria suspension was added to the PG solution and 

immediately exposed to ultrasound.  

The detailed experimental design is also illustrated in Fig. 1. The PG concentration was selected based 

on the solubility limit of the PG in aqueous solution and similar order of magnitude to the allowable 

limits approved by the FDA for food applications [24].  
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Fig. 2.1 Experimental design of this current study where LFU – Low-frequency ultrasound treatment, PG 

– Propyl gallate treatment, LFU+PG – combined Low-frequency ultrasound and PG treatment.   

 

2.4. Low-frequency and low power density ultrasound treatment (LFU) 

A bath sonicator model FB505 (Fisher Scientific, Pittsburgh, PA) was selected as a low-intensity 

ultrasound process with a frequency of 40 kHz and a power density of (0.092 W/mL) for this study. This 

system was selected as it can be easily scaled up compared to probe-based US systems. During the 

process, the temperature of the water was monitored and kept at room temperature by continuously 

adding cold water. Samples (100 μL) were aseptically collected as a function of treatment time and serial 

dilutions (1:100 and 1:1000) were prepared using PBS (Fluka Analytical, St. Louis, MO). A volume of 100 

μL of each dilution was inoculated onto antibiotic modified TSA plates in triplicates. In order to reduce 

the detection limit to 1 CFU/mL, the entire volume of the first dilution (1 mL) was also inoculated onto 
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TSA plates (333 μL per plate). TSA plates were incubated at 37 °C for 24 hours, and the viable bacterial 

count was determined. 

 

2.5. Microbial Inactivation Kinetics 

Microbial inactivation kinetics was determined by log-linear regression analysis using GInaFit, an 

add-in Excel component that was released by Geeraerd et al. [25]. The log-linear equation is a first-order 

inactivation kinetics that is commonly used to describe inactivation of the bacteria [26].  

𝐿𝑛 𝑁 =  𝐿𝑛 𝑁0 − 𝑘𝑡 

where N and N0 are respectively cell count over time and the initial cell count; t is the time (minutes) 

and k is the inactivation rate constant.  

2.6. Membrane Damage  

2.6.1. Preparation of model lipid membrane with and without pyrene labeled lipid 

To understand the influence of PG, LFU, and their combination on bacterial membranes, 

biophysical changes in liposomes, a model system for the bacterial membrane, were evaluated. These 

biophysical changes were measured based on changes in the particle size, ξ potential, and lateral 

membrane mobility in liposomes. Changes in the particle size and ξ potential of liposomes can suggest 

lysis of the liposomes and the surface interactions of the liposomes with PG and LFU. Lateral mobility 

measurements can assess changes in the membrane fluidity induced by interactions of PG and LFU with 

liposomes. Briefly, Egg PC (2.5 mg/ml) with and without 1 mol % of pyrene labeled lipid [1-

hexadecanoyl-2-(1-pyrenedecanoyl)-sn-glycero-3-phosphocholine (β-Py-C10-HPC)] was dissolved in a 

mixture of chloroform and methanol (4:1 v/v). The solvent was evaporated under vacuum and dried 

lipid film was resuspended in an autoclaved water to prepare multilamellar vesicles. Lipid solution 
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underwent extrusion for 15 cycles through 400 nm polycarbonate track-etched membranes to obtain 

unilamellar vesicles with and without pyrene label.  

Size distributions (nm) and ξ potentials (mV) of the liposomal model cell membranes were measured 

after treatment with PG (10 mM), LFU (30 min), and a combination of PG and LFU using a dynamic light 

scattering system (Malvern Zetasizer Nano, Westborough, MA). Both treated and untreated samples 

were diluted 10-fold in 1× PBS. Polystyrene cuvette with a standard path length of 10 mm and reusable 

capillary zeta cells was used for size distribution and ξ potential measurements, respectively. Solutions 

were equilibrated at 25 °C for 2 min before data acquisition. The scattered light was detected at 90° 

relative to the incident laser (633-nm He-Ne laser) light for 15 to 20 runs of 10 to 20 s each, with a 

medium viscosity of 0.89 Pa.s and a refractive index of 1.33.   

2.6.2. Measurement of lateral mobility using pyrene labeled liposomes 

Pyrene labeled probes have been used to measure the lateral mobility of lipid membranes based on the 

ratio of fluorescence intensity of excimer (470 nm) to monomer (390 nm) peak. Fluorescence emission 

spectra of liposome model cell membranes labeled with β-Py-C10-HPC (λex = 340 nm; λem = 350 – 600 

nm) were acquired using SpectraMax® M5 Multi-Mode Microplate Reader. The instrument was 

equipped with a Xenon flash lamp (1 joule/flash) as an excitation source with two holographic 

diffraction grating monochromators as wavelength selection devices and a photomultiplier tube as the 

detector. Emission spectra of β-Py-C10-HPC were acquired using pyrene labeled liposomes after 

treatment with PG (10 mM), ultrasound (30 min), and a combination of both LFU+PG. Treated and 

untreated control samples were 5-fold diluted with 1× PBS before fluorescence measurements. Spectral 

response from appropriate control samples was subtracted before the data analysis. The ratio of the 

intensity of excimer (470 nm) to monomer (390 nm) peak were calculated to evaluate the change in 

lateral mobility of liposomal membrane induced by interactions of PG, LFU, and PG + LFU with the 

membrane.  
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2.6.3. Propidium iodide dye assay 

To measure the magnitude of membrane damage after ultrasound treatment, Propidium Iodide (PI) dye 

was used for staining the DNA of membrane compromised bacteria as previously described [23]. PI is a 

red-fluorescent nuclear and chromosome counterstain that can only permeate bacteria with damaged 

membranes and is frequently used to detect cell membrane damage [27,28]. Test solutions consisting of 

bacteria (~1 × 109 CFU/mL) suspended in PG solution (10 mM), were treated with ultrasound as 

described previously. Bacteria in DI water alone in the dark was used as a control. After treatment, 

samples were washed with DI water and centrifuged for 2 min at 10,000 g. Then, a volume of 50 μL of PI 

was added to each sample to reach a final concentration of 5 μM, following incubation in the dark at 

room temperature for 15 min. Subsequently, the incubated samples were washed and suspended in 500 

μL 1× PBS. A volume of 100 μL of this sample was transferred to a 96-well plate, and the fluorescence 

intensity was measured using a plate reader (Tecan SPECTRAFluor Plus) with an excitation and emission 

wavelength of 488/520 nm respectively. 

2.6.4. Scanning Electron Microscope (SEM) 

Bacterial cells before and after treatment were fixed in 4% glutaraldehyde solution in PBS (pH 7.4) at 4 

ºC for 2 h and washed twice using Milli-Q water. Ten microliters of samples were then dropped onto 

aluminum stubs with a carbon conductive adhesive tape, air-dried for 30 min, and sputter-coated with 

10 nm of gold. Microscopy was performed on a Philips XL-30 electron microscope with a 10 kV 

accelerating voltage. 

2.7. Oxidative damage 

2.7.1. Total intracellular thiol oxidation 

Reduction in the intracellular thiol content of E. coli O157:H7 and L. innocua cells upon individual and 

combined treatments was evaluated according to the method proposed by Wang et al. [23]. The 

intracellular thiol-containing compounds were extracted by lysing the bacterial cells through bead 
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beating. First, 1 mL of each sample containing 1×109 CFU mL-1 of E. coli O157:H7 or L. innocua were 

exposed to low-frequency ultrasound treatment, as previously described. Following treatments, the 

samples were centrifuged (10,000 × g; 10 min) and the bacterial pellet was resuspended in 500 μL of a 

sterile lysis buffer (Tris-HCl 50 mM, NaCl 25 mM, EDTA 25 mM, SDS 2%, Triton X-100 1%) and transferred 

into a sterile 1.5 mL tube containing 400 μL of zirconia-silica beads (0.1 mm). The bacterial suspension 

was vortexed for 10 minutes and then centrifuged (16,000 × g; 10 min) before recovering the 

supernatant. This supernatant was used for the total thiol content measurement. The total thiol content 

was quantified through fluorescence spectroscopy using the Measure-iT™ Thiol Assay Kit from 

Molecular Probes (Eugene, OR, USA). The fluorescence intensity was measured using a fluorescence 

plate reader (Tecan SPECTRAFluor Plus) using an excitation filter of 488 nm and an emission filter of 520 

nm. The total thiol content (µM) was determined using a standard curve based on the known 

concentration levels of reduced glutathione (GSH). The results were expressed in terms of remaining 

thiol concentration (%) compared to the untreated bacterial sample (Control). 

2.7.2. Antioxidant assay 

To further confirm the contributions of ROS for the antimicrobial synergistic interaction between PG and 

ultrasound treatment, two different antioxidants, glutathione and thiourea were exogenously added to 

the bacterial sample solutions before ultrasound treatment at a concentration of 10 and 100 ppm 

respectively. These concentration levels were selected based on the previous studies evaluating the role 

of reactive oxygen species in cell death [28–32]. Both glutathione and thiourea are known scavengers of 

ROS and potent antioxidants. These compounds can prevent damage to important cellular components 

caused by reactive oxygen species such as free radicals, peroxides, lipid peroxides, and heavy metals by 

directly scavenging free radicals through the donation of hydrogen atoms mechanism.  

2.8. Data analysis 



 

 54 

All data were presented as mean ± standard deviation and all experiments were performed in triplicates. 

Statistical analysis was conducted using a one-way ANOVA and the pairwise differences were evaluated 

using the Tukey's range test to identify significant differences between each sample group.  The 

difference between the results was considered significant if the P-value was less than 0.05.  

3. Results and Discussion 

3.1. Inactivation Kinetics of E. coli O157:H7 and L. innocua by low-frequency ultrasound (LFU) 

Figure 2 shows inactivation of the selected gram-negative (E. coli O157:H7) and the gram-

positive (L. innocua)) bacteria as a function of treatment time in the presence of PG or LFU alone and 

their combined treatment (PG + LFU). The combined treatment of PG and LFU led to an enhanced 

bacterial inactivation compared to the individual treatments of PG or LFU (P<0.05). Combined LFU+PG 

treatment achieved a 6-log reduction in both E. coli O157:H7 and L. innocua within 30 and 45 minutes 

respectively. Meanwhile, the LFU by itself caused no significant reduction in both bacteria. Incubation of 

E. coli O157:H7 cells with PG by itself resulted in about 2-log inactivation of bacteria after 30 min of 

incubation, while no antimicrobial activity against L. innocua was observed after 45 min of incubation. 

Based on the first-order kinetic model, the kinetic rate constant, k values of 0.51 ± 0.015 and 0.34  ± 

0.011  min-1 were obtained for the E. coli O157:H7 and L. innocua, respectively, using the combined 

treatment. D-values, calculated from these rate constants, were 4.6 ± 0.2 min and 6.88 ± 0.4 min for the 

E. coli O157:H7 and L. innocua, respectively (P<0.05). These bacterial inactivation parameters confirmed  

higher susceptibility of the gram-negative E. coli O157:H7 to the combined LFU + PG treatment than the 

gram-positive L. innocua. The difference in susceptibility of E. coli O157:H7 and L. innocua to the 

combined treatment could be attributed to differences in the bacterial membrane/cell wall properties 

and potential differences in interactions between the PG and the bacterial membrane.  

A. 
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B. 

 

Fig. 2.2 Inactivation kinetics of E. coli O157:H7 (A) and L. innocua (B) upon treatment with LFU – Low-

frequency ultrasound treatment, PG – Propyl gallate treatment, LFU+PG – combined Low-frequency 

ultrasound and PG treatment.   
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The lethal effect caused by conventional LFU treatments in bacterial and mammalian cells has 

been attributed to a cavitation process [33].  Cavitation can generate mechanical stress on the cell 

membrane during bubble expansion and contraction and a collapse of bubbles can create a localized 

shock effect that propels a high-velocity jet of liquid towards the surface. This set of mechanical forces 

can perforate the bacterial membrane [34] and result in a release of the intracellular components 

including nucleic acid.  

Among possible synergies between PG and LFU, interactions of PG with membranes can further 

enhance the extent of damage caused by the LFU treatment. PG is known to interact with the bacterial 

cell membrane [23]. Thus, PG can alter the permeation and fluidity properties of the bacterial 

membrane.  

 

3.2. Membrane damage 

3.2.1. Analysis of membrane damage using model liposomes 

To identify the role of membrane damage in the synergistic antimicrobial activity both model 

liposomes and bacterial cells were evaluated. The use of model liposomes enabled assessment of the 

influence of PG, LFU, and LFU+PG treatments on the biophysical aspects of the model membrane 

structure. Previously, we have demonstrated the application of model liposomes to study the synergistic 

antimicrobial activity of a food-grade peptide with light and mild heat [35]. The structural changes in 

liposomes cell model membranes induced by PG, LFU, and their combined treatment were evaluated 

using a combination of particle size and ξ potential measurements, as well as changes in the lateral 

mobility of model liposomes. The average volume means diameter, polydispersity indices (PDI), and ξ 

potential of liposomes with and without treatments are shown in Table 1. A low PDI (0.152) and a high 

zeta potential (– 32.7 mV) demonstrated stable monodisperse uni-lamellar vesicles with an average 

particle size of ⁓230 nm. After treatment with PG, LFU, and LFU+PG, the average diameter of liposomes 
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did not change significantly (P > 0.05), and PDI was in the range of 0.15 – 0.2 (Table 1), demonstrating no 

lysis or flocculation of the liposomes. However, a statistically significant but relatively small reduction in 

zeta potential was observed (P < 0.05) after treatment of liposomes with PG, LFU, and LFU+PG. 

Statistical analysis also showed no significant change (P > 0.2) in ξ potential between liposomes treated 

with LFU+PG and liposomes with PG or LFU alone.  

Table 2.1 Size distributions, polydispersity indices (PDI), and ξ potentials of model liposomes in the 

presence of propyl gallate (PG), after low-frequency ultrasound treatment (LFU), and after the combined 

treatment of propyl gallate and ultrasound (LFU+PG).  

 

Samples    Avg Size (nm)  PDI  ξ Potential (mV) 

Liposome    229.6 ± 57.04  0.152  – 32.7 ± 1.1   

Liposome + PG (10 ppm) 225.7 ± 73.6  0.222  – 28.7 ± 0.3 

Liposome + LFU (30 min) 178.6 ± 83.6  0.205  – 25.8 ± 1.1 

Liposome + PG (10 ppm) 196.9 ± 64.2  0.192  – 27.6 ± 1.2 

+ LFU (30 min)  

 

Emission spectra of β-Py-C10-HPC in liposome displays the pyrene monomer peak at 390 nm 

and a broad excimer peak at 470 nm [36]. Based on this spectral measurement (supplementary Fig. S.1), 

the excimer to monomer ratio (IE/IM) was calculated (Fig. 3). The results show an increase in the lateral 

mobility of the membrane illustrated by an increase in the excimer to monomer ratio upon treatment 

with PG, LFU, and a combination of PG+ LFU compared to the control liposomes. 
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Fig. 2.3 Normalized fluorescence intensities and the excimer to monomer intensity ratios (IE/IM) of β-Py-

C10-HPC in liposomes with and without treatments with propyl gallate (PG, 10 mM), low-frequency 

ultrasound (LFU, 30 min), and combination of LFU+PG. 

 

Similar to particle size distribution and ξ potential values, combined treatment of PG and LFU did 

not show significant changes in the β-Py-C10-HPC labeled fluorescence response in comparison to PG or 

LFU treatment alone. In addition to changes in excimer to monomer ratio, significant fluorescence 

quenching was also observed in the liposome samples (Supplementary Fig. S.1) treated with PG and 

LFU+PG, illustrating significant interactions of PG with the membrane-associated fluorescence dye and 

therefore support the plausibility of permeation of PG into the membrane. Overall, these results suggest 

rapid interactions between PG and model liposomes, however, these interactions did not induce 

significant lysis of the membrane as observed in our prior study with lauric arginate (LAE) [35].  
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3.2.2. Analysis of bacterial membrane permeability using PI dye 

To complement measurements using liposomes, changes in the bacterial cell membrane upon 

interactions of LFU and PG were measured using propidium iodide as a membrane permeability 

indicator.  Figure 3 illustrates changes in the membrane permeability of bacteria upon treatment with 

PG, LFU, and PG + LFU. For the gram-negative E. coli O157:H7, the combined LFU+PG treatments 

significantly increased the membrane permeability with an increase in treatment time (P<0.05). 

Meanwhile, treatments with PG alone also generated substantial damage compared to US treatment 

alone and the control cells. The damage caused by PG was independent of the incubation time. It did 

not change significantly with an increase in incubation time (P > 0.05). In contrast, limited changes in cell 

permeability were detected for the gram-positive L. innocua within the first 10 min of treatment. 

However, a significant increase in PI permeability was observed after treating for 45 minutes using a 

combined LFU+PG treatment (P<0.05).  

A. 
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 B. 

 

Fig. 2.4 Relative intracellular PI uptake by bacterial cells as a measure of bacterial membrane integrity 

after PG, LFU, and LFU+PG treatments of E. coli O157:H7 (A) and L. innocua (B) for 10 and 45 minutes. 

 

Using both liposomes and the gram-negative bacterial cells, the results illustrate significant 

interactions of PG with the membrane. Similar to the results with liposomes, the bacterial cell 

permeability measurements showed no synergistic increase in membrane permeability with combined 

treatment of PG and LFU during the first five minutes. The results in Fig. 4-A also show a synergistic 

increase in the membrane permeability with extended treatment (LFU+PG treatment) for 30 min. 

Together the results using both liposomal model system and bacterial cells show rapid interactions of PG 

with lipid membranes based on changes in membrane fluidity and permeability respectively.  However, 

with extended LFU treatment, the PG incubated bacterial cells accumulate a significant increase in the 

membrane permeability.   
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A similar trend was also observed in the case of gram-positive L. innocua cells. In this case, no 

synergistic increase in the membrane permeability with PG and LFU was achieved with 10 min of 

treatment. After a combined treatment of 45 min, an increase in the membrane permeability was 

observed (P<0.001) as illustrated in Fig. 4-B. Comparison between the gram-negative and the gram-

positive results in Fig. 4, also illustrate significant differences in the sensitivity of bacterial cells to the 

synergistic antimicrobial activity of LFU and the food-grade compound.  These differences in 

susceptibility of bacterial cells can be attributed to the presence of a thicker and a rigid cell wall in the 

gram-positive bacteria that can reduce susceptibility of the bacteria to PG and its combination with LFU.  

3.2.3. SEM figures compare E. coli 0157:H7 and L. innocua cellular morphology change under 

individual and combined treatment of PG and LFU 

Figure 5 reveals the morphological changes of E. coli O157:H7 and L. innocua cells after LFU 

treatment with and without the presence of PG using the SEM technique. In addition, the influence of 

PG only treatment on cellular morphology was also assessed.  After LFU treatment in the presence of PG 

for 30 minutes, most E. coli O157:H7 cells were severely deformed and notable morphological changes 

were observed (Figure 5-E). Ruptured and distorted cell envelopes were also observed. Moreover, it 

appears that E. coli O157:H7 cells were reduced in size probably due to leakage of the intracellular 

components as a result of the membrane damage. The untreated E. coli O157:H7 cells retained the rod-

shaped cell morphology with a smooth surface (Figure 5-A). The images of E. coli O157:H7 cells after 

incubation for 5 and 30 minutes with PG alone were similar to the images of cells obtained after 

treatment with the combined LFU+PG treatment for 5 minutes (Figures 5-B, C, D). These features 

include pore formation and localized rupture as highlighted in the Figures 5-B, C, D. During these 

treatment conditions, only a fraction of the bacterial cells was influenced, while several cells retained 

their structure and morphology, similar to the controls. This further highlights the increased membrane 

damage induced by the combination of LFU+ PG is only achieved after extended treatment. These 
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results also support the observations in Figs 3 and 4 that PG rapidly interacts with lipid membranes.  In 

contrast, cells treated with the combined LFU+PG for an extended period had extensive changes in 

cellular morphology across the majority of the bacterial cells and these changes were distinct from the 

results observed in Figs. 5 B-D including fusion of cellular mass.  

Figure 6 describes the morphological changes of L. innocua cells after LFU treatment with and 

without the presence of PG. In contrast to the results with the E. coli O157:H7, the combined LFU+PG 

treatments caused minor changes to the L. innocua cell morphology. After LFU+PG treatment for 10 

minutes, most L. innocua cells maintained similar cell morphology, but part of the cells showed minor 

damage (Figure 6-B). In Figure 6-C, after 45 minutes of LFU+PG treatment, concave cell envelopes were 

observed although the shape of L.innocua cells did not change. The pore formation and localized rupture 

were not observed in L.innocua after the treatment. These results in combination with membrane 

permeability measurements further confirm the higher susceptibility of the gram-negative E. coli 

O157:H7 to the PG and to the combined LFU+PG treatments than the gram-positive L. innocua.  



 

 63 

 

Fig. 2.5 Scanning electron microscope (SEM) images of ultrasound treated E. coli O157:H7 cells: control 

sample (A), sample which was incubated in PG for 5 minutes (B), sample which was incubated in PG for 

30 minutes (C), combined LFU+PG treatment for 5 minutes (D), combined LFU+PG treatment for 30 

minutes (E) 
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Fig. 2.6 Scanning electron microscope (SEM) images of ultrasound treated L.innocua cells: control 

sample (A), combined LFU+PG treatment for 10 minutes (B), combined US+PG treatment for 45 minutes 

(C) 

3.3. Oxidative damage 

3.3.1. Total Intracellular thiol reduction of E. coli O157:H7 

To evaluate influence of the combined LFU and PG treatment to generate ROS, an endogenous 

intracellular oxidative stress indicator was utilized. Within the cell cytoplasm, thiol content is a reliable 

indicator of oxidative stress levels as changes in the thiol content has been correlated with the 

intracellular ROS formation [23,37–39]. Figure 7 demonstrates the reduction in the intracellular thiol 

content of E. coli O157:H7 after treatment with LFU in the presence of PG. E. coli O157:H7 cells were 

selected for this assay based on the fact that the intracellular thiol content in L. innocua is inherently low 

[40–42], which may limit detection of further reduction in its level after the treatment. There were no 

significant differences (P>0.05) in the total thiol content among all selected treatments except for the 
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positive controls which were treated with sodium hypochlorite. The results indicate that under the 

selected conditions, LFU, PG treatment, and the combined LFU+PG treatment did not generate oxidative 

stress in the cytoplasm, and thus the oxidative damage may not play a significant role in the synergistic 

bacterial inactivation.  

 

Fig. 2.7 Intracellular thiol content in E. coli O157:H7 cells following treatment with PG, LFU, or LFU+PG 

for 5 or 30 minutes. Untreated cells were used as a negative control and sodium hypochlorite (100 ppm) 

treated cells were used as a positive control.   

 

The oxidative stress generation as a result of the sonochemical reactions has been suggested as 

one of the inactivation mechanisms for the ultrasound treatment [43–47]. The ROS can be generated by 

the transient cavitation processes or it can result from the excitation of exogenous or endogenous 

cellular components by the ultrasound as well as the localized thermal effects of ultrasound. Cavitation 

induced ROS generation is one of the most frequently described bactericidal mechanism of ultrasound in 
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the literature [34,48–50]. In this study, the intracellular ROS generation could not be confirmed (Figure 

7). The reason can be attributed to the low energy density of the selected ultrasound treatment. The 

device used in this study only provides an energy density of 0.092 W/mL, which is low compared to the 

other high-intensity ultrasound devices that generate more vigorous cavitation. 

3.3.2. Evaluation of the role of oxidation in combined LFU + PG synergy by supplementing 

Antioxidants 

 To further validate the lack of ROS generation by the combined LFU+PG treatment, exogenous 

antioxidants were added to the solution during treatment as ROS quenchers. It was hypothesized that 

the addition of ROS quenchers would reduce the bactericidal effect and protect the treated bacteria 

from the combined treatment. Figure 8 describes the antimicrobial effect of the combined treatment in 

the presence of glutathione and thiourea. There was a 5 to 6 log reduction in samples with added 

exogenous antioxidants. This number of log reduction was equivalent to the LFU+PG treated sample 

without the presence of ROS quenchers. There was no significant difference (P > 0.05) between samples 

with and without glutathione. There was a small but significant difference between samples with and 

without thiourea (P < 0.05); however, this difference is attributed to the fact that the concentration of 

thiourea was ten times higher than that of glutathione. In general, the protective effect from the 

addition of antioxidants was not observed. This observation together with the data from the total 

intracellular thiol reduction confirms the lack of significant role of ROS in the observed synergistic 

inactivation of bacteria. 
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Fig. 2.8 The effect of antioxidant addition to the combined LFU and PG treatment at 30 minutes of 

treatment time where Glu is glutathione and Thio is thiourea 

 

4. Conclusions  

 Low-frequency ultrasound (LFU) and Propyl Gallate (PG) act synergistically to enhance the 

inactivation rates of the gram-negative E. coli O157:H7 and the gram-positive L. innocua. Based on the 

measurements using both liposomes and bacteria cells, rapid interaction of PG with lipid membranes is 

one of the key factors for the observed accelerated inactivation of bacteria. This interaction increases 

lateral mobility in the membrane of liposomes and enhances permeability in the bacterial membrane. In 

bacterial cells, the combination of LFU with PG increased the membrane permeability with extended 

treatment time. SEM imaging corroborated with the results obtained from the bacterial membrane 

damage assay. A lack of significant change in the intracellular thiol content as well as a lack of protective 

effect from exogenous antioxidants to the antibacterial effect indicate that oxidative stress generation 

was not a leading mechanism responsible for the enhanced antimicrobial effect. Overall, these results 
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illustrate a novel approach to achieve more than 5 log inactivation of bacteria using a synergistic 

combination of PG with a low intensity and a low-frequency ultrasound process.    
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Abstract 

This study evaluates a combination of high-frequency ultrasound (HFU, 1 MHz, 1.6 W/cm2) 

and a food-grade antioxidant, propyl gallate (PG, 10 mM), to enhance inactivation rates of a model 

Gram-positive (Listeria innocua) and a Gram-negative bacterium (Escherichia coli O157:H7) in water and 

a model beverage (apple juice). Treatment times ranged from 5 to 20 minutes. The study also assesses 

the potential mechanisms of synergistic interactions based on an evaluation of changes in bacterial 

permeability, morphology, and intracellular oxidative stress. HFU+PG significantly (5.5 log CFU/mL, P < 

0.05) enhanced the inactivation of both L. innocua and E. coli O157:H7 compared to the individual PG or 

HFU treatments in both water and apple juice within 15 min of treatment time. Overall, L. innocua 

demonstrated significantly higher resistance to inactivation than E. coli O157:H7 using a combination of 

HFU+PG. The synergistic antimicrobial activity of HFU+ PG resulted in enhanced membrane damage and 

oxidative stress induction in bacteria compared to the individual treatments of HFU or PG alone. 

  

Industrial relevance 

The technologies used for food processing should be capable of destroying food-borne 

pathogens within minutes (~few minutes) as well as significantly (~5 log) to retain food nutritional and 

sensory quality attributes. Additionally, any additives used in food processing should have a food-grade 

status, preferably a generally recognized as safe or GRAS designation. The synergistic oxidative stress 

induction by HFU+PG treatment demonstrates the unique potential of this approach to inactivate 

bacteria beyond the membrane damage observed by conventional ultrasound treatments. As a result, 

the treatment time was reduced significantly. Moreover, the antioxidant compound PG used in this 

study to combine with HFU can be used in food products due to its GRAS status. This study illustrates 

the effectiveness of combining HFU with PG in reducing microbial populations in food and water 

systems as an alternative to thermal processing. 



 

 77 

1. Introduction 

Ultrasound (US) technology has been used for food processing applications including extraction of 

bioactive compounds, enhancing the rate of drying processes, and improving cleaning and sanitation in 

food process industries (Ashokkumar, 2015). In addition, US technology has also demonstrated 

moderate efficacy for the inactivation of bacteria in food systems(Arroyo & Lyng, 2017; Demirdöven & 

Baysal, 2008). Among various innovations in US technology, the development and application of 

sonodynamic antimicrobial treatment (SAT) have the potential to improve the inactivation of bacteria 

and associated biofilms (Bai et al., 2012; Chen et al., 2014; Costley et al., 2017). The SAT approach is 

analogous to a more established photodynamic therapy (PDT) (Alves et al., 2018). Typically, SAT uses 

high-frequency ultrasound (HFU), greater than 1 MHz, to excite sonosensitive agents called 

sonosensitizers to generate reactive oxygen species (ROS) in biological systems and promote 

inactivation of bacteria (Alves et al., 2018; Wang et al., 2015; Zhuang et al., 2014). Despite its potential, 

there is limited application of SAT for inactivation of bacteria in food and environmental application 

since there are only a limited food-grade compounds that can be used synergistically with HFU (Nguyen 

et al., 2021; Pang et al., 2016; X. Wang et al., 2015). In addition, there is a lack of comprehensive 

understanding of the potential of SAT approaches for the inactivation of both Gram-positive and Gram-

negative bacteria. Based on these considerations, there is an unmet need to develop and deploy SAT in 

the food industry. These applications will require the use of food-grade compounds for the synergistic 

inactivation of target bacteria and provide a novel non-thermal technology for food processing 

industries. 

For applications in food processing, rapid (~few min) and significant (~5 log) inactivation of 

contaminating bacteria in food are some of the key requirements for the processing technologies. In 

addition, any additives used for food processing need to have a food-grade status and preferably a GRAS 

status. Thus, to translate the applications of SAT technology for food applications, there is a need to 

https://www.zotero.org/google-docs/?UAB7l3
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evaluate the kinetics of inactivation of both the Gram-positive and Gram-negative bacteria using food-

grade sonosensitizers in model systems, including food products and evaluate the possible mechanisms 

for the inactivation of both types of bacteria. 

Therefore, to address these gaps in knowledge, this study evaluated a synergistic antimicrobial 

treatment using a combination of high-frequency (HFU) and a food-grade antioxidant, propyl gallate 

(PG), against a model Gram-positive (Listeria innocua) and a Gram-negative bacterium (Escherichia coli 

O157:H7). These selected bacteria represent both the Gram-negative pathogenic bacteria and a 

surrogate of a Gram-positive pathogen (Listeria monocytogenes). The selected compound for this study 

was Propyl gallate (PG). PG is a derivative of gallic acid (Gallate acid propyl ester) and is used as an 

antioxidant in processed foods, cosmetics, and food packaging materials to prevent rancidity and 

spoilage (del Valle et al., 2016; Hirofumi Shibata, 2016; Shibata et al., 2009; Strippoli et al., 2000; Takai 

et al., 2011). PG was selected based on its antimicrobial efficacy in a low frequency (40 kHz) and a low-

intensity US system to inactivate bacteria, as demonstrated in our previous study (Nguyen et al., 2021). 

However, in this study, the process required a relatively long incubation time, such as approximately 45 

min for the inactivation of Listeria innocua in an aqueous environment. The mechanism of inactivation 

of bacteria was predominantly associated with membrane damage of bacterial cells.  

The overall goal of this study was to evaluate the synergistic inactivation of bacteria in model 

systems, including a liquid food, based on a combination of high-frequency ultrasound (1 MHz, 1.6 

W/cm2) and food-grade antioxidant PG. The synergistic activity of HFU+ PG was characterized based on 

enhancement in the inactivation of bacteria using the standard plate counting assays. Isobologram 

analysis was used to quantitatively assess the degree of antimicrobial synergism achieved by the 

combination of HFU and PG compared to individual treatments. To identify the potential mechanisms 

for the synergistic inactivation of bacteria using the combined treatment, the physiological changes in 



 

 79 

the bacterial cell membrane permeability and intracellular thiol content were measured. In summary, 

this study illustrates the potential of low-energy and high-frequency ultrasound treatment in 

combination with a model food grade compound to achieve synergistic inactivation of bacteria. These 

synergistic processes can improve both the safety and quality of food products. 

2. Materials and methods 

2.1. Reagent 

Propyl Gallate, Propidium Iodide, Thiourea, Sodium Chloride (NaCl), Sodium Dodecyl Sulfate 

(SDS), EDTA, N, N-dimethyl-4-nitrosoaniline (RNO), and Triton X-100 were obtained from Sigma-Aldrich. 

A Thiol-reactive fluorescent probe, Measure-iTTM Thiol Assay Kit, was purchased from Molecular Probes 

(Eugene, OR, USA). Beads of zirconia-silica (0.1 mm diameter) were obtained from Biospec Products 

(Bartlesville, OK, USA). Luria-Bertani (LB) broth, Tryptic Soy Broth (TSB), Tryptic Soy Agar (TSA), 

Phosphate-buffered Saline (PBS), and Tris-hydrochloride (1M; Tris-HCl) were purchased from Fisher 

BioReagents (Pittsburgh, PA, USA). Ultra-purified water was obtained using a Milli-Q filtration system 

(EDM Millipore; Billerica, MA, USA). Apple juice sample was obtained from Signature SELECT Apple Juice 

brand with 12 °Bx and pH value of 3.6 ± 0.2. 

2.2. Cultivation and enumeration of model bacteria 

Escherichia coli O157: H7 (ATCC 700728, Manassas, VA, USA) and Listeria innocua (ATCC 33090, 

Manassas, VA, USA) were selected as models of Gram-positive and Gram-negative bacteria. As discussed 

in a previous study, L. innocua was selected as a surrogate for the pathogenic strain L. monocytogenes 

(Huang et al., 2018). Two bacterial strains were modified with Rifampicin resistance plasmids, enabling 

them to be selectively cultivated in a Rifampicin-containing culture medium. Antibacterial experiments 

were conducted against stationary phase bacteria as described in a previous study (de Oliveira et al., 

2018). Changes in bacterial counts following treatments with HFU, PG, and HFU + PG and control 

https://www.zotero.org/google-docs/?EAmsbX
https://www.zotero.org/google-docs/?EAmsbX
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samples were assessed based on the standard plate counting method. The treated and control bacterial 

samples were serially diluted using Phosphate-Buffered Saline (PBS) followed by overnight cultivation on 

Rifampicin modified Tryptic Soy Agar (TSA) plates. 

2.3. Experimental design 

Four experimental groups were designed to investigate the combined effect of HFU and PG 

treatment on the inactivation of E. coli O157:H7 and L. innocua namely HFU+PG, HFU, PG, and control 

without any treatment. These experiments were conducted using sterilized DI water. Briefly, an aliquot 

of 200 μL of overnight bacterial culture with a concentration of 1.0 × 107 CFU/mL was added to each 

well of a round-bottom 12-well plate (Corning, FalconTM, USA) and randomly assigned into four 

experimental groups. For the PG treatment group, PG at 10 mM concentration was added to the 

aqueous solution inoculated with bacteria and incubated in the dark at room temperature for 15 min 

and 20 min for E. coli O157:H7 and L. innocua, respectively. For the HFU treatment, bacterial suspension 

was treated at a frequency of 1 MHz for up to 15 minutes in the case of E. coli O157:H7 suspension and 

for up to 20 minutes for L. innocua. For the HFU+PG treatment, bacterial suspension was treated with a 

combination of PG and HFU using the same conditions as described for the individual HFU and PG 

treatments. 

An experiment was conducted with clarified apple juice to illustrate the potential application of 

synergistic processing of apple juice. In both the control and treatment groups, 106 CFU/mL of the 

selected bacteria were inoculated. Similar experimental parameters and sample groups as designed for 

the treatment of bacteria inoculated water samples were used. The inoculated apple juice samples were 

transferred to 1.5 mL centrifuge tubes and assigned to different treatments: high-frequency ultrasound 

alone (HFU), 10 mM propyl gallate alone (PG), and high-frequency ultrasound plus propyl gallate 10 mM 

(HFU+PG). The treatment times ranged from 2.5 to 10 minutes. Three independent replicates of each 

experiment were performed. 
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Fig. 3.1 Schematic representation of the experimental design for this study 

2.4. High-frequency ultrasound treatment 

A high-frequency ultrasound probe (Chattanooga medical supply, TN, USA) with an ultrasound 

intensity range between 1 to 2.5 W/cm2 and a frequency between 1 to 3 MHz, respectively, was used. 

Based on our preliminary experiments and literature related to SAT topics, a frequency value of 1 MHz 

and an intensity level of 1.6 W/cm2 were selected. Any frequency above 2.5 MHz cuts off acoustic 

cavitation and reduces the effect of HFU. Any level of intensity higher than 1.6 W/cm2 will be lethal to 

the tested cells, making it difficult to measure the level of synergism between HFU and PG. The bacterial 

sample was inoculated in a 12 well- plate, and the HFU probe was fixed at a distance of 2 cm from the 

plate bottom. The 12 well-plates floated above the probe sonicator, which was submerged in water. 

Deionized and degassed water was used as the ultrasonic transmitting medium.  
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2.5. Evaluating synergy between PG and HFU using isobologram analysis 

Isobologram is a graphical representation approach to characterize synergy generated 

by a combination of treatments such as a combination of drug compounds (Holland-Letz et al., 

2018). In this study, we extend this approach to characterize synergy between HFU and PG 

treatments. Since the synergistic antimicrobial activity was expected to significantly improve 

the kinetics of bacterial inactivation, the conventional isobologram approach was adapted to 

represent synergism based on the treatment time.  

The synergistic combination between the selected concentration of PG and HFU was evaluated 

based on the isobologram analysis. The methods developed in previous studies were adopted 

(Markovsky et al., 2014; Yang et al., 2019), with some minor modifications. For this analysis, the 

inactivation of bacteria was measured by varying the incubation time of PG solution (fixed concentration 

of 10 mM) incubated with bacterial cells without HFU treatment. Similarly, the inactivation of bacterial 

cells was evaluated with the variation in the time exposure of cells to HFU without the presence of PG. 

Then, each synergistic combination was selected and tested for a bactericidal activity, where PG was 

fixed at 10 mM and HFU treatment time varied between 5 and 15 minutes.  

2.6. Microbial inactivation kinetics 

Microbial inactivation kinetics was modeled using a first-order inactivation kinetic model 

(Bigelow & Esty, 1920), and the rate constant was determined based on the slope of the inactivation 

curve on a semi-log plot using GInaFit, an add-in for Excel (Geeraerd et al., 2005).  

𝐿𝑜𝑔10 𝑁 =  𝐿𝑜𝑔10 𝑁0 − 𝑘𝑡    

Where N and N0 are, respectively the cell count over time and the initial cell count; t is the time 

(minutes), and k is the inactivation rate constant. 
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2.7. Membrane damage 

2.7.1. Propidium Iodide (PI) dye assay 

Propidium Iodide (PI) dye was used to stain the DNA of membrane-damaged bacterial 

populations as a function of treatments as described previously (De Oliveira et al., 2017). This stain is 

commonly used to identify the extent of cell membrane damage (Borges et al., 2013; Nakamura et al., 

2015). A suspension of bacteria (~1.0 x 109 CFU/mL) in PG (10 mM) was exposed to the ultrasound as 

described previously. Bacteria in DI water incubated in the dark was the control for this experiment. The 

detailed experimental protocol is described in the supplemental materials and methods section. 

2.7.2. Scanning Electron Microscope (SEM) 

After treatment, the bacteria were fixed with 4% glutaraldehyde solution in PBS (pH 7.4) for 2 h 

and washed twice with Milli-Q water. After chemically fixing the samples, ten microliters of the sample 

were added onto aluminum stubs with carbon conductive adhesive tape, air-dried for 30 minutes, and 

sputter-coated with gold. The scanning electron microscope used for this study was the Philips XL-30, 

which was operated at 10 kV accelerating voltage. Images were acquired at a 25,000x magnification 

level.  

2.8. Oxidative damage 

2.8.1. Exogenous ROS generation measurement 

2.8.1.1. RNO bleaching assay 

The generation of hydroxyl radical (HO ·) with HFU, PG, and HFU+PG treatments was measured 

based on the loss of color of N, N-dimethyl-4-nitrosoaniline (RNO) upon reaction with hydroxyl radicals 

(Pedraza-Chaverrí et al., 2004). In an aqueous solution, RNO gives a strong yellow color based on the 

electron configuration of the molecule including conjugated double bonds. However, this organic dye 

reacts with the hydroxyl radical generated by the sonochemistry reactions, and the loss of color was 
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measured based on UV-Vis measurement at 440 nm. RNO has been primarily used as a spin trap for the 

detection of hydroxyl radicals, as it does not react with singlet oxygen (1O2), superoxide anions (O2 −), or 

other peroxyl compounds (Simonsen et al., 2010).  

2.8.1.2. Antioxidant quenching assay 

To validate the role of ROS in the synergistic antimicrobial activity of PG and HFU treatment, an 

antioxidant, thiourea, was exogenously added to the bacterial sample solutions before HFU or HFU+PG 

or PG treatments at a concentration of 100 ppm. The solutions were then incubated for 2 min. This 

concentration level was selected based on previous studies (Davies et al., 2009; Farmer et al., 2006; Foti 

et al., 2012; Kohanski et al., 2010; Repine et al., 1981) evaluating the role of reactive oxygen species for 

the inactivation of bacteria-induced by diverse antimicrobial treatments. These studies have 

demonstrated quenching of diverse oxidative stresses induced by free radicals, peroxides, lipid 

peroxides, and heavy metals using thiourea. 

2.8.2. Intracellular oxidative stress measurement 

The intracellular oxidative stress was measured by reduction in the intracellular thiol content of 

E. coli O157:H7 and L. innocua cells as a function of treatments (HFU (15 min), PG (10 mM), and HFU (15 

min) +PG (10 mM)) based on a method described by previous studies (Kundi et al., 2015; Lou et al., 

2013; Q. Wang et al., 2017). The detailed protocol is described in the supplemental section of this 

manuscript. 

2.9. Data analysis 

Statistical analysis was performed using GraphPad Prism software V.9.3.1 (Graphpad Software, 

Inc., La Jolla, CA). To analyze differences between multiple experimental groups, a one-way analysis of 

variance (P < 0.05) was conducted to evaluate the statistical significance of the results. This statistical 

approach was used for the analysis of bacterial inactivation kinetics, PI measurement of membrane 

damage, extra- and intracellular ROS generation measurement, and antioxidant assay. 
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3. Results 

3.1. Inactivation of E. coli O157:H7 and L. innocua by high-frequency ultrasound (HFU) and propyl 

gallate (PG) 

3.1.1. Kinetics of bacterial inactivation in DI water 

The inactivation kinetics of the target bacteria in an aqueous solution were evaluated to 

determine the synergistic activity of a combination of PG and HFU. For this evaluation, both the 

individual treatments (PG, HFU) and combined treatment (PG + HFU) were used to assess the 

inactivation of Gram-negative (E. coli O157:H7) and Gram-positive (L. innocua) bacteria suspended in an 

aqueous solution. The results in Fig. 2 indicate an enhanced bacterial inactivation by the SAT treatments 

compared to the individual treatment of PG or HFU. The combined HFU+PG treatment inactivated 5 log 

CFU/mL of both E. coli O157:H7 and L. innocua within 15 minutes. The E. coli O157:H7 was more 

susceptible to the combined treatment than L. innocua. The first-order kinetic model was selected to fit 

the inactivation data for the synergistic treatments. Based on the first-order kinetic model fit, the 

inactivation rate constant, k values of 0.54 ± 0.1 and 0.27 ± 0.028 per min for E. coli O157:H7 and L. 

innocua, respectively were calculated. In contrast to the synergistic inactivation, HFU by itself caused no 

significant reduction in both the selected bacteria. PG single treatment only showed a mild antimicrobial 

activity against E. coli O157:H7 with nearly one log inactivation after 10 minutes of treatment time. 

Furthermore, PG treatment alone had no significant antimicrobial activity against L. innocua during 20 

minutes of incubation.  

A. 



 

 86 

 

B. 

 

Fig. 3.2 Inactivation of E. coli O157: H7 (A) and L. innocua (B) in aqueous solution as a function of time 

with the following treatments: HFU – High-frequency ultrasound treatment, PG – Propyl gallate 

treatment, HFU+PG – Combined high-frequency ultrasound, and PG treatment.   

3.1.2. Kinetics of bacterial inactivation in model apple juice 
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The inactivation kinetics of the target bacteria in an apple juice model were evaluated in Fig. 3. 

The pH of the apple juice sample was 3.6. The antibacterial effect of the combined HFU+PG treatment 

was slightly enhanced compared to inactivation in DI water. Based on the first-order kinetic model fit, 

the inactivation rate constant, k values of 0.5714 ± 0.079 and 0.2935 ± 0.03 per min for E. coli O157:H7 

and L. innocua, respectively were calculated. These k values were slightly higher than those of E. coli 

O157:H7 and L. innocua treated with the combination of HFU+PG in DI water. Relatively higher k values 

indicate a faster inactivation rate. The Gram-negative E. coli O157:H7 also was more susceptible to the 

combined HFU+PG treatment than Gram-positive L. innocua as the inactivation rate of E. coli O157:H7 

was almost twice that of L. innocua.  

A.         

 

B. 
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Fig. 3.3 Kinetic inactivation of E. coli O157:H7 (A) and L. innocua (B) in apple juice model with a pH value 

of 3.6: HFU – High-frequency ultrasound treatment, PG – Propyl gallate treatment, HFU+PG – Combined 

high-frequency ultrasound and PG treatment. 

3.1.3. Synergistic effect measurement using isobologram 

Based on isobologram analysis, the synergistic interaction between HFU and PG was evaluated. 

The E. coli O157:H7 was selected as a representative bacterium for the isobologram analysis. For the 

isobologram analysis (Fig. 4), the Y and X axes represent the treatment time required for 1, 2, and 5 log 

inactivation of inoculated bacteria using HFU treatment and PG (10 mM) incubation alone, respectively. 

The straight lines connecting the intercepts on the Y and X axes represent the additive effect of the 

treatments (theoretical prediction) for the same level of bacterial inactivation. The triangle and square 

dots represent the experimentally observed time required for achieving 1 log, 2 log, and 5 log 

inactivation of E. coli O157:H7 using the combined HFU+PG treatments. Results indicate that the HFU 

and PG combination was synergistic compared to individual treatments as the observed time was 

significantly lower than the theoretically predicted time for the additive effect of the treatments. 

Compared to the individual treatments, the combined treatments were ~ 16 times (250 minutes divided 
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by 15 minutes) faster than HFU alone and four times (60 minutes divided by 15 minutes) faster than PG 

alone.  

 

Fig. 3.4 Isobologram to demonstrate the synergistic effects of HFU and PG on E. coli O157:H7 

inactivation. Color-coded lines were used to connect the treatment times of individual treatments of 

both HFU and PG, i.e., 1-log reduction - green line, 2-log reduction - red line, and 5-log inactivation - blue 

line. A synergistic treatment time of 5 minutes was adequate to generate at least 2 log inactivation. 

Thus, 5 min synergistic treatment time point was coded red and compared with the results of a 2-log 

reduction line. Similarly, a synergistic treatment time point of 10 min achieved 5 log inactivation and 

was coded blue to compare it with a 5-log reduction line. When the combined treatment point is below 

the desired log reduction line, it is a synergistic effect; otherwise, it is an antagonism effect. 
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3.2. Membrane damage of HFU treated bacteria 

3.2.1. SEM observation of treated bacteria after SAT treatment 

Fig. 5 and Fig. 6 reveal the morphological changes in E. coli O157:H7 and L. innocua cells after 

the ultrasound treatment using SEM imaging. After sonication treatment in the presence of PG for 10 

minutes, most E. coli O157:H7 cells were physically damaged into fragments (Fig. 5-D). Heavily deformed 

cell envelopes and the effect of sonoporation were also observed. Moreover, the surface of E. coli 

O157:H7 cells shrank and retracted, likely caused by the leakage of intracellular material as a result of 

severe membrane damage. The untreated E. coli O157:H7 cells were rod-shaped with a smooth surface 

(Fig. 5-A). The E. coli O157:H7 cells, after incubation for 10 minutes with PG without the HFU (Fig. 5-C) 

and the HFU by itself showed some level of bacterial cell damage, but a significant part of the bacterial 

population retained its original shape.  
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Fig. 3.5 Scanning electron microscope (SEM) images of E. coli O157:H7 cells as a function of selected 

treatments: the control sample (A), cells treated with the HFU for 10 minutes (B), cells incubated with 

PG for 10 minutes (C), cells treated with a combination of HFU+PG for 10 minutes (D). 

In contrast, the combined HFU+PG treatments caused only a minor change in the morphology of 

L. innocua cells. After sonication in the presence of PG for 10 minutes, most L. innocua cells maintained 

the original cell morphology, but some damage on the cell surface was also visible (Fig. 6-D). After 20 

minutes of the combined HFU+PG treatment, concave cell envelopes were observed, although the cell 

shape of L. innocua did not change (Fig. 6-D). The pore formation and localized rupture were not 

observed in L. innocua after the combined treatments in contrast to the results with E. coli O157:H7 cells 

after the combined treatment. Taken together, the results in Fig. 5 and 6 further confirm the higher 

susceptibility of the Gram-negative E. coli O157:H7 to the combined HFU+PG treatments than the Gram-

positive L. innocua. 
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Fig. 3.6 Scanning electron microscope (SEM) images of L. innocua cells as a function of selected 

treatments: the control sample (A), cells treated with HFU for 20 minutes (B), cells incubated with PG 

for 20 minutes (C), cells treated with a combination of HFU+PG for 20 minutes (D). 

3.2.2. PI measurement of membrane damage 

To elucidate the role of bacterial membrane damage by the SAT, bacterial membrane damage 

was investigated using the membrane-impermeable nucleic acid binding PI dye. The results in Fig. 7 

show changes in the PI dye fluorescence intensity as a result of increased permeation of the PI dye in 

bacterial cells with compromised membranes after the selected treatments. In the case of Gram-

negative E. coli O157:H7, the combined HFU+PG treatment resulted in a significant increase in 

fluorescence intensity of PI labeled cells suggesting increased membrane permeability with the 

combined treatment. With an increase in treatment time, the combined HFU+PG treatment 

demonstrated a significant increase in membrane damage (P < 0.05). Meanwhile, PG or HFU per se did 

not show any significant differences between treatment times (P > 0.05). Treatment times of 5 and 10 

min for this assay were selected based on the inactivation kinetics measurements in Fig. 2.  

  By contrast, in Gram-positive L. innocua, a significant change in PI signal was only detected after 

20 minutes of the combined HFU+PG treatment (P< 0.001). The increase in the fluorescence signal of PI 

dye could be a result of inactivated cells, which have permeabilized membranes. These results also 

illustrate a significant difference between the membrane damage response of the Gram-positive and 

Gram-negative bacteria to the combined treatment. 

A.   
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B. 

 

 

 

Fig. 3.7 PI dye assay to assess changes in the permeability of cell membrane for (a) E. coli O157:H7 and 

(b) Listeria innocua cells as a function of selected treatments: the control sample, cells treated with the 
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HFU, cells incubated with PG, cells treated with a combination of HFU+PG. Changes in the membrane 

permeability were assessed after 5 and 10 min of treatment for E.coli O157: H7 and after 5, 15, and 20 

min of treatment for L. innocua cell membrane as a function of the following treatments (a) control 

cells; (b) HFU; (c) PG; treatment of E. coli O157:H7 (A) and L. innocua (B). Note: P values greater than 

0.05 are reported as not significant, P values less than 0.05 are reported as one asterisk, P values less 

than 0.005 are reported as two asterisks and P values less than 0.001 are reported as three asterisks. 

3.3. Oxidative damage measurement of the SAT treated bacteria 

3.3.1. Extracellular ROS generation measurements 

Fig. 8 demonstrates the generation of hydroxyl radical (HO ·) in an aqueous solution induced by 

HFU, PG, and HFU+PG treatments, respectively. The generation of hydroxyl radicals in the combined 

treatment of HFU+PG was significantly higher than either single treatment of HFU or PG. The HFU single 

treatment-induced hydroxyl radical generation while no hydroxyl radicals were generated by the 

addition of PG to an aqueous solution. The difference between the combined HFU+PG and HFU single 

treatment can be seen after 10 minutes of treatment time. After 45 minutes of treatment time, the 

levels of hydroxyl radicals generated by HFU+PG were 40% more than the level generated by the HFU 

treatment alone. These results indicate the sonosensitizing properties of PG.   
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Fig. 3.8 RNO beaching assay to measure the production of extracellular hydroxyl radical HO · in aqueous 

solution as a function of time (0 - 45 min) with the following treatments: HFU – High-frequency 

ultrasound treatment, PG: Propyl gallate treatment, HFU+PG: Combined high-frequency ultrasound and 

PG treatment. 

3.3.2. Antioxidant assay 

To examine the role of ROS generation in the synergistic inactivation of bacteria, thiourea was 

selected as a radical scavenger (Fig. 9). Thiourea can quench both singlet oxygen and hydroxyl radicals 

(Davies et al., 2009; Farmer et al., 2006; Foti et al., 2012; Kohanski et al., 2010; Repine et al., 1981). 

Bacterial cells were incubated with thiourea before the treatments, as described in the materials and 

methods section. The bactericidal effect of sono-activated propyl gallate was impaired in the presence 

of thiourea. After 10 minutes of combined treatment, only 2 log CFU/mL reduction was observed with 

the synergistic treatment in the presence of thiourea. Meanwhile, the SAT treatment without thiourea 

resulted in a 5 log CFU reduction (p < 0.01). These results suggest a significant role of ROS in the 

synergistic inactivation of bacteria using a combination of HFU and PG treatments. 
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Fig. 3.9 The effect of the addition of thiourea (quencher of ROS) on the inactivation of E. coli O157:H7 

with the selected treatments of HFU, PG, and HFU+PG, respectively. The total treatment time was 10 

min.  

3.3.3. Intracellular ROS generation measurements 

Fig. 10 demonstrates reduction in the intracellular thiol content of E. coli O157:H7 as a result of 

intracellular oxidative stress. The combined HFU+PG treatment induced a 50% reduction in the initial 

intracellular thiol concentration after 5 minutes of treatment time. When the treatment time reached 

10 minutes, a combined treatment of HFU+PG reduced 80% of the initial intracellular thiol 

concentration indicating a significant role of intracellular oxidative stress in bacterial inactivation. In 

addition, following treatment of HFU for 10 minutes, the intracellular thiol levels decreased by more 

than 50%, showing oxidative stress in HFU treated cells, while no significant change was observed in the 

intracellular thiol content with the PG treatment for both 5 and 10 minutes.  
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Fig. 3.10 Changes in the total intracellular thiol content of E. coli O157:H7 after 5 and 10 min of the 

selected treatments: control; cells treated with HFU; cells incubated with PG; and cells treated with a 

combined treatment of HFU+PG, respectively. 

4. Discussion 

4.1. The bacterial inactivation effectiveness of the combined HFU and PG 

4.1.1. In DI water model

Results from Fig. 2 demonstrate the effectiveness of the combined HFU and PG treatment in 

reducing bacterial counts in water. The combination of a high frequency (1 MHz) and a low intensity (1.6 

W/cm2) ultrasound with a water-soluble, colorless food grade antioxidant achieved more than 5 log 

inactivation of both the Gram-positive and the Gram-negative bacteria within 15 minutes of treatment 

time. This new approach provides several advantages over the conventional US processing, using low-

frequency and high-intensity US for the inactivation of bacterial cells (Arroyo & Lyng, 2017; Ashokkumar, 

2015). The level of inactivation of bacterial cells using these conventional approaches is relatively low 
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(less than 2 log inactivation), and often long treatment times are required for this activation (Barbosa-

Cánovas & Rodríguez, 2002). Complementary to this conventional approach, several studies have 

evaluated the combination of chemical compounds with the high-frequency US to enhance the rate of 

inactivation of bacteria (Costley et al., 2017; Dadjour et al., 2006; Drakopoulou et al., 2009; Liu et al., 

2011; Nakonechny et al., 2013; Pang et al., 2019; Pourhajibagher et al., 2020; Serpe & Giuntini, 2015; 

Tachibana et al., 2008; H. Wang et al., 2014; X. Wang et al., 2015, 2016; Xu et al., 2016; Zhuang et al., 

2014). Most of the prior studies observed only an additive effect based on the combination of 

ultrasound and chemical compounds or inorganic nanoparticles, and many of these studies reported less 

than 3 log inactivation of target bacteria. Some of these studies also reported more than 5 log 

inactivation using a combination of HFU with a hydrophobic compound, curcumin, or a combination of 

HFU with peptide conjugated rose bengal to specifically target the delivery of the compound to the 

bacteria (Costley et al., 2017; Nakonechny et al., 2013; Nakonieczna et al., 2010; Pourhajibagher et al., 

2020; H. Wang et al., 2014; X. Wang et al., 2015). In contrast to these prior studies (Costley et al., 2017; 

Nakonechny et al., 2013; Pourhajibagher et al., 2020; X. Wang et al., 2015), this current study is based 

on a high frequency (1 MHz) and low intensity (1.6 W/cm2) ultrasound in combination with a water-

soluble, colorless food grade antioxidant achieved 5.5 log inactivation of both the Gram-positive and the 

Gram-negative bacteria within 15 minutes of treatment time. Using the culture-based methods, the limit 

of detection of bacteria in the aqueous solution was 10 CFU/mL. Thus, it is a relatively simple approach 

that can be adapted for diverse applications in food systems without significant constraints on the 

solubility and color properties of food products.  

In clarified apple juice model 

Pasteurization and sterilization are common thermal food processing technologies used in fruit 

juice processing, but the combination of time and temperature in these processes leads to the loss of 
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phytonutrients, organoleptic properties, and development of some other undesirable modifications in 

fruit juices (Aneja et al., 2014; Khandpur & Gogate, 2016; Vasantha Rupasinghe & Juan, 2012). Thus, 

there is a significant unmet need to develop non-thermal processing technologies in the beverage 

industry.  

The results of this study illustrate the potential of ultrasound treatment to enhance the rate of 

inactivation of target bacteria in a model juice (commercial apple juice) and achieve more than 5-log 

inactivation of target E. coli O157:H7 and L. innocua cells within 15 min. These results highlight the 

significant improvement in inactivation efficiency compared to conventional US processing. For 

example, previous studies demonstrated the application of low frequency (20 – 25 kHz) and high-power 

density (500 - 100W/cm2) for an extended treatment time from 30 to 90 minutes to achieve less than 2 

log bacterial inactivation (Abid et al., 2013; Jingfei & H. P. Vasantha, 2012; Khandpur & Gogate, 2016; 

Martínez-Flores et al., 2015; Zou et al., 2016). Moreover, the acidic condition of apple juice, pH 3.6 could 

result in a faster inactivation rate compared to the inactivation in DI water. In this case, the acidic pH 

could work additively with ultrasound treatment to inactivate target bacteria as described by Guerrero 

et al. (Guerrero et al., 2017). In brief, the synergistic combination of HFU and a food-grade antioxidant 

has the potential to achieve the targeted 5 log inactivation of the bacteria required for pasteurization of 

a juice product (FDA, 2021). 

This approach can significantly improve both the quality of the fruit juices as well as reduce the 

energy required for processing. Further studies are required to characterize the scale-up of these 

synergistic processes, including uniformity of treatment, evaluate the role of diverse food matrices in 

influencing both uniformity and efficacy of the process, as well as the cost of developing ultrasonic 

reactors for synergistic food processing. 

https://www.zotero.org/google-docs/?l5bd2V
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4.2. Membrane damage and ROS discussion 

4.2.1. Membrane damage 

Both the SEM and PI permeation studies illustrate the key role of membrane damage in the 

synergistic antimicrobial activity of a combination of HFU+PG for both the selected Gram-negative and 

the Gram-positive bacteria. In the SEM and PI permeation results, E. coli O157:H7 showed higher 

susceptibility to membrane damage and deformation compared to L. innocua. This result agrees with 

the higher rates of inactivation of E. coli O157:H7 cells compared to L. innocua. In contrast to these 

results, many of the previous studies have reported higher levels of inactivation of Gram-positive 

bacteria compared to Gram-negative cells (Nakonechny et al., 2013; Pang et al., 2020; Piyasena et al., 

2003; Serpe & Giuntini, 2015; X. Wang et al., 2015). This has been attributed to the unique membrane 

structure of the gram-negative cells that may reduce the permeability of sonochemical agents and thus 

reduce the synergistic interactions between sonosensitizers and ultrasound treatment (Pang et al., 

2020). However, in this study, the results suggest that PG by itself can induce changes in the membrane 

structure of E. coli O157:H7 cells, as observed in the SEM images. These structural changes introduced 

by PG in the lipid membranes have been recently characterized in our previous study (Nguyen et al., 

2021) using liposomes. The results from this previous study suggest rapid partitioning of PG in the model 

lipid membranes. Upon interaction with a lipid membrane, PG can modify membrane properties by 

increasing permeation, membrane polarity, and fluidity (Boyd & Beveridge, 1981; del Valle et al., 2016; 

Strippoli et al., 2000; Q. Wang et al., 2017). 

It is important to note that the membrane deformation induced by PG alone was not adequate 

for more than 2 log inactivation of bacteria, and the treated bacteria may recover from this damage 

occurred during culturing. These changes in the membrane structure can be further enhanced when PG 

treatment is combined with HFU, as observed in the SEM images (Fig. 5D). Thus, the enhanced 
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partitioning properties of PG in membranes may provide a unique advantage in increasing the 

susceptibility of the Gram-negative bacteria based on the synergistic interaction with the HFU.     

4.3. ROS generation 

The role of ROS for the inactivation of bacteria using a combination of sonosensitizers such as 

porphyrin, chlorin-e6, and rose bengal derivatives and the US has been suggested by previous studies 

(Costley et al., 2017; Dadjour et al., 2006; Giuntini et al., 2018; Guo et al., 2013; Nakonechny et al., 2013; 

Nakonieczna et al., 2010; Pang et al., 2016; Xu et al., 2016; Yumita et al., 2007). Among the diversity of 

ROS species, singlet oxygen (1O2) generation has been well documented for a combination of 

sonosensitizers such as porphyrin and rose bengal with ultrasound (Guo et al., 2013; Nakonieczna et al., 

2018). In addition, Komori reported the generation of hydroxyl free radicals (HO ·) based on a 

combination of high-frequency ultrasound (2 MHz, 0.24 W/m2) and methylene blue (Komori et al., 

2009). The results of this study illustrate that the combination of PG with HFU enhanced the generation 

of hydroxyl radicals (Fig. 8) that can induce oxidative stress in bacterial cells. To further confirm this 

hypothesis, the results outlined in Fig. 9 demonstrate the role of exogenous antioxidants in quenching 

the synergistic antimicrobial activity of HFU and PG. Thus, suggesting the role of ROS generation in the 

synergistic antimicrobial activity of the HFU and PG. These results were also supported by changes in the 

content of the intracellular thiol of bacterial cells following HFU and PG treatments, as shown in Fig. 10. 

In contrast to these results, our previous study demonstrated no significant contributions of oxidative 

stress in bacterial inactivation using a combination of low-frequency ultrasound (LFU) and PG (Nguyen et 

al., 2021). These findings are in agreement with other theoretical and experimental studies that indicate 

increased generation of ROS species with HFU processing compared to LFU (Ashokkumar, 2011; Ji et al., 

2018). This increase in ROS with HFU has been attributed to a much stronger vibrational excitation of 

chemical species and enhanced cavitation at a higher frequency of US processing compared to low-

frequency US (Ji et al., 2018; Pang et al., 2016).  Furthermore, initial membrane damage/deformation 
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induced by PG can further enhance the rate of ROS generation upon exposure to HFU based on 

microbial response to exogenous stress. In our previous study, we observed that the membrane damage 

induced by LAE in combination with UV-A light irradiation significantly enhanced the level of oxidative 

stress generated in bacterial cells compared to UV-A treatment alone (Yang et al., 2019). This evidence 

supports the combined role of PG-induced membrane damage and HFU treatment in enhancing 

oxidative stress in cells. Further gene expression studies are required to understand the molecular 

response of cells under the cotreatment of HFU and PG.  

Based on the aforementioned results, we summarize the overall mechanism of the enhanced 

bacterial inactivation of HFU+PG in figure 11. PG by itself is a membrane active compound that can 

easily penetrate a bacterial membrane bilayer structure. Upon exposure to HFU, PG generates both 

extra- and intracellular ROS, leading to oxidative damage. The combined membrane damage and 

oxidative stress resulted in enhanced bacterial inactivation compared to a single treatment of either 

HFU or PG. 
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Fig. 3.11 Proposed mechanism of the synergistic inactivation of bacteria based on combined HFU and PG 

treatment. This enhanced inactivation is attributed to membrane damage and the generation of 

oxidative stress induced by the synergistic combination of HFU+PG. 

5. Conclusions  

The combination of HFU and PG synergistically enhanced the inactivation rate of the targeted 

Gram-negative E. coli O157:H7 and the Gram-positive L. innocua. The PI dye results together with SEM 

morphology analysis confirm the higher susceptibility of E. coli O157:H7 to the combined HFU + PG 

treatment than L. innocua. This study confirmed a higher level of membrane damage in SAT treated 

Gram-negative E. coli O157:H7 compared to L. innocua. Moreover, the generation of ROS from the 

combined HFU and PG was confirmed through the reduction of total intracellular thiol content and the 

quenching effect of the addition of free radical scavengers. The results obtained in this work provide a 

proof-of-concept of an alternative non-thermal food processing approach for the decontamination of 

juice products. Further research is needed to identify the causes of oxidative stress experienced by 

bacteria treated with SAT as well as the effectiveness and scalability of the combined HFU and PG for 

juice processing.  
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Abstract 

The study evaluates the effects of a synergistic antimicrobial combination of high-frequency 

ultrasounds (HFU) and a food-grade antioxidant, propyl gallate (PG), against mono-species biofilms from 

a gram-positive bacterium (Listeria innocua) and multispecies biofilms formed using a raw milk sample 

in combination with Listeria innocua. Combined treatment of HFU + PG significantly (more than 5 log 

CFU/mL, P < 0.05) enhanced the inactivation of both L. innocua and multispecies biofilm as compared to 

single treatments of HFU or PG, after 30 minutes of treatment time. Furthermore, the combined 

treatments also significantly improved the detachment of bacteria from the biofilm matrix 

(approximately 80%, p < 0.05) and subsequently led to the inactivation of the dispersed planktonic 

bacteria from both biofilm models (over 5 log CFU/mL, P<0.05). SEM-based morphological analysis 

shows a detrimental effect of the combined HFU + PG treatments on the biofilm’s matrix. Additionally, 

HFU + PG significantly suppressed the metabolic activity of biofilms in comparison to HFU or PG single 

treatments. Overall, the study illustrates the synergistic inactivation of biofilm as well as enhanced 

detachment and metabolic activity suppression using the combination of HFU + PG. This study 

demonstrates the potential use of high-frequency ultrasound in combination with a food-grade 

compound for enhanced sanitation of food contact surfaces and to improve the inactivation of bacterial 

biofilms.   
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1. Introduction 

Biofilm formation and persistence in a food environment are favored due to a combination of 

biological, physical, and chemical factors (Araújo et al., 2011; Azeredo et al., 2017). Biological factors 

that favor the formation and persistence of biofilms include the presence of multiple microbial species 

and the biological response of microbes to environmental factors (Abdallah et al., 2014; Carrascosa et 

al., 2021). The biological response may result in changes in motility and surface hydrophobicity of 

microbes, activation of prophage elements (Abdallah et al., 2014), and expression of ECM components 

such as curli and bacterial cellulose (Carrascosa et al., 2021). The key physical factors of the environment 

that affect the forming of biofilm include the diversity of physicochemical properties, the surface 

roughness of food contact materials, wear and tear at specific locations on these surfaces, joints, and 

the lack of sanitary design in legacy food processing equipment (Winkelstroter, 2015). The major 

chemical factors include the presence of food biopolymers and essential nutrients that can support both 

the attachment and persistence of microbes on surfaces (Zhao et al., 2017a). Thus, the combination of 

biological, chemical, and physical factors in a food production environment can enable the formation of 

robust multispecies biofilms that can resist removal and sanitation.  

Biofilm formation and its persistence on food contact surfaces are key risk factors for the safety 

of food products (Marchand et al., 2012). To address the food safety risks due to biofilm formation, 

sanitation practices in the food industry have focused on an extensive combination of mechanical and 

chemical methods to remove biofilms and inactivate microbes in a biofilm matrix (Zhao et al., 2017b). 

Mechanical treatments, such as brushing, scrubbing, flushing, etc. are also commonly used in the food 

industry (Yu et al., 2020). For example, high-pressure washing is normally applied to flush surfaces of 

equipment and floors. Although these approaches are effective in improving the hygiene of the 

processing facility, their effectiveness can be limited in removing biofilms that may form in crevices and 
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cracks on the surfaces. Further without adequate sanitizers, some of these processes may lead to the 

dispersal of microbes (Branck et al., 2017; Wille & Coenye, 2020). 

For the removal and inactivation of biofilms, chemical sanitizers are commonly used in the food 

industry with and without mechanical scrubbing. Common disinfectants include chlorine, ozone, 

peracetic acid, and quaternary ammonium compounds (Araújo et al., 2011; Bridier et al., 2011), with 

chlorine being the most widely employed compound against biofilm. (Folsom & Frank, 2006; Zhu et al., 

2020). However, the use of these sanitizers has limitations. The corrosive, flammable, or strong oxidizing 

properties of these conventional sanitizers result in a significant impact on the safety of the workforce 

(Galié et al., 2018). Similarly, reactions of conventional sanitizers such as chlorine with natural organic 

matter can result in the formation of carcinogenic halogenated disinfection by-products (DBP), like 

trihalomethanes (THMs) and haloacetic acids (HAAs) (Hua & Reckhow, 2007). Additionally, the residue 

of these conventional sanitizers in spent waters can impact the environment (Ölmez & Kretzschmar, 

2009). With extensive use of sanitizers, especially chlorine-based disinfectant, studies have reported the 

development of potential resistance in bacterial biofilms against conventional chlorine treatment 

(Araújo et al., 2011; Bridier et al., 2011; Zhu et al., 2020). Ryu et al. (Ryu & Beuchat, 2005) reported an 

enhanced resistant of biofilm formed by curli producing E. coli O157:H7 strain biofilm to chlorine 

treatment up to 200 mg/mL and 5 minutes of treatment time. Folsom et al. (Folsom & Frank, 2006) 

reported an significant higher level of resistant of 11 subtype of  Listeria monocytogenes strain against 

chlorine treatment up to 60 ppm compared to planktonic bacteria of the same subtype.  

To address some of these limitations, low-frequency ultrasound (US) has been evaluated as a 

process intensification technology in combination with chemical sanitizers such as sodium hypochlorite, 

both to enhance the rate of removal of biofilms and efficiency of removal and inactivation of biofilms 

(Bang et al., 2017; Baumann et al., 2009; Berrang et al., 2008; Lee et al., 2014; Sagong et al., 2011). The 

rate of removal of biofilm may be enhanced by the hydrodynamic cavitation effects of the US process. In 
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addition, the US may enhance the inactivation of bacteria in a biofilm both by improving their dispersal 

in sanitizer solution as well as enhancing the rate of mass transport of chemicals to the biofilm. In these 

applications, most of the studies have focused on low-frequency US (20 to 40 kHz) and high-intensity US 

(100 W/cm2 to 750 W/cm2) to achieve enhanced removal of microbes from biofilms (Yu et al., 2020). 

Despite the use of high-intensity US, the enhancement achieved by the combination of the US and 

conventional sanitizers is limited to 2 log CFU/ cm2 (Abdallah et al., 2014; Bang et al., 2017; Carmen et 

al., 2004, 2005; Dong et al., 2013). Furthermore, non-uniform removal of biofilm from the surface with 

the US is a potential limitation as it can lead to the re-growth of biofilm (Yu et al., 2020). In addition to 

the limitations of using conventional sanitizers, the combination of high intensity and the low-frequency 

US with chemical sanitizers can result in potential damage to the equipment by extensive cavitation and 

the corrosive action of sanitizers. Moreover, the power level of high-intensity ultrasound treatment in 

previous studies ranged from 100 W/cm2 to 750 W/cm2, which could potentially increase the utility cost 

for the food industry over time. Thus, there is an unmet need to improve the efficacy of the combined 

treatment of US and chemicals for the inactivation of bacteria in biofilms while reducing the impact of 

these treatments on the environment, utility cost, and potential damage to the food contact surface.  

 To address some of these limitations, this study evaluated the synergistic combination of low 

power high-frequency US (1 MHz, 1.6 W/cm2) and food-grade antioxidants to achieve removal and 

inactivation of L. innocua and multispecies biofilms, an approach that is known as sonodynamic 

antimicrobial treatment or SAT. High-frequency US with low intensity was selected to reduce the risk of 

mechanical damage to the equipment and promote deeper US penetration (Fan et al., 2021). The 

synergistic combination of high-frequency US with food-grade polyphenolic antioxidants (propyl gallate, 

PG) was selected based on the results of our previous study that illustrated its potential to synergistically 

enhance the inactivation of planktonic cells (Nguyen et al., 2021). For the formation of biofilms, we 

selected two model systems. In the first approach, biofilms were formed using a surrogate of a 

https://www.zotero.org/google-docs/?5RrxjR
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foodborne pathogenic strain, Listeria Innocua. In the second approach, the biofilms were formed by the 

combination of the selected Listeria strain with commensal microbes from raw milk. This approach was 

selected to mimic some of the conditions in the food industry, such as biofilm formation in the dairy 

industry (Marchand et al., 2012; Oliveira et al., 2019; Weiler et al., 2013), where multiple microbes from 

environmental or food sources may combine with foodborne pathogens to form a problematic 

multispecies biofilm. In addition, the presence of food components such as milk proteins can condition 

the food contact surface to promote the adhesion and deposition of microbes on the food contact 

surface (Marchand et al., 2012; Weber et al., 2019). Stainless steel 304-grade coupons were used as a 

model food contact surface to form biofilms. In summary, this study illustrates the application of high-

frequency ultrasound and its synergistic combination with a food-grade antioxidant to inactivate mono 

and multispecies biofilms on a model food contact surface. 

2. Material And Methods 

2.1. Material 

Propyl Gallate (PG), was purchased from Invitrogen by Thermo Fisher Scientific (Waltham, MA, 

USA). Luria-Bertani (LB) broth, Tryptic Soy Broth (TSB), Tryptic Soy Agar (TSA), Phosphate-buffered Saline 

(PBS), and Tris-hydrochloride (1 M; Tris-HCl) were purchased from Fisher BioReagents (Pittsburgh, PA, 

USA). Ultrapure water was obtained using a Milli-Q filtration system (EDM Millipore; Billerica, MA, USA). 

2.2. Study design 

To investigate synergistic combinations of the combined HFU and PG treatment for the 

inactivation of  L. innocua biofilm and multispecies biofilm of L. innocua with commensal microbes from 

raw milk, the sample size was determined using a power analysis. For this analysis, the following 

parameters were selected: number of treatment groups = 4, significance level = 0.05, power level = 0.8 
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and f value = 1.2. Based on the power analysis, a sample size of n = 3 for each treatment group was 

determined. 

Briefly, each SS coupon that has either L. innocua or multispecies biofilm was added to each well 

of a round-bottom 24-well plate (Corning, FalconTM, USA) and randomly assigned into four treatment 

groups: 

- Group 1. Control (Ctl) without any treatment 

- Group 2. Incubated with PG 10 mM at room temperature for 30 min in the dark. 

- Group 3. HFU; The wells containing stainless steel (SS) coupons were exposed to ultrasound 

waves at a frequency of 1 MHz and 1.6 W/cm2. Treatment time ranges from 15 to 30 

minutes  

- Group 4. HFU + PG; To evaluate the influence of combined treatments based on PG at 10 

mM and high-frequency ultrasound energy. The SS coupons with biofilm were added to the 

PG solution and immediately exposed to ultrasound (1 MHz, 1.6 W/cm2) 

The detailed experimental design is also illustrated in Fig. 1. The concentration of PG was fixed 

at 10 mM based on the results of our previous study (Nguyen et al., 2021). 
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Fig. 4.1 Experimental design of the sonodynamic antimicrobial treatment (SAT) to inactivate biofilm 

from L. innocua and multispecies biofilm from raw milk with added L. innocua  

2.3. Bacterial cultures 

Rifampin (RIF)-resistant induced L. innocua strain (ATCC 33090, Manassas, VA, USA), was 

cultured in tryptic soy broth (TSB) (Sigma-Aldrich, St. Louis, MO, USA) with RIF (50 μg/ml) and grown at 

37°C at 150 rpm for 24 hours. A bacterial culture with an absorbance at 600 nm of 1.5 (1 x 109 CFU/ml 

assessed by plate count) was used for further experiments. 

2.4. L. innocua biofilm formation 

  The L. innocua culture was grown overnight in TSB broth containing Rifampicin 50 μg mL-1 at 

37°C and 150 rpm. A 10 mL overnight culture was collected, and cell pellets were washed one time with 

PBS to remove traces of Rifampicin. After washing, L. innocua culture was diluted to a final 

concentration of 1 × 107 CFU/ml using an M9 media ( 10% (vol/vol) water–1× M9 medium with minimal 
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salts (Sigma-Aldrich, St. Louis, MO, USA) with added 0.4% glucose and 0.4% tryptone. M9 is a minimal 

growth medium that facilitates the formation of biofilm as a survival mechanism when a bacterium is 

cultivated in a nutrition depletion condition. Briefly, 1 ml of the diluted bacterial suspension was then 

aliquoted into individual wells of a 24-well plate containing a stainless steel (304 grade) coupon of 

dimensions 1 cm × 1 cm. The plate was then incubated for 96 hours or four days at room temperature 

under dark conditions. The coupon is then recovered from the well and washed with 1 ml of sterile 

phosphate-buffered saline (PBS) (USB Co. Ltd., Cleveland, OH, USA) with gentle vortexing to remove 

planktonic cells. 

2.5. Multispecies biofilm-forming method 

The L. innocua culture was grown overnight in TSB broth containing Rifampicin 50 μg mL-1 as 

described in section 2.4. The overnight culture was collected, and cell pellets were washed one time 

with PBS to remove traces of Rifampicin. After washing, the cell pellets (109 CFU/mL) were resuspended 

in raw milk with a 1:2 (v/v) dilution. The bacterial concentration after dilution was 5 × 108 CFU/mL. Then, 

sterilized SS coupons (1x1 cm2) were placed in a 24-well plate and a 1 mL aliquot of the raw milk 

inoculum (5 x 108 CFU/mL) was added to each well. Biofilm was grown at room temperature for 24 

hours before treatment. The shorter incubation time of 24 hours for the multispecies biofilm model was 

selected as the raw milk sample contains a high concentration of nutrients that can cause extensive 

biofouling of the contact surface. Furthermore, this period also aligns with the conditions in the industry 

where food contact surfaces are periodically sanitized after 12-24 hours of operation.  

2.6. Sonodynamic antimicrobial treatment of biofilms 

An ultrasound (Chattanooga medical supply, TN, USA) equipment with intensity and frequency 

ranges between 1 to 2.5 W/cm2 and 1 to 3 MHz respectively was used for the high-frequency ultrasound 

treatment in this study. Based on our preliminary experiments, we determined that the lower 
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frequency, i.e., 1 MHz, was more effective than the higher frequency, i.e 3 MHz for bacterial 

inactivation, and the selected power of 1.6 W/cm2 was sublethal to the target bacteria. Selection of sub-

lethal levels of the US intensity was critical to demonstrate the synergistic impact of the selected 

compound and US treatment for the inactivation and the removal of bacteria from biofilms.  

The 4-day-old biofilm of L. innocua growing on the SS coupon was removed from the M9 media 

and was washed two times with 2 ml of PBS buffer. After the washing steps, the coupon side with the 

biofilm was positioned downward on the bottom of a 24-well plate filled with treating solution. The 

biofilm side was facing the ultrasound transducer. The transducer was immersed in a water bath 

positioned 2 cm from the bottom of the well plate and supported by a custom platform as depicted in 

Fig. 2, with the well plate floating above the water. Total treatment times were set at 15 and 30 

minutes. 

 

  

Fig. 4.2 SAT setup with a high-frequency probe sonicator for biofilm treatment. The probe was 

immersed in a water bath, and the temperature was monitored during the experiments with a 
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thermocouple. The probe has a diameter of 5 cm and was placed directly under the 24-well plate at a 

distance of 2 cm using a customized mechanical stage.  

2.7. Enumeration of bacterial inactivation in treated biofilms  

The SS coupons, after being treated with HFU, PG, or the combination of HFU + PG were then 

gently washed with PBS one time to remove any residual amount of PG. The coupons were then placed 

into a 50 mL Falcon tube with a 10 mL of maximum recovery diluent (MRD) solution. The tube was 

vigorously vortexed for 1 min and the recovered bacteria were spread plated on PCA and TSA plates 

using the serial dilution method. The Plate Count Agar (PCA) method was used to cultivate the total 

commensal microbes from the SS coupon and selective TSA plates with 50 ppm rifampicin were used to 

isolate the rifampicin-resistant L. innocua bacterial fraction. Plates were incubated at 37 OC for 48 hours 

before counting the number of bacterial CFU.                                                                                                                                                                                                                                  

2.8. Crystal violet assay 

The treated L. innocua biofilm or multispecies biofilm were removed from PG solution and 

washed two times with PBS. The washed biofilm was heat-fixed at 65℃ for one hour before staining 

with crystal violet. Then, crystal violet was added and incubated for 5 minutes. After staining, the 

coupon was washed again two times with a PBS buffer. The crystal violet-stained biofilm biomass was 

then diluted with acetic acid (33%) and measured with a spectrophotometer at 570 nm. 

2.9. Scanning electron microscopy (SEM) analysis of biofilms  

Following ultrasound treatment, the SS coupons were washed one time with PBS, and the 

biofilm on the surface was fixed at 4 °C for 2 hours with 2.5 % glutaraldehyde–water. Post fixing, the SS 

coupons were exposed to 1% osmium tetroxide (OsO4) for 1 h and then were dehydrated with 

increasing ethanol percentages (35%, 50%, 75%, 2 × 90%, and 2 × 100%) for 30 min in each solution. 
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Samples were then placed in a desiccator for 12 h. Finally, the disk samples were placed on a copper 

tape and sputter-coated with a thin layer of gold (100 Å) before SEM analysis (Huang et al., 2018). The 

scanning electron microscope used for this study was the Philips XL-30, which was operated at 10 kV 

accelerating voltage. Images were acquired at a 25,000x magnification level. Ten SEM images were 

obtained per sample. 

2.10. Statistical analysis 

Statistical analysis was performed using GraphPad Prism software V.9.3.1 (Graphpad Software, 

Inc., La Jolla, CA). To analyze differences between multiple experimental groups, a one-way analysis of 

variance (P < 0.05) was conducted to evaluate the statistical significance of the results. This statistical 

approach was used for the analysis of biofilm inactivation, biomass removal efficiency, and inactivation 

of the dispersed bacteria fraction. 

3. Results 

3.1. Biofilm inactivation data 

The bactericidal effect of the combined HFU + PG treatment using (4 days old) L. innocua biofilm 

was evaluated and depicted in Fig. 3A. The results show a synergistic 5.5 log inactivation of the bacteria 

(p < 0.01) from a biofilm with an initial bacterial population of 6.4 log CFU/cm2 following the treatment 

with HFU + PG for 30 min. In contrast to the synergistic effect of HFU + PG treatment, the individual 

treatments (HFU or PG) for 30 min resulted in only a one-log reduction of the bacteria from the L. 

innocua biofilm.  

A multispecies environmental biofilm was formed to complement the evaluation of the L. 

innocua biofilm,  as described in the materials and methods section. Due to the presence of milk 

components, including commensal microbes, inoculation of the L. innocua strain resulted in the 

formation of a multispecies environmental biofilm within a day of incubation. This multispecies biofilm 
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had approximately the same total bacterial count as a four-day-old mono-species L. innocua biofilm, as 

confirmed by the total plate count results in Fig. 3-A and 3-B. The multispecies biofilms were treated 

with the synergistic combination of HFU + PG as well as the individual treatments of HFU or PG for a 

fixed time of 30 min. This time was selected based on the results of the treatment of L. innocua biofilm, 

as illustrated in Fig. 3-A. The effect of the synergistic treatment on the multispecies biofilm was 

evaluated using a combination of the total plate count assay and specific colony count of Listeria cells 

with rifampicin as a selective media. The results in Fig. 3B illustrate a synergistic 5.2 log total reduction 

in the total bacterial population from an initial total population of 6.3 log CFU/cm2. Within this total 

reduction, L. innocua levels were reduced by a 4.2 log CFU/cm2 (p<0.01). In contrast, treatment of the 

multispecies biofilm with either HFU or PG for 30 min only resulted in less than one log reduction of 

both the total and L. innocua fractions of the multispecies biofilm. 

A. 

 

B. 
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Fig. 4.3 (A) Biofilm inactivation data of sonodynamic antimicrobial treatment treated L. innocua biofilm 

from 15 to 30 minutes, (B) Biofilm inactivation data of SAT treated multispecies biofilm with added L. 

innocua strain for 30 minutes. Note: Mean denoted by a different letter indicates significant differences 

between treatments (p < 0.05). Sample abbreviation: Ctl – Control, HFU – High-frequency ultrasound 

treatment, PG – Propyl gallate treatment, HFU + PG – combined High-frequency ultrasound and PG 

treatment. The limit of detection is 10 CFU/mL. 

3.2. Biomass removal efficiency and detached bacterial inactivation 

US approaches have been used to enhance the removal of biofilms from the treatment surface. 

In this study, the removal of biofilm mass was characterized using crystal violet staining of the biomass 

for both the model L. innocua and multispecies biofilms. For this characterization, biomass retention on 

the surface was measured for the synergistic combination of HFU + PG treatment. These results from 

the synergistic combination study were compared with the individual treatment of HFU or PG. The 

results in Fig. 4A show that the removal efficiency of combined HFU + PG treatment was similar to the 

HFU treatment alone for  L. innocua biofilm. In contrast, PG treatment alone had a relatively smaller 

contribution to the removal of biomass. Furthermore, the results show that significant removal of the 



   
 

 127 

biomass was achieved within the first 15 min of treatment, and the removal of biomass only increased 

marginally with an extended treatment time of 30 min.  

The influence of selected treatments on the removal of biomass from a target surface was also 

assessed for the multispecies biofilm. The results in Fig. 4B show that HFU + PG treatment, as well as 

HFU treatment alone, resulted in the removal of over 60% of the biofilm biomass. This result is similar 

(p>0.05) to the results of a L. innocua biofilm treated with HFU + PG or HFU treatment. The removal 

efficiency of these treatments (HFU + PG or HFU) was significantly higher (p<0.01) than achieved using 

PG treatment alone.  

 

A. 

 

B. 
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Fig. 4.4 Biomass Removal efficiency data of sonodynamic antimicrobial treatment treated L. innocua 

biofilm (A) with two different treatment times of 15 and 30 minutes, and multispecies biofilm (B) after 

30 minutes of treatment time. Note: Mean denoted by a different letter indicates significant differences 

between treatments (p < 0.05). Sample abbreviation: Ctl – Control, HFU – High-frequency ultrasound 

treatment, PG – Propyl gallate treatment, HFU + PG – combined High-frequency ultrasound and PG 

treatment 

3.3. Changes in biofilm morphology 

The SEM images of the biofilm before and after treatment were acquired to characterize 

changes in biofilm morphology. In the case of L. innocua biofilm (Fig. 5), both the HFU and HFU + PG 

treatments enhanced bacteria removal from the SS surface compared to the control and PG treatments 

alone. In the case of HFU + PG, the residual bacterial cells on the surface show evidence of cell wall 

damage, as illustrated by their concave shape and deformed cell wall envelopes observed in the SEM 

images. In contrast, the HFU-treated samples show no significant visual evidence of bacterial cell 

damage in residual bacterial cells on the surface, although similar levels of reduction in the biomass 

were observed in both cases.   
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Fig. 4.5 Morphology observation of ultrasound treated L. innocua biofilm using SEM technique, HFU – 

High-frequency ultrasound treatment, PG – Propyl gallate treatment, HFU + PG – combined High-

frequency ultrasound and PG treatment 

Fig. 6 illustrates the effect of synergistic treatment on the multispecies biofilm formed by the 

combination of Listeria strain with commensal microbes from raw milk samples. The presence of Listeria 

was confirmed by the plate counting method in the presence of an antibiotic-resistant marker selective 

for the L. innocua strain. The results show that the combined HFU + PG treatment was more effective in 

dispersing bacterial cells from the food contact surface compared to the single treatment of HFU or PG 

alone. Compared to the results in Fig. 4, the results from Fig. 6 illustrate qualitatively more removal of 

the cells from the contact surface with HFU + PG treatment compared to HFU alone or PG alone. Due to 

a thick deposition of milk fouling layer biofilm formation, it was difficult to evaluate the integrity of cells 

in a multispecies biofilm using SEM imaging. To address these constraints and validate the qualitative 

difference in residual bacteria and their viability on the contact surface with the selected treatments, 

the bacterial cell counts on the surface and dispersed phase were measured using standard colony 

counting assays.  
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Fig. 4.6 Morphology observation of ultrasound treated multispecies biofilm with added L. innocua strain, 

using SEM technique, HFU – High-frequency ultrasound treatment, PG – Propyl gallate treatment, HFU + 

PG – combined High-frequency ultrasound and PG treatment 

3.4. Dispersal of bacteria from biofilms and the viability of the dispersed bacteria 

To further understand the decrease in the viable bacteria in biofilms following the selected 

treatments, the viability of the bacteria in the treatment medium was also characterized. This 

characterization is important as ultrasound treatment can result in the dispersal of the bacteria. The 

viability of bacteria released from biofilms to the treatment medium was measured for the HFU + PG, 

HFU, or PG treatments after 30 min of treatment of L. innocua biofilm, and the results were compared 

with the control Listeria biofilm without any ultrasound or chemical treatment. The results in Table 1 

illustrate that the HFU + PG treated samples had less than one log of viable bacterial cells in the aqueous 

phase samples collected after ultrasonic treatment of  Listeria and multispecies biofilm samples 
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respectively. In contrast, the biofilm samples treated with either HFU or PG treatments alone had 

approximately 2 log CFU of viable bacteria in the aqueous phase. Together with the results in Fig. 3A and 

Fig. 3B, this data set suggests that most of the bacteria population were inactivated within a biofilm 

after HFU + PG treatment and could not be detected in the aqueous phase. In contrast, HFU or PG 

treatments of the biofilms resulted in limited inactivation but increased the dispersal of the bacteria in 

the aqueous phase. Compared to the results in Fig. 4, these results also illustrate that although the 

dispersal of biomass with HFU or HFU + PG treatments may be similar, the level of inactivation of 

bacteria with HFU + PG treatment was significantly higher than the HFU or PG treatments alone.  

Table 4.1 Biofilm inactivation data of sonodynamic antimicrobial treatment treated L. innocua biofilm 

model accounted for the detached bacterial fraction in the wells 

 

Note: Mean denoted by a different letter indicates significant differences between treatments (p < 

0.05). Sample abbreviation: Ctl – Control, HFU – High-frequency ultrasound treatment, PG – Propyl 

gallate treatment, HFU + PG – combined High-frequency ultrasound and PG treatment 

4. Discussion 
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4.1. Biofilm inactivation and removal efficiency compared to a low-frequency US (LFU) 

process 

 The predominant role of the US during conventional sanitation of biofilms is limited to enhanced 

dispersal of the biofilm. To achieve efficient dispersion, LFU is commonly used at high power levels to 

disperse the biomass attached to the surface. Previous studies have reported that LFU can induce the 

removal of greater than 85% - 90% of the biomass (Erriu et al., 2014; Oulahal-Lagsir et al., 2000). The 

dispersed biomass is then inactivated by chemical sanitizers in the aqueous phase. Despite the 

effectiveness of the US in improving the dispersal of biofilm biomass, this approach is not commonly 

used in the industry. The possible limitations include limited improvement in the overall biofilm 

inactivation efficacy with this approach as previous studies have shown only 2-3 log improvements in 

the activation of biofilms using a combination of LFU and chemical sanitizers after 10 to 60 minutes of 

treatment time (Bang et al., 2017; Baumann et al., 2009; Berrang et al., 2008; Lee et al., 2014; Sagong et 

al., 2011) and to the best of our knowledge, none of these previous studies have evaluated multispecies 

biofilms. In addition, operational considerations such as coupling of the low frequency and high-

intensity US with existing equipment and uniformity of the treatment can also be potential limitations as 

removal efficiency can vary across the surface. To address these limitations, this current study has 

focused on using low-intensity high-frequency US in combination with a food-grade antioxidant for the 

treatment of biofilms. The results illustrate relatively rapid (within 30 min) and effective (~5 log or 

higher) levels of inactivation of both L. innocua and multispecies biofilm on the food contact surface 

using a combination of HFU and PG treatment. In addition, a combined treatment of HFU + PG also 

reduced the dispersal of the viable bacteria in the aqueous suspension compared to HFU or PG 

treatment alone. Achieving higher levels of inactivation on the food contact can also enhance uniformity 

of the treatment as it reduces the viable bacterial population and also the risk of reseeding of the 

biofilm. In addition, this approach eliminates the need for conventional chemical sanitizer use and 
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promotes the use of food-grade compounds for the sanitation process. Furthermore, the process only 

requires a low-intensity US process compared to the high-intensity US process used in the conventional 

approach. The use of a low-intensity ultrasound process also reduces the energy cost required for the 

deployment of the US process in the industry and the lack of extensive cavitation with the high-

frequency US may also reduce potential damage to the processing equipment. Further studies are 

required to validate these results using different food contact surfaces as well as translation of this 

approach with realistic food processing equipment.   

4.2. Mode of action of the synergistic bacterial inactivation 

The enhanced inactivation effects of HFU + PG were attributed to the ability of HFU to improve 

PG transport into biofilms, the ability of PG to partition in the bacterial membrane, and the generation 

of  ROS by the combination of HFU + PG. HFU ultrasound-induced mixing and micro-jet streams can 

increase the mass transport of the PG to the biofilm surface and the biofilm matrix. This enhanced mass-

transfer effect was confirmed by previous studies evaluating the combination of HFU (500 kHz to 1MHz) 

and an antibiotic (vancomycin) or microbubble for biofilm treatments (Bharatula et al., 2018; Dong et 

al., 2013, 2017; Fu et al., 2019; Goh et al., 2015; Guo et al., 2017; Hu et al., 2018; Johnson et al., 2012; 

Ronan et al., 2016). Due to the complexity of the EPS structure, bacterial cells residing within the biofilm 

are protected by the limited infiltration of the antibiotic compound. However, when ultrasound was co-

applied, it is plausible that the barriers to mass transport were significantly reduced (Erriu et al., 2014). 

The ability of PG to partition lipid membranes, as evaluated in our previous studies (Nguyen et al., 2021), 

provides an advantage that can result in the enrichment of PG in bacterial cells in the biofilm. This 

advantage combined with the generation of oxidative stress induced by synergistic interactions with 

HFU treatment results in significantly enhanced inactivation of bacterial cells both in the biofilm as well 

as the planktonic cells released from the biofilm. The combination of HFU + PG also induces significant 
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damage to the membrane as observed in our previous study with planktonic cells (Nguyen et al., 2021), 

and is not influenced by the presence of food materials such as apple juice.  In addition, both L. innocua 

and multispecies biofilms' metabolic activity were suppressed to some extent by the combined HFU + 

PG (result not shown); however, the effect is more noticeable in L. innocua biofilm and not the 

multispecies biofilm. Hence, metabolic activity suppression is not the decisive factor for both biofilm 

models' inactivation, but one of its contributing factors. 

The results of this study illustrate that synergistic interactions of PG with HFU are effective for 

the inactivation of both L. innocua and multispecies biofilms. For food industries, such as the dairy 

industry, biofilm formation is a fundamental problem, because raw milk contains a wide variety of 

microorganisms and dairy products are susceptible to microbial spoilage. Even if primary biofilm formers 

are neither spoilage organisms nor pathogens, established biofilms can be a favorable environment for 

pathogenic organisms like L. monocytogenes (Weber et al., 2019; Weiler et al., 2013). The multispecies 

biofilm model used in this study simulated the established biofilm in a milk processing environment 

using a combination of commensal microbes in milk and L. innocua, and the combined HFU + PG 

treatment was able to significantly reduce both the overall microbial plate count and the viability of L. 

innocua. These results illustrate the potential of the sonodynamic antimicrobial treatment approach 

developed in this study for applications in a food processing environment to inactivate an established 

multispecies biofilm. To summarize, the inactivation mechanism of the synergistic bacterial inactivation 

of the HFU + PG treatment used in this study is suggested in Fig. 7. 
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Fig. 4.7 Suggested modes of action of the sonodynamic antimicrobial treatment on biofilm (both L. 

innocua and multispecies) formed on a surface of a stainless-steel coupon 

4.3. Conclusion 

The combined HFU + PG treatment achieved a 5-log reduction in both L. innocua and 

multispecies biofilms within 30 min of treatment time. The combination treatment was also effective at 

eliminating biofilm biomass. Inactivation of biofilms and removal of biofilm biomass was accompanied 

by the changes in morphology, in response to HFU, PG, and a combination of these two treatments. 

Single treatment of either HFU or PG did not significantly affect biofilm viability; however, HFU showed 

significantly higher removal efficiency than PG treatment alone and was similar to the combined 

HFU+PG treatment. HFU + PG also reduced the population of dispersed planktonic cells from L. innocua 

and multispecies biofilm models to less than the detection limit. Using a combination of HFU and PG, the 

study illustrates the synergistic inactivation of established biofilms on a food processing surface. A 

possible mechanism of action underlying the high efficacy of the combined treatment was also 
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suggested by this study. An approach such as this may be relevant in areas such as food processing and 

packaging where biofilms are a persistent impediment.  
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Abstract 

The antibacterial activity of a combination of UV-A light treatment or high-frequency (HFU) 

ultrasound treatment with three different classes of phenolic compounds (gallate derivatives, cinnamic 

acid derivatives, and other polyphenolic compounds such as quercetin, flavone, and grape seed extract) 

against E. coli O157:H7 and L. innocua was investigated in this study. Six photo-activated compounds 

were found to have a synergistic interaction with UV-A inactivating E. coli O157:H7, and four compounds 

were confirmed in the case of L. innocua, all of which belong to cinnamic acid derivatives. Of six 

photosensitizers confirmed in UV-A treatment, there were four retained their antimicrobial 

effectiveness when combined with HFU. Sinapic acid demonstrated the highest bacterial inactivation 

efficiency of the 18 chemicals tested when combined with either UV-A or HFU treatment. The various 

physiochemical reactions of the treated bacterial cells are not independent but rather interrelated 

processes. A "cause and effect" relationship between the physiological reactions was observed, where 

membrane damage might directly lead to intracellular oxidative stress and could also be a factor in the 

inactivation of membrane-associated dehydrogenase enzyme families. The robust bacterial inactivation 

and the food-grade nature of the screened compounds could facilitate the adaptation of APDT and ASDT 

in the food industry. 

 

Keywords: photodynamic therapy, sonodynamic therapy, phenolic acids, foodborne pathogen, oxidative 

stress 
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1. Introduction 

Antibacterial photodynamic therapy (APDT) is an emerging nonthermal technology used for 

surface (food and food processing surfaces) decontamination and bacterial inactivation in liquid media. 

APDT's working mechanism is based on the ROS generation mechanism from compounds that are 

excited by a certain wavelength of light, typically in the UV-A (320-400 nm) and visible wavelength range 

(400-700 nm) (Abrahamse and Hamblin, 2016). These compounds are termed photosensitizers (PSs). 

Specifically, the PSs are promoted from their ground states to excited states after being irradiated at 

specific wavelengths. When the compounds return to their ground state, the radiated energy and free 

electrons interact at the molecular level with oxygen molecules or other organic substrates, forming 

reactive oxygen species (ROS) such as superoxide, hydroxyl radicals, hydrogen peroxide, and singlet 

oxygen (Alves et al., 2014). These free radicals can oxidize a wide spectrum of functional molecules in 

the bacterial membrane and cytoplasm, causing irreversible damage and cell death (Pang et al., 2016a). 

APDT can be utilized as an alternative to chlorine-based sanitizers for surface cleaning applications 

because of its powerful ROS production mechanism. In addition, APDT has a substantial bacterial 

inactivation effect in liquid systems (Cossu et al., 2016; de Oliveira et al., 2018; Wang et al., 2017). 

However, when microorganisms are located within concealed or obscure areas such as stomata in the 

leafy green leaves (Doan et al., 2020) or on surfaces that have irregular topography such as one a 

cantaloupe, the effect of light irradiation and the APDT treatment could be dampened. Furthermore, the 

success of APDT treatment is dependent on the transmission of light through the treated media, so the 

inactivation effect is diminished when the media is clouded or has a color that would otherwise absorb 

the light source wavelength. 

Antimicrobial Sonodynamic Treatment (ASDT) was proposed to address the limitations of APDT 

when dealing with shady locations or non-transmitting issues. ASDT is an alternative to APDT that 

involves the use of a sonosensitizer (SS) and a low-intensity, high-frequency (0.5-1MHz) ultrasound 

https://www.zotero.org/google-docs/?NDqdoW
https://www.zotero.org/google-docs/?1c9Lcl
https://www.zotero.org/google-docs/?COacrR
https://www.zotero.org/google-docs/?COacrR
https://www.zotero.org/google-docs/?UYkbAs
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treatment (Serpe and Giuntini, 2015). Physically, ultrasound is similar to light irradiation in that both are 

non-ionizing irradiation waves (Duck and Leighton, 2018). As a result, the mode of action of ultrasound 

and light irradiation in activating sensitizers to generate ROS is comparable. When the sonosensitizer is 

exposed to a specific intensity and frequency of ultrasound, it is activated from the ground to an excited 

state. On returning to the ground state, it releases energy, which is transferred to oxygen to produce 

ROS, such as singlet oxygen and free radicals. These ROS can mediate apoptosis, thereby inhibiting the 

growth of pathological cells (Trendowski, 2014) It is worth noting that these sonosensitizers show low 

toxicity and no inhibitory effect, and they are bioactive only after being exposed to ultrasonic irradiation 

(Pang et al., 2016b). Although ASDT is conceptually similar to the well-established APDT (Dougherty et 

al., 1998), the former still exhibits several distinct advantages. Ultrasonic irradiation is superior to light 

irradiation in that the applied energy can be focused precisely on the specific location requiring 

treatment (Pang et al., 2016b). In addition, ultrasound is a type of mechanical wave that can penetrate 

samples to a greater extent than light. As a result, ultrasound can be used to treat deeply located 

diseases (Tachibana et al., 2008). Moreover, studies have shown that low-intensity ultrasound can alter 

the cell membrane through high shear stress, localized compression, and microjet stream that facilitates 

its permeability to sonosensitizers, resulting in cell death (Harrison & Balcer-Kubiczek, 1991). 

One of the major barriers for translating the applications of APDT and ASDT in food processing 

are a lack of understanding of the operating mechanism of bacterial inactivation and the limited 

availability of food-grade sensitizers. The effects of the sensitizer's molecular configuration, as well as 

the type of ROS they generate, are largely unexplored among food grade compounds (Ghorbani et al., 

2018; Hessling et al., 2017; Kvam and Benner, 2020). To the best of our knowledge, the effects of the 

APDT and ASDT on the physiology of microorganisms, including membrane damage, oxidative stress, as 

well as enzymatic activity, have not been extensively reported in the literature. Furthermore, there are 

limited number of food-grade sensitizers that have been discovered (Pang et al., 2016). One of the 

https://www.zotero.org/google-docs/?Z8DSVy
https://www.zotero.org/google-docs/?Z8DSVy
https://www.zotero.org/google-docs/?VQM72D
https://www.zotero.org/google-docs/?S2JxSA
https://www.zotero.org/google-docs/?S2JxSA
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preferred conditions for food grade applications of compound is the lack of significant color and flavor 

modification of the food with the addition of photo or sono-sensitizers. Many of the currently explored 

compounds can potentially influence the sensory properties of food either by altering its color, e.g. in 

the case of curcumin, chlorophyll derivatives and vitamin K compounds or influence the flavor of the 

food such as porphyrin from blood or hypocrellins from hypocrella bambuase (Pang et al., 2016).   

Given these challenges, there is a need to (i) broaden the selection of food-grade sensitizers for 

food processing applications, (ii) identify compounds with a neutral sensory feature that do not alter 

food product sensory qualities, and (iii) investigate the ROS generating mechanism as well as the 

molecular targets of these species in more details. Based on those requirements, we designed this 

screening study to investigate the effects of combining UV-A irradiation and HFU with three different 

classes of food-grade compounds, including gallate derivatives, cinnamic acid derivatives, and others 

(quercetin, flavone, and grape seed extract) on the inactivation of model bacteria E. coli O157:H7 and L. 

innocua. These compounds were chosen to demonstrate the impact of different molecular 

configurations including the changes in carbon chain lengths and the position of functional groups, such 

as hydroxyls and carboxylates, on ROS production capacity and bacterial inactivation. To investigate the 

effect of synergistic interaction on bacterial inactivation, both the selected chemical concentrations and 

the intensity levels of physical treatments are set at sub-lethal levels for the targeted bacteria. In 

addition to the bacterial inactivation experiments, assays were performed to assess the effect of the 

combined treatment on cellular targets such as bacterial membrane, intracellular oxidative damage, and 

enzymatic activity suppression. The results of this study will increase the number of food-grade 

compounds that can act in tandem with UV-A irradiation and high-frequency ultrasound and improve 

understanding of mechanisms of inactivation of bacteria by either APDT or ASDT. The findings of this 

study will aid in evaluation of the potential of APDT and ASDT with food grade compounds to improve 

food safety, quality, and nutrition retention. 
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2. Materials and methods  

2.1 Reagent 

Octyl gallate, isoamyl gallate, methyl gallate, ethyl gallate, pyrogallic acid, ferulic acid, caffeic 

acid, chlorogenic acid, rosmarinic acid, resveratrol, isopropyl cinnamate, sinapic acid, trans-

cinnamaldehyde, ethyl cinnamate, ethyl ferulate, quercetin, flavone, grape seed extracts, reduced L-

glutathione (GSH), sodium chloride (NaCl), sodium dodecyl sulfate (SDS), ethylenediaminetetraacetic 

acid (EDTA), and Triton X-100 were all obtained from Sigma-Aldrich (St. Louis, MO, USA). Measure-iT™ 

Thiol Assay Kit, a thiol-reactive fluorescent probe, was purchased from Molecular Probes (Eugene, OR, 

USA). Zirconia-silica beads (0.1 mm diameter) were acquired from Biospec Products (Bartlesville, OK, 

USA). Luria-Bertani (LB) broth, tryptic soy broth (TSB), tryptic soy agar (TSA), phosphate-buffered saline 

(PBS), and Tris-hydrochloride (1M; Tris-HCl) were purchased from Fisher BioReagents (Pittsburgh, PA, 

USA). Ultrapure water was obtained using a Milli-Q filtration system (EDM Millipore; Billerica, MA, USA). 

Table 1 summarizes the molecular structure and antimicrobial ability demonstrated by MIC and IC of the 

compounds used in this study. 

Table 1. Structure and antibacterial information of the 18 polyphenols studied 

Category  Polyphenol  Chemical 

structure 

MIC ICb 

E. coli L. 

innocua 

Gallates Octyl gallate 

 

 ~53 mM ~ 63.6 

mM 

150 μM 
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Isoamyl gallate  >532 μM 

 

>532 μM 1.5 mM 

Methyl gallate  2.5 mM >2.5 mM 1.5 mM 

Ethyl gallate  2 mM >2.5 mM 1.5 mM 

Pyrogallic acid  2 mM >2.5 mM 1.5 mM 

Cinnamic 

acid 

derivative 

Ferulic acid  2.32 mM >6.44 

mM 

1.5 mM 

Caffeic acid  1.94 mM 16.1 mM 1.5 mM 

Chlorogenic acid  0.23 mM 0.13 mM 1.5 mM 

Rosmarinic acid  1.4 mM 1.8 mM 1 mM 

Resveratrol   1 mM 2.5 mM 1 mM 

Isopropyl 

cinnamate 

 139 μM >164 μM 100 μM 

Sinapic acid  >2.0 mM 1.3 mM 1.5 mM 

Trans-

Cinnamaldehyde 

 1.89 mM >1.89 

mM 

1 mM 



   
 

 150 

Ethyl cinnamate  203μM >203 μM 150 μM 

Ethyl ferulate  

 

 

>2 mM >4 mM 1 mM 

Others Quercetin  2 mM 2 mM 1.5 mM 

Flavone  2 mM 2 mM 1.5 mM 

Grape seed 

extracts 

-- -- -- 2,000 

ppm 

a, Structure and MIC information of the 18 polyphenols in Table 1 were obtained from references 

(Bordes et al., 2019; Guzman et al., 2014); 

b, IC, implemented concentration in the present study; 

--, No information. 

2.2 Bacterial strains and culture conditions 

Escherichia coli O157: H7 (ATCC 700728, Manassas, VA, USA) and Listeria innocua (ATCC 33090, 

Manassas, VA, USA) are selected as models for the gram-negative and gram-positive bacteria 

inactivation. Both bacterial strains were modified with a Rifampicin resistance plasmid, allowing the 

selective cultivation of these strains in Rifampicin-containing culture media. Antibacterial experiments 

were performed against the stationary phase bacteria as described in a previous study (Huang et al., 

2018). The standard plate counting method was used to assess changes in bacterial counts following 

single treatments of UV-A light irradiation, HFU, and incubation in phenolic compound solution, as well 

https://www.zotero.org/google-docs/?GIdZUi
https://www.zotero.org/google-docs/?GIdZUi
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as the combination of them and the control samples. The treated and control bacterial samples were 

serially diluted using a Phosphate-Buffered Saline (PBS) solution, followed by overnight cultivation on 

Rifampicin modified Tryptic Soy Agar (TSA) plates. 

2.3 Sample preparation and inoculation 

The working concentration of each compound for bacterial inactivation was determined based 

on their minimal inhibitory concentration (MIC), as suggested in previous studies. Each polyphenol was 

firstly dissolved in pure ethanol, and then diluted to the final concentration with 2% ethanol which is 

sublethal to either of the tested bacteria. Then, these solutions were kept in the dark at 4 °C. Then 0.5 

mL of bacterial suspension was centrifuged at 13,000 × g and 4 °C for 2 min, and the pellet was 

resuspended in one mL of fresh-prepared polyphenol solution. For microbial inactivation studies, the 

pathogen cocktail with a concentration of approximately 109 CFU/mL was used. The negative control 

was the pathogen suspension in sterile water.  

2.4 UV-A light-mediated antibacterial activity of selected compounds 

UV-A irradiation was performed in a chamber equipped with four lamps (18 W; Actinic BL, 

Philips, Holland) as previously reported (Erick Falcão de Oliveira, et al., 2018) (Fig. 1A). One mL of 

bacteria aliquot was removed to a sterile 24-well polystyrene plate. The plate was then exposed to UV-A 

lamps directly at the center of the chamber for 15 min. The available intensity of UV-A light at the center 

of the chamber was 6.8 ± 0.2 mW/cm2. The controls were cells suspended in water and kept in the dark 

for 15 min. All the experiments were repeated in triplicate. 

2.5 Ultrasound mediated antibacterial activity of selected compounds 

A high-frequency ultrasound probe (Chattanooga medical supply, TN, USA) with an ultrasound 

intensity range between 1 to 2.5 W/cm2 and a frequency between 1 to 3 MHz respectively was used. 

Based on our preliminary experiments and literature related to ASDT topics, a frequency value of 1 MHz 
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and an intensity level of 1.6 W/cm2 were selected. This combination of ultrasound frequency and 

intensity level was identified as HFU treatment alone. The bacterial sample was inoculated in a 12-well 

plate and the HFU probe was fixed at a distance of 2 cm from the well plate bottom by a customized 

platform. The maximum temperature measured during processing in the exposed samples was 38.9 °C. 

The controls were the cell suspension in water incubated for 15 min. All the experiments were repeated 

in triplicate.  

2.6 Microbial analysis 

The plate count method was used to enumerate the number of pathogen cells. After treatment, 

one mL aliquot of samples was centrifuged at 13,000 ×g for 2 min, washed twice with PBS, and then the 

bacterial pellet was resuspended in one mL of PBS. The cell suspension was serially diluted with PBS. 0.1 

mL of diluent was spread onto tryptic soy agar and incubated at 37 °C for 18±2 h.  

2.7 Investigation of the bactericidal mechanism   

2.7.1 Detection of exogenous ROS generation using RNO assay 

A free radical sensitive dye N,N-dimethyl-4-nitrosoaniline (RNO) was added to the testing 

compound solutions and these solutions were exposed to UV-A irradiation and ultrasound treatment. 

The production of hydroxyl radical (HO ·) and singlet oxygen (1O2) when PG was excited by HFU was 

determined by monitoring N,N-dimethyl-4-nitrosoaniline (RNO) bleaching, using a previously reported 

spectrophotometric method (Pedraza-Chaverrí et al., 2004). 

2.7.2 Detection of intracellular ROS generation  

The intracellular ROS was quantified by a cellular assay probe the 5-(and-6)-chloromethyl-

2′,7′dichlorodihydrofluorescein diacetate (CM-H2DCFDA; Spectrum Chemical, Gardena, CA, USA) as 

described by a previous study (Park & Ha, 2020). After treatment, one mL of the pathogen cocktail was 

subjected to centrifugation (13,000 ×g, 2 min), washed twice with PBS, and finally, the cell pellet was 
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resuspended in one mL of PBS. The bacterial cells were incubated with CM-H2DCFDA at a final 

concentration of 5 μM for 15 min at 37 °C. After incubation, the mixtures were centrifuged at 13,000 ×g 

for 2 min and washed twice with PBS. The green fluorescence intensity was measured with a 

spectrofluorometer (Tecan SPECTRAFluor Plus, Switzerland) at excitation and emission wavelengths of 

495 and 520 nm, respectively.  

2.7.3 Membrane damage measurement 

The fluorescent dye propidium iodide (PI; Sigma-Aldrich, MO, USA) was employed to 

quantitatively evaluate the damage to the cell membrane induced by each treatment (Park & Ha, 2020). 

PI is a fluorescence probe that is not allowed to penetrate intact plasma membranes, and it only can 

enter cells with compromised membranes, binding to the nucleic molecule (Li, et al., 2017). Details on 

the experimental protocol are provided in supplemental materials.  

2.7.4 Suppression of enzymatic activity assay 

The activity of intracellular enzymes was investigated by using iodonitrotetrazolium chloride 

(INT; Sigma-Aldrich, MO, USA) as described by a previous study (Park & Ha, 2020). The detailed protocol 

is provided in the supplementary materials. 

2.7 Statistical analysis 

Each experiment was conducted in triplicate with duplicate samples. Statistical analyses were 

performed on the SPSS 20.0 software (SPSS Inc., Chicago, IL). Analysis of Variance (ANOVA) and Tukey’s 

test was used for comparing the significance between the means, and a P<0.05 was considered 

statistical significance.   

3. Results  

3.1 Bacterial inactivation effect of APDT and ASDT 
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3.1.1 Screening of UV-A light-mediated antibacterial synergism 

The efficacy of UV-A irradiation, selected plant based phenolic compounds, and the combined 

treatment of UV-A+ phenolic compounds for the inactivation of E. coli O157:H7 and L. innocua is shown 

in Fig. 1. Most individual compound treatments result in no significant bacterial inactivation (p > 0.05), 

with the exception of resveratrol, which results in a mild 2 log CFU/mL E. coli O157:H7 reduction and 

octyl gallate, which results in a 5 log CFU/mL L. innocua reduction. Similarly, treatment with UV-A 

irradiation single treatment showed no significant bactericidal effect in both tested bacteria (p > 0.05).  

In contrast, when UV-A and various compounds were combined, the inactivation of targeted bacteria 

was significantly increased (P > 0.05) (Fig. 1) compared to either UV-A or phenolic compound treatment 

alone. The amounts and duration of UV-A irradiation as well as the concentration of phenolic 

compounds were chosen to cause only limited inactivation (sub-lethal levels) of the target bacteria in 

order to determine the degree of synergism between the two. In the case of E. coli O157:H7, seven 

compounds out of a total of 18 showed enhanced bactericidal efficacy when coupled with UV-A, 

compared to five compounds in the case of L. innocua. All of the compounds that synergistically 

inactivation bacteria in combination with UV-A, achieved more than 6 log CFU reduction (p < 0.01) in the 

initial titer of inoculated bacteria (9 log CFU). The 109 CFU/mL inoculation level was selected to 

represent an extreme condition to identify lead compounds with significant potential for the synergistic 

inactivation of target bacteria.  Among the selected compounds, ethyl ferulate, ferulic acid, caffeic acid, 

and sinapic acid, all of which belong to the cinnamic acid family, inactivated both bacteria when coupled 

with UV-A irradiation. With more than 9 log CFU inactivation (p < 0.001), ethyl ferulate was one of the 

leading compounds discovered in this screening assay. Rosmarinic acid and resveratrol also achieved a 

significant inactivation of E. coli O157:H7 (5-6 log CFU reduction) in combination UV-A light, but only a 

limited influence on L. innocua inactivation. Octyl gallate, on the other hand, had a significantly higher 

level of inactivation of L. innocua, resulting in 6 log CFU bacterial cell count compared to limited 
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inactivation of E. coli O157:H7. This is the only gallate derivative that works synergistically with UV-A 

treatment on L. innocua while also having a considerable bactericidal effect on L. innocua with a 4 log 

CFU bacterial reduction on its own. 

As the goal of this set of experiments was to investigate the synergistic interaction between 

phenolic compounds and UV-A irradiation, the compounds that had a significant bactericidal effect on 

their own, such as octyl gallate at the selected concentration levels, were not further investigated. As a 

result, six compounds were selected that had a synergistic interaction with UV-A inactivating E. coli 

O157:H7, and four compounds were confirmed in the case of L. innocua. Ferulic acid, caffeic acid, 

rosmarinic acid, resveratrol, sinapic acid, and ethyl ferulate are the six photosensitizers associated with 

E. coli O157:H7 inactivation that will be employed in the subsequent sono-sensitivity screening. The four 

compounds associated with L. innocua inactivation are ferulic acid, caffeic acid, sinapic acid, and ethyl 

ferulate.  

A. 

 

B. 
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Fig. 5.1 Inactivation of E. coli O157:H7 (A) and L. innocua (B) by UV-A and three categories. (I) Gallates, 

(II) Cinnamic acid derivatives, and (III) Others. Each value is the mean of three measurements, plus the 

standard deviation. The asterisk * indicates a significant difference from the control sample (P < 0.05). 

ND stands for "not detected." 

3.2 Ultrasound-mediated antimicrobial activity 

 The results of the sonosensitizer screening are illustrated in Fig. 2. Single treatment of HFU does 

not induce bactericidal effect on the targeted bacteria (p > 0.05). Similar to the results in Fig. 1, more 

compounds responded synergistically with HFU to inactivate E. coli O157:H7 than the synergistic 

inactivation of L. innocua. Interestingly, ethyl ferulate did not demonstrate any synergistic interaction 

with ultrasound treatment, as it did with UV-A light irradiation. Both the tested bacteria showed no 

significant decrease in cell viability after the combined HFU + EF treatment. When combined with HFU, 

four substances—ferulic acid, caffeic acid, rosmarinic acid, and sinapic acid—achieved a complete 9-log 

CFU inactivation of E. coli O157:H7 (p < 0.01). In the case of L. innocua, only caffeic acid and sinapic acid 

have an antibacterial effect when combined with HFU, resulting in a 4-log CFU and 5-log CFU reduction, 

respectively (p < 0.05). Between APDT and ASDT, there are differences in the number of effective 
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compounds and the degree of their efficacy, which demonstrate how these two approaches operate 

differently from one another. These operating mechanisms differ depending on the chemical and the 

type of bacteria being treated. 

A.           B. 

  

Fig. 5.2 Inactivation of E. coli O157:H7 (A) and L. innocua (B) by HFU. Each value is the mean of three 

measurements, plus the standard deviation. The asterisk * indicates a significant difference from the 

control sample (P < 0.05). ND stands for "not detected." 

3.3 Mechanisms for photodynamic and sonodynamic inactivation of bacteria 

3.3.1 Exogenous ROS generation in photodynamic antimicrobial measurement 

One of the main suggested mechanisms for the synergistically antimicrobial activity of the 

compounds in the presence of light is the generation of ROS (Ghorbani et al., 2018). The four 

compounds that were effective against both targeted bacteria were selected to test for the presence of 

this mechanism. The ability to generate the hydroxyl radical (shown in Fig. 3A) and singlet oxygen 

(shown in Fig. 3B) were both investigated. The results illustrate that sinapic acid, ferulic acid, and caffeic 

acid generated hydroxyl radicals upon excitation with light and sinapic acid generated the highest level 

of hydroxyl radicals among these compounds. In contrast, ethyl ferulate generated significantly higher 
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level of singlet oxygen when being exposed to UV-A light treatment compared to the other compounds. 

Combined results from Fig. 3 and Fig. 1 suggest the role of exogenous ROS generation in bacterial 

inactivation in the form of hydroxyl radicals and singlet oxygen generation.     

  B.      

  

Fig 5.3 OH- radical (A) and singlet oxygen (B) measurement of selected photosensitizer, where RA: 

rosmarinic acid, Cur: curcumin, FA: ferulic acid, CA: caffeic acid, SA: sinapic acid, EF: ethyl ferulate. Each 

value is the mean of triplicate measurements with the standard deviation. 

3.4 Exogenous ROS generation in ASDT measurement 

 Figure 4 depicts the results of ASDT-mediated exogenous ROS production. The results illustrate 

that the combination of HFU and sinapic acid generates significantly more singlet oxygen than other 

compounds. Following the HFU+SA treatment, the yield of singlet oxygen increased steadily over the 

course of 30 minutes. (Fig. 4B). In contrast, no substantial quantity of hydroxyl radical production was 

observed in any of the investigated compounds when paired with HFU treatment (Fig. 4A). The 

differences in the ROS generation response of compounds with HFU excitation compared to UV-A 

irradiation suggest the existence of different inactivation mechanisms between these two processes. 

Thus, significant synergistic activity of sinapic acid with HFU for the inactivation of target bacteria could 

be attributed to singlet oxygen generation, based on these results in Fig. 4 and the inactivation data in 

Fig. 2. Sinapic acid was selected for further investigation as this compound was effective against both 
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target bacteria with UV-A and HFU, although the mechanisms involved in the inactivation may be 

different.  

A.         B.     

  

Fig 5.4 OH- (A) and singlet oxygen radical (B) measurement of selected sonosensitizer, where FA: Ferulic 

acid, SA: Sinapic acid, CA: Caffeic acid, RA: Rosmarinic acid. Each value is the mean of triplicate 

measurements with the standard deviation. 

3.3.1 Intracellular oxidative stress measurement 

Intracellular oxidative stress was assessed in order to validate the role ROS-induced lethal effect 

on bacteria upon treatment with the combination of UV-A radiation or HFU in the presence of SA. The 

CM-H2DCFDA dye was utilized to assess the intracellular oxidative stress generated by the combination 

treatments outlined above, and the fluorescence intensity of the oxidized product was measured. 

Higher fluorescence intensity in this assay corresponds to higher concentration of oxidized product 

resulting from the intracellular oxidative stress. The results are shown in Fig. 5. Figure 5A shows the 

enhancement in fluorescence signal upon treatment of E. coli bacteria with the combined treatment UV-

A+SA compared to UVA or SA alone. The results show that the fluorescence intensity of the combined 

treatment was twice that of single treatments of either UV-A or SA (p < 0.01). Similarly, the combined 

treatment results in ~30% higher fluorescence intensity (p < 0.05) in L. innocua (Fig. 5B), compared to 

the individual treatment of UV-A or sinapic acid.  
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In contrast, the combination of HFU and sinapic acid only caused considerable oxidative stress in E. coli 

O157:H7 but not in L. innocua. In E. coli cells, the fluorescence signal when HFU coupled with sinapic 

acid is substantial, approximately 6 times higher than the single treatments of ultrasound and sinapic 

acid (Fig. 5A), and around 50% higher than the combined UV-A and sinapic acid treatment (p < 0.01).  

The level of intracellular oxidative damage is consistent with the results from Fig. 3B where a significant 

exogenous singlet oxygen generation was confirmed when sinapic acid was co-applied with HFU.  

A.                 B. 

  

Fig. 5.5 Reactive oxygen species (ROS) levels in E. coli and L. innocua following different treatments. 

Each value is the mean of triplicate measurements with the standard deviation. ND, not detected. The 

different letter indicates a significant difference among samples (P < 0.05)  

3.3.2 Membrane damage assessment 

 Membrane damage was also evaluated to characterize the influence of synergistic treatment of 

SA with HFU or US compared to the individual treatments using both the selected bacteria. From the 

results shown in Fig 6A, the combined treatment of HFU+SA significantly increased membrane damage 

compared to single treatments (p < 0.05), in both bacteria. The combined treatment outperforms the 

HFU or sinapic acid single treatments by more than an order of magnitude in both selected bacteria. This 

observation reflects a strong synergistic bacterial membrane damage effect compared to individual 
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treatments. On the other hand, when UV-A was combined with sinapic acid, significant membrane 

damage (p < 0.05) was only observed in the Gram-positive L. innocua (Fig. 6B) but not in in the Gram-

negative E. coli O157:H7 (Fig. 6A). The fluorescence intensity when L. innocua was treated with the 

combined UV-A+SA treatment is more than two times higher than the individual treatments. This also 

resembles the synergistic bacterial membrane damage of the combined UV-A and sinapic acid treatment 

on the tested L. innocua.  

 In general, this experiment revealed two important observations. First, when compared to UV-

A+SA treatment, the combined HFU+SA induced more synergistic membrane damage to the tested 

bacteria. Second, the Gram-positive L. innocua was more susceptible to the combined UV-A+SA 

treatment than the Gram-negative E. coli O157:H7, as evidenced by the fact that the combined UV-A 

and sinapic acid only affected the L. innocua's membranes. 

A.              B. 

   

Fig. 5.6 Propidium iodide (PI) uptake values in E. coli (A) and L. innocua (B) after different treatments. 

Each value is the mean of triplicate measurements with the standard deviation. ND, not detected. The 

different letter indicates a significant difference among samples (P<0.05) 

3.3.3 Determination of bacterial respiratory dehydrogenase activity 
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The INT conversion test was utilized to determine the loss of dehydrogenase activity following 

different treatments (Fig. 7). The activity of bacterial respiratory chain dehydrogenase was verified by 

monitoring the conversion of colorless INT to red iodonitrotetrazolium formazan (INF) (Jeon & Ha, 2020; 

Park & Ha, 2020). The decreasing spectrophotometric value of INF indicates the loss in dehydrogenase 

activity. The combination of HFU and sinapic acid significantly (p < 0.05) reduced the dehydrogenase 

activity in both tested bacteria. This reduction in enzyme activity after the combined treatments of 

HFU+SA, was significantly higher than the individual treatments effect indicating the presence of 

synergistic interaction. On the other hand, the combined UV-A and sinapic acid caused a significant 

reduction (p < 0.05) of dehydrogenase activity in L. innocua (Fig. 7B) but not in E. coli O157:H7 (Fig. 7A). 

This reduction in L. innocua (Fig. 7B) was significantly greater than the effect of either UV-A or sinapic 

acid treatments alone, indicating a synergistic effect. Interestingly, the combined UV-A+SA and single 

treatment of UV-A increased the activity of dehydrogenase in E. coli O157:H7 (Fig. 7A) indicating the 

presence of self-defending mechanisms. 

A.              B. 
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Fig. 5.7 Levels of intracellular enzyme inactivation in E. coli (A) and L. innocua (B) cells treated with 

different treatments. Each value is the mean of triplicate measurements with the standard deviation. 

ND, not detected. The different letter indicates a significant difference among samples (P<0.05) 

4. Discussion 

4.1 Bacterial inactivation  

As seen in Fig. 1, the combination of UV-A and the cinnamic acid derivatives significantly 

enhanced bacterial inactivation, resulting in an average of 8 to 9-log bacterial reduction. This level of 

bacterial reduction within 15 minutes of treatment time is comparable when compared with other more 

established PSs such as synthetic phenothiazinium dyes including toluidine blue (TB) and rose bengal 

(RB), natural pigment such as porphyrin derivatives as well as natural PSs includes coumarins, 

benzofurans, anthraquinones, and flavin derivatives. The dyes in phenothiazinium class are among the 

first generation of PSs and could reduce levels of both the Gram-negative (E. coli, A. baumannii) and 

Gram-positive (S. aureus, MSSA) bacteria in the range of ~3-5 logs reduction within 10 min of treatment 

time (Liu et al., 2015, Donnelly et al., 2009; Tardivo et al., 2005, Cahan et al., 2010; Vecchio et al., 2014). 

The concentrations used are considerably low, ranging from 10 - 800 μM, since the compounds in the 

phenothiazinium group are strong singlet oxygen generator (Ghorbani et al., 2018). Furthermore, one 

major drawback is that these synthetic dyes were not originally intended for use in food processing; 

rather, they were developed for the treatment of bacterial infections and cancers in vivo (Liu et al., 

2015). Porphyrin is another well-known photosensitizer that has strong antimicrobial properties when 

combined with light or UV sources, inactivating both the Gram-negative (Alenezi et al., 2017; Alves et al., 

2009) (E. coli, P. aeruginosa) and Gram-positive (Banfi et al., 2006; Sobotta et al., 2019; Zhuang et al., 

2014) (S. aureus, S. warneri) bacteria with a level of effectiveness ranging from 1 to 4 log bacterial 

reduction (Sobotta et al., 2019) within 5 minutes of treatment time and a concentration of 10 - 100 μM. 
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Advantages like a high rate of singlet oxygen production and easy chemical modification make 

Porphyrins one of the most commonly used PSs. However, similar to the phenothiazinium group, 

porphyrin does not have food-grade status which prevent the utilization of this chemical class in food 

(Liu et al., 2015). 

Unlike the synthetic dye PSs or porphyrin group of compounds, the natural PSs are considered 

less toxic to mammalian cells in several cell culture and animal studies (Ghorbani et al., 2018). The 

natural compounds including hypericin and curcumin have been extensively studied as photosensitizer 

over the years (Ghorbani et al., 2018). Curcumin is a cinnamic acid derivative that has been shown to 

have photo-induced antibacterial effects in gram-negative and gram-positive bacteria in our earlier 

research (de Oliveira, Tikekar, et al., 2018; de Oliveira, Tosati, et al., 2018), with a 5-log reduction in both 

model gram-negative and gram-positive bacteria. Other studies report that curcumin is capable of 

inhibiting drug-resistant bacterial strains through a photo-inactivation effect with more than 3-log 

bacterial reduction (Ribeiro et al., 2013). S. aureus is one of the most common resistant bacteria to 

antibiotic therapy which remains susceptible to curcumin-mediated inactivation (Ribeiro et al., 2013). 

Curcumin has demonstrated some antibacterial properties in absence of light irradiation by binding to 

FtsZ proteins and inhibiting the assembly of FtsZ protofilament in Bacillus subtilis (Rai et al., 2008). The 

current study broadened the discovery of PSs to include additional members of the cinnamic acid family 

in addition to curcumin, leading to a 9-log reduction in bacterial inactivation. The compounds used in 

this study are food-grade molecules that are often used as antioxidants in food processing.  

In terms of the influence of bacterial phenotypes on APDT efficacy, most PSs studies using both 

types of bacteria found that gram-negative bacteria are more resistant to PSs than gram-positive 

bacteria since bacterial efflux pumps decrease PSs concentration in bacterial cells (Spengler et al., 2014; 

Tegos & Hamblin, 2006). This decreased concentration buys time for the antioxidant machinery of the 

bacteria to activate, resulting in less inactivation (Spengler et al., 2014). In this investigation, we found 
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that the gram-positive L. innocua was more resistant to APDT and ASDT than the gram-negative E. coli 

O157:H7, with seven compounds inactivating the E. coli strain in APDT compared to five compounds 

inactivating L. innocua, and four versus two in ASDT. The thicker peptidoglycan component of the L. 

innocua cell envelope may help to shield the cells from the combined therapy (Nguyen et al., 2021; 

Schleifer & Kandler, 1972). The higher susceptibility of gram-negative E. coli O157: H7 was explained in 

previous studies that looked at the partitioning of polyphenolic sensitizer to the bacterial outer 

membrane layer, weakening its structure, altering fluidity, and enhancing sensitizer uptake into the 

bacterial cytoplasm (E. Alves et al., 2013; de Oliveira et al., 2021; Nguyen et al., 2021; Yang et al., 2019). 

Regardless of the type of targeted bacteria, there were compounds from our pool of cinnamic 

acid derivatives that works against both types of bacteria including ethyl ferulate, ferulic acid, caffeic 

acid, and sinapic acid, all of which belong to the cinnamic acid family. These compounds exhibit logP 

values of 2.41 for ethyl ferulate, 1.51 for ferulic acid, 1.53 for caffeic acid, and sinapic acid (Chemaxon 

database). The logP value is a physicochemical parameter that must be considered while designing new 

biochemicals such as photosensitizers and sonosensitizers (Chandrasekaran et al., 2018) because it has 

been shown to have a substantial influence on certain pharmacokinetic parameters such as ADMET 

(absorption, distribution, metabolism, excretion, and toxicity). Sensitizers with moderate to high 

lipophilicity (moderate to high logP) are increasingly being developed to meet the needed potency 

against bacterial infection (Armstrong et al., 2017). The requirement arose primarily as a result of the 

lipid composition of bacterial targets (Chandrasekaran et al., 2018). High lipophilicity (logP > 5) 

frequently contributes to high metabolic turnover, low solubility, and poor absorption, whereas 

compounds with a moderate logP (between 1 and 4), ideal value is 1.34 - 1.8, are more likely to have 

optimum physicochemical and ADME properties (Armstrong et al., 2017). As a result, the four most 

robust cinnamic acid derivatives' moderate LogP values (1.5 - 2.4) will maximize their affinity and 

partition into the target bacterial membrane, enhancing the efficiency of the physical treatments.  
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   Of six photosensitizers confirmed in UV-A treatment, there were four retained their 

antimicrobial effectiveness when combined with HFU. The proposed idea that a photosensitizer can also 

serve as a sonosensitizer, as stated in other investigations (Ghorbani et al., 2018; Pang et al., 2016; Yoon 

et al., 2013), is not universal and depends on the nature of the photosensitizer. Ultrasound has typically 

been used in conjunction with physical treatments such as thermal treatment (thermosonication) and 

high pressure (manosonication) or chemical disinfectants such as chlorine or quaternary ammonium 

compounds to increase bactericidal efficiency (Evelyn & Silva, 2015; Guzel et al., 2014; Lee et al., 2009; 

Paga´n et al., 1999; Ross et al., 2003). However, physical treatments and chemical sanitizers have 

inherent disadvantages in that they affect the nutritional and sensory quality aspects of food products 

(Awuah et al., 2007; Barbosa-Cánovas & Rodríguez, 2002; Simpson, 2009). Not to mention the 

incompetency of these combination treatments, which only achieved a 2 to 3-log bacterial reduction 

and required a longer treatment time of 30 to 60 minutes (Arroyo & Lyng, 2017; Ashokkumar, 2015; 

Barbosa-Cánovas & Rodríguez, 2002). In this study, when coupled with HFU, the four compounds ferulic 

acid, caffeic acid, rosmarinic acid, and sinapic acid reduced bacterial counts by 9 log CFU after 15 

minutes. Previous research that paired curcumin with high frequency with similar ultrasonic frequency 

and intensity found a similar fast inactivation (Wang et al., 2014, 2015). There was a significant 6 log 

bacterial reduction observed (Wang et al., 2014, 2015). Even though fewer compounds were found to 

work with HFU compared to UV-A light, HFU still exhibits several distinct advantages. Ultrasonic 

irradiation is superior to light irradiation in that the applied energy can be focused precisely on the 

specific pathological location requiring treatment. In addition, ultrasound is a type of mechanical wave 

that can penetrate tissues to a greater extent than light. As a result, SDT can be used to treat deeply 

located diseases (Tachibana et al., 2008) Moreover, studies have shown that high-frequency and low-

intensity ultrasound can alter the cell membrane, thus increasing its permeability to sonosensitizers 

(Gao et al., 2014; Rahimi et al., 2014). 

https://www.zotero.org/google-docs/?hwHpGG
https://www.zotero.org/google-docs/?hwHpGG
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In summary, the APDT and ASDT approach used in this study proved to be a very strong platform, with 

bacterial reductions of 8 to 9-log CFU. In comparison to E. coli O157:H7, gram-positive L. innocua was 

more resistant to the combined treatment. Finally, there are photosensitizers with sonosensitizing 

capacity, four with E. coli O157:H7 inactivation, and two with L. innocua inactivation. 

4.2 Molecular configuration effect on ROS generation in APDT and antimicrobial ability 

The lead compounds that inactivated both bacteria when paired with UV-A irradiation, based on 

the inactivation data, include ethyl ferulate, ferulic acid, caffeic acid, and sinapic acid, all of which belong 

to the cinnamic acid family. Based on a comparison of the structural features of the various phenolic 

acid groups, the presence of a propionic acid side chain (-CH=CH-COOH) in ethyl ferulate, ferulic acid, 

caffeic acid, and sinapic acid considerably boosts their synergistic antibacterial action (de Oliveira et al., 

2021; Plaetzer et al., 2009). The double bond in the -CH=CH-COOH sidechain of the four cinnamic acid 

derivatives could stabilize the phenolic free radical via resonance (Baptista et al., 2017; Eslami et al., 

2010; Yoon et al., 2013). When compared to other gallate group compounds with longer side chains, the 

-CH=CH-COOH may have a lesser electron-withdrawing capacity. As a result, the electron density of 

benzene rings is higher, and the dissociation energy of phenolic hydroxyl bonds is substantially lower 

(Baptista et al., 2017). As a result, cinnamic acid derivatives have a greater electron-donating capability. 

According to Functional Density Theory calculations (Giacomelli et al., 2004; Saqib et al., 2015), -CH=CH-

COOH side chains reduce the ionization potential (IP) of cinnamic acid derivatives and enhance their 

HOMO energy when compared to benzoic acid derivatives. Due to combination of these two 

parameters, cinnamic acid derivatives outperform gallate derivatives in terms of electron-donating 

capabilities, resulting in a significantly higher synergistic interaction with UV-A irradiation. 

In addition to the influence of the carboxylic acid side chain, the bacterial inactivation ability of cinnamic 

acid derivatives is linked to the aromatic ring's hydroxylation and methoxylation patterns (Zeb, 2021). 
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The amount and position of both the methoxyl and hydroxyl groups have a major impact on 

antibacterial efficacy (Koroleva et al., 2014). Within the four cinnamic acid derivatives, there are three 

levels of aromatic substitution: p-dihydroxy (caffeic acid), p-hydroxymethoxy (ferulic acid), and p-

hydroxydimethoxy (sinapic acid). According to structure-activity relationships and DFT analysis (Natella 

et al., 1999; Zeb, 2021), the electron-donating sequence is p-dihydroxy (caffeic acid) < p-

hydroxymethoxy (ferulic acid) < p-hydroxydimethoxy (sinapic acid), with a comparable order of 

antimicrobial effectiveness. This effect is supported by the results of Fig. 2 and the DFT calculation from 

the literature (Giacomelli et al., 2004; Saqib et al., 2015). When combined with the results from Fig. 3A, 

the order of ROS formation is sinapic acid followed by ferulic acid and caffeic acid. This is in line with the 

inactivation result in Fig. 1, which revealed sinapic acid had a stronger bactericidal ability when paired 

with UV-A irradiation. 

The ability of ethyl ferulate to generate a much greater amount of singlet oxygen, as seen in Fig. 

3B, is an example of a type II photosensitizer (Baptista et al., 2017). In Type II reactions, energy is 

transferred directly between the excited PS and the ground-state molecular oxygen, producing singlet 

oxygen that can interact with a large number of molecules in the cell to form oxidized products and 

cause cell death (F. Alves et al., 2021). The higher level of singlet oxygen generated by ethyl ferulate 

could partly explain the higher inactivation effect of ethyl ferulate (Fig. 1A) since singlet oxygen is 

considered the stronger form of radical compared to hydroxyl radical (Nakamura et al., 2012; Wang et 

al., 2017). To the best of our knowledge, this is the first study to reveal such behavior from ethyl 

ferulates, which are typically utilized as an antioxidant (Cunha et al., 2019; Nazaré et al., 2014). Due to 

its potential to transmit energy to other substances as an antioxidant, an antioxidant may change into a 

pro-oxidant molecule, resulting in significant ROS production under some circumstances (Eghbaliferiz & 

Iranshahi, 2016; Fukumoto & Mazza, 2000; Mazza, 2016; Saqib et al., 2015). This is a dose-dependent 

effect that requires the presence of chelating metals like Cu2+ or Mn2+ (Eghbaliferiz & Iranshahi, 2016). 

https://www.zotero.org/google-docs/?f6caeb
https://www.zotero.org/google-docs/?f6caeb
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In this situation, however, such a condition did not exist; instead, the stimulating effect of UV-A 

irradiation was present. To explain this phenomenon, further structure-activity correlations and DFT 

research is required. 

4.3 ROS generation in ASDT and antimicrobial ability 

The amount of singlet oxygen created by sinapic acid and HFU was much larger than that of 

other cinnamic derivatives. This was supported by Figs. 2A and 2B, which showed that cinnamic acid 

combined with HFU increased bacterial inactivation in E. coli O157:H7 and L. innocua. 

Sonoluminescence, which occurs as a result of acoustic cavitation, produces spectra similar to UV-A in 

the 400 nm range and excites sonosensitizer to form singlet oxygen (1O2), which is a well-known 

phenomenon (Kanthale et al., 2008). Previous research has revealed that singlet oxygen (1O2) has a 

major role in the inactivation of bacteria using a combination of sonosensitizers such as porphyrin, 

chlorin-e6, and rose bengal derivatives and the ultrasound treatment (Costley et al., 2017; Xu et al., 

2016, p. 6; Zhuang et al., 2014). The results of this study illustrate that the combination of sinapic acid 

with HFU enhanced the generation of singlet oxygen (Fig. 2) which can induce oxidative stress in 

bacterial cells. Singlet oxygen can be produced in the extracellular environment from unbound sinapic 

acid molecules, as shown in Fig. 4B, or in the intracellular environment when sinapic acid partitioned 

into the bacterial cell wall and caused oxidative stress, as shown in Fig. 5A.  Since singlet oxygen has a 

relatively short life time (10-320 ns) and a limited diffusion distance within the cell membrane of just 10-

55 nm (Kvam and Benner, 2020), it is critical that a sonosensitizer have a good membrane partitioning 

capacity to maximize intracellular singlet oxygen formation. The improved partitioning ability of a 

sonosensitizer may arise from an optimized logP from 1 to 4 as discussed in the preceding section, or 

from the mass transfer effect of HFU. The later may play a more important role as HFU induced mass 

transfer (Arroyo & Lyng, 2017; Sango et al., 2014) can drive the sonosensitizer into a greater distant into 

bacterial membrane and potentially into cell cytoplasmic environment, resulted in an increasing 

https://www.zotero.org/google-docs/?ezhwra
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oxidative stress on the bacteria. This mass diffusion effect is not present in UV-A treatment (Birmpa et 

al., 2013), giving the HFU treatment a distinct advantage. In both APDT and ASDT, sinapic acid 

consistently outperformed other selected cinnamic derivatives and was the greatest photo and 

sonosensitizer in this investigation.  

4.4 Biological change in bacteria after APDT and ASDT  

The physiochemical responses of the targeted bacteria to the combined UV-A+SA and HFU+SA 

treatments are discussed in further detail in the sections that follow, including intracellular oxidative 

stress, membrane damage, and enzymatic activity suppression. We found an intriguing "cause and 

effect" relationship between the physiological reactions, wherein membrane damage might directly lead 

to intracellular oxidative stress and could also be a factor in the inactivation of membrane-associated 

dehydrogenase enzyme families. The various physiochemical reactions of the treated bacterial cells are 

not independent, unrelated occurrences, but rather interrelated processes. 

4.4.1 Intracellular oxidative stress and membrane damage relationship  

One of the proposed mechanisms for both photo and sonodynamic cytotoxic effects is the 

formation of ROS via the excitation of sensitizers by UV-A irradiation and sono-sensitization with 

ultrasound treatment (E. Alves et al., 2013; Costley et al., 2017). The generated ROS include singlet 

oxygen, hydroxyl radicals, the superoxide anion, and hydrogen peroxide (Costley et al., 2017; Dadjour et 

al., 2006; Giuntini et al., 2018; Guo et al., 2013; Nakonechny et al., 2013; Nakonieczna et al., 2018; Pang 

et al., 2016; Yumita et al., 2007). In a biological environment, high levels of these ROS species can 

stimulate oxidative stress on intracellular molecules and induce cell damage, leading to cell death (Harris 

et al., 2014). Enhanced ROS generation in E. coli O157:H7 treated with UV-A+SA or HFU+SA may be one 

of the possible mechanisms underlying the enhanced bactericidal effect of the combined treatments. 

Furthermore, the quantum yield of singlet oxygen following the combination of HFU+SA was 
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significantly higher than that of UV-A+SA (Fig. 3B and Fig. 4B). These results correlated with the higher 

oxidative stress that E. coli O157:H7 cells experienced following the HFU+SA compared to the UV-A 

treatment. Oxidative stress that cell experiences could be a product of membrane damage, especially in 

gram-negative bacteria species like E. coli O157:H7 (Stark, 2005; Yang et al., 2019). The bacterial 

membrane damage could result from the extracellular ROS generated by the combined HFU+SA 

treatment or by the mechanical effects of the physical treatments. The higher oxidative stress that E. 

coli O157:H7 experienced after HFU+SA treatment could be attributed to the fact that the combination 

generated more membrane damage than the UV-A+SA combination, as evidenced by the data in Fig. 6A. 

Thus in E. coli cells, both the higher singlet oxygen generation by the combined HFU+SA treatment and 

the higher membrane damage effect caused by the mechanical action of the HFU treatment can explain 

the resultant higher intracellular oxidative stress compared to the UV-A+SA treatment.  

In contrast, L. innocua experiences less oxidative stress in HFU+SA treatments compared to UV-

A+SA treatments, which could be attributed to L. innocua being more protected against ultrasonic 

mechanical effects. In a study that looked at the combination of curcumin and UV-A irradiation, L. 

innocua was found to be more susceptible to the combined UV-A+curcumin treatment than E. coli 

O157:H7, which could be due to the higher level of membrane damage that L. innocua experiences 

following UV-A treatment (de Oliveira, Tosati, et al., 2018). In contrast, in our previous study, L. innocua 

demonstrated a higher resistance than E. coli O157:H7 to the combined ultrasound and propyl gallate 

treatment as a result of L. innocua being better shielded from the mechanical effect of HFU treatment 

(Nguyen et al., 2021). A thicker and more rigid peptidoglycan layer as part of the L. innocua cell 

envelope, as opposed to a much thinner outer membrane comprised primarily of phospholipid in E. coli 

O157:H7, could explain L. innocua's higher resistance to HFU treatment. (E. Alves et al., 2013; Clementi 

et al., 2014; Epand & Epand, 2009; Runyan et al., 2006; Stark, 2005; Yang et al., 2019). The thicker 
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peptidoglycan in L. innocua membrane could also prevent the penetration of exogenous single oxygen 

species and result in better protection again oxidative stress and membrane damage. 

4.4.2 Enzymatic activity 

In general, when bacteria are exposed to stressful circumstances that can damage respiratory 

enzyme systems, such as those caused by the APDT or ASDT, the bacteria may not be able to restore 

redox equilibrium and balance electron fluxes to fulfill metabolic and energetic demands of a cell and 

resulting in inactivation of cells, (Kaila & Wikström, 2021). Respiration has been linked to bacterial 

diseases such as tuberculosis and listeriosis (a condition caused by the foodborne bacterium Listeria 

monocytogenes) (Lugo, 2022). Previous studies showed that targeting the dehydrogenase enzyme 

system could render bacterial inactivation. Examples include the use of UV-A to damage the 

hydrogenase of E. coli K12 wide type (Bosshard, 2010) and the use of antibiotics to damage the 

hydrogenase of L. monocytogenes (Rivera-Lugo et al., 2022). 

Figures 7A and 7B illustrate that the effect on the dehydrogenase enzyme system is not uniform 

and varies depending on the bacteria and the treatments. The activities of the dehydrogenase enzyme 

were increased in E. coli O157:H7 in both single UV-A and combination UV-A+SA treatments, with the 

latter treatment having a synergistic effect on enhancing enzymatic activity. Since UV-A is a mild 

treatment, E. coli cells may have ample time to boost the synthesis of dehydrogenase enzymes in order 

to improve energy production to feed defensive systems and preserve cellular homeostasis (E. Alves et 

al., 2013; Bosshard et al., 2010). However, when UV-A was coupled with SA treatment, membrane 

damage started to play a more critical role. Because the dehydrogenase enzymes are membrane-

associated, they could be released into the medium after membrane damage/lysis and interact with the 

INT substrate, increasing the fluorescence signal, as seen in Fig. 7A. In contrast, ultrasound is well known 

for its enzyme inactivation effect (Arroyo & Lyng, 2017; Huang et al., 2017). The released dehydrogenase 

enzymes from E. coli’s cell membrane could be inactivated by the combined effect of mechanical actions 
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of HFU and the protein denaturation effect of the acidic state generated by SA, resulting in a decline in 

fluorescence intensity, as shown in Fig. 7A. In L. innocua, however, both UV+SA and HFU+SA treated 

samples revealed a similar pattern of decreased enzymatic activity following the combined treatments. 

Unlike E. coli O157:H7, which has a more extensive dehydrogenase group that includes NDH-1, NDH-2, 

succinate dehydrogenase, D-lactate dehydrogenase, and formate dehydrogenase (Shepherd & Poole, 

2013), Listeria cells can only rely on NDH-2 to feed electrons into the respiratory chain (Russell, 2022). 

This difference in enzymatic composition could explain why L. innocua was unable to boost its 

respiratory enzymatic activity in order to counteract the UV-A+SA-induced stress. Nonetheless, HFU+SA 

causes a substantial reduction in enzymatic activity in L. innocua, as seen in Fig. 7B. The results shown in 

Figs. 7A and 7B showed that HFU treatment outperformed UV-A treatment in reducing respiratory 

enzymatic activities on both gram-negative E. coli O157:H7 and gam-positive L. innocua. In addition, the 

results of E. coli enzymatic inactivation (Fig. 7A) demonstrated that membrane damage could result in 

the release and inactivation of membrane-bound dehydrogenase enzymes, contributing to the overall 

inactivation effect of the combined treatments. 

5. Conclusions  

Among the 18 chemicals tested, cinnamic acid derivatives displayed the highest bacterial 

inactivation efficacy (8-9 log CFU reduction) in both the tested gram-negative and gram-positive 

bacteria, in both APDT and ASDT processes. Six photo-activated compounds were discovered to have a 

synergistic interaction with UV-A inactivating E. coli O157:H7, and four compounds were confirmed in 

the case of L. innocua. In comparison to UV-A treatment, there were fewer compounds in the cinnamic 

acid family that could also work synergistically with HFU treatment. The differences between E. coli 

O157:H7 inactivation and L. innocua inactivation are significant, with the gram-negative bacterium 

demonstrating more susceptibility toward ASDT. These discrepancies in antibacterial activity between 

treatments or strains suggested a different mode of action for APDT and ASDT. We discovered a "cause 
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and effect" relationship between the physiochemical responses of the targeted bacteria to the 

combined UV-A+SA and HFU+SA treatments, where intracellular oxidative stress could be a direct result 

of membrane damage, and membrane damage could also contribute to the inactivation of membrane-

associated dehydrogenase enzyme families. The inactivation and bacterial response to the combined 

treatments are the results of a complex process that has yet to be fully understood, requiring further 

research into elements such as bacterial gene expression and regulation in stressful conditions caused 

by the combination treatments. Nonetheless, the robust bacterial inactivation and the food-grade 

nature of the screened compounds could facilitate the adaptation of APDT and ASDT in the food 

industry. 
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Chapter 6 

Conclusion 

 

The findings of Chapters 2, 3, 4, and 5 supported the study's main hypothesis that the 

simultaneous application of sub-lethal ultrasonic treatments and sub-lethal concentrations of 

sonosensitizers can cause synergistic bacterial damages, including membrane damage and intracellular 

oxidation, and result in rapid and synergistic inactivation of bacteria in model aqueous and food 

systems. The specific objectives of the planned research were met, and a high level of bacterial 

inactivation was attained when the synergistic inactivation between ultrasound therapy and 

sonosensitizers was translated into a food model system. The knowledge base gained from this research 

project will provide a promising alternative to address some of the key limitations of both physical 

processing and chemical preservatives. 

1. Synergistic inactivation of bacteria based on a combination of low frequency, low-

intensity ultrasound and a food-grade antioxidant 

The inactivation rates of the gram-negative E. coli O157:H7 and the gram-positive L. innocua are 

increased by a synergistic interaction between low-frequency ultrasound (LFU) and propyl gallate (PG). 

One of the main causes of the reported increased inactivation of bacteria, as determined by studies 

made using both liposomes and bacterium cells, is the rapid interaction of PG with lipid membranes. 

Through this interaction, the bacterial membrane was altered and becomes more permeable. LFU and 

PG together further increased membrane permeability in bacterial cells during an extended treatment 

period. The outcomes of the bacterial membrane damage experiment supported the SEM imaging 

findings. In contrast, a lack of significant change in the intracellular thiol content as well as a lack of 

protective effect from exogenous antioxidants to the antibacterial effect indicate that oxidative stress 
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generation was not a leading mechanism responsible for the enhanced antimicrobial effect. Overall, 

these results illustrate a novel approach to achieve more than 5 log inactivation of bacteria using a 

synergistic combination of PG with a low intensity and a low-frequency ultrasound process. 

2. Combination of high-frequency ultrasound with a food-grade antioxidant for enhancing 

the inactivation of bacteria in water and a model food system  

   The inactivation rate of the targeted Gram-negative E. coli O157:H7 and the Gram-positive L. 

innocua was improved by the synergistic interaction of HFU and PG. The PI dye results, and SEM 

morphological analysis support the finding that E. coli O157:H7 is more susceptible to the combined HFU 

+ PG treatment than L. innocua. This investigation confirmed that SAT-treated Gram-negative E. coli 

O157:H7 had more membrane damage than L. innocua. Furthermore, the decrease in total intracellular 

thiol content and the quenching impact of the addition of free radical scavengers were evidence that 

ROS were produced by the combination of HFU and PG. The results obtained in this work provide a 

proof-of-concept of an alternative non-thermal food processing approach for the decontamination of 

juice products. Further research is needed to identify the causes of oxidative stress experienced by 

bacteria treated with SAT as well as the effectiveness and scalability of the combined HFU and PG for 

juice processing. 

3. Synergistic Treatment of L. innocua and Multispecies Biofilms Using Sonodynamic 

Antimicrobial Treatment with a Food Grade Compound 

Within 30 minutes of treatment, the combination HFU + PG therapy reduced L. innocua and 

multispecies biofilms by 5 logs. The removal of biofilm biomass was also accomplished by the 

combination treatment. In response to HFU, PG, and a combination of these two treatments, changes in 

morphology were observed along with the inactivation of biofilms and removal of biofilm biomass. 
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Biofilm viability was not significantly impacted by a single HFU or PG treatment, however HFU 

demonstrated much greater removal efficiency than PG therapy alone and was comparable to the 

combination HFU+PG treatment. The number of dispersed planktonic cells from multispecies and L. 

innocua biofilm models was also reduced by HFU + PG to below the detection limit. Using a combination 

of HFU and PG, the study illustrates the synergistic inactivation of established biofilms on a food 

processing surface. A possible mechanism of action underlying the high efficacy of the combined 

treatment was also suggested by this study. An approach such as this may be relevant in areas such as 

food processing and packaging where biofilms are a persistent impediment. 

4. Screening compounds for antimicrobial photodynamic and sonodynamic treatment for the 

inactivation of Escherichia coli O157:H7 and Listeria innocua 

When gram-positive and gram-negative bacteria were targeted in both APDT and ASDT 

processes, cinnamic acid derivatives showed the highest bacterial inactivation efficacy (8–9 log CFU 

reduction) among the 18 compounds studied. Four of the photo-activated compounds were confirmed 

in the case of L. innocua, and six photo-activated compounds were found to interact synergistically with 

UV-A in inactivating E. coli O157:H7. There were fewer molecules in the cinnamic acid family that could 

work synergistically with HFU treatment than with UV-A treatment. L. innocua inactivation differs 

significantly from E. coli O157:H7 inactivation in that the gram-negative bacterium exhibits greater 

susceptibility to ASDT. These variations in antibacterial effectiveness between treatments or strains 

showed that APDT and ASDT may operate in different ways. We discovered a "cause and effect" 

relationship between the physiochemical responses of the targeted bacteria to the combined UV-A+SA 

and HFU+SA treatments, where intracellular oxidative stress could be a direct result of membrane 

damage, and membrane damage could also contribute to the inactivation of membrane-associated 

dehydrogenase enzyme families. The inactivation and bacterial response to the combined treatments 

are the results of a complex process that has yet to be fully understood, requiring further research into 
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elements such as bacterial gene expression and regulation in stressful conditions caused by the 

combination treatments. Nonetheless, the robust bacterial inactivation and the food-grade nature of 

the screened compounds could facilitate the adaptation of APDT and ASDT in the food industry. 
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