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ABSTRACT 

Author: Fitriyanti, Maya,. PhD 
Institution: Purdue University 
Degree Received: August 2019 
Title: Synergistic of Ultrasonication on Antimicrobial Action of Antimicrobial Peptide Cecropin 

P1 against Escherichia coli. 
Committee Chair: Ganesan Narsimhan 
 
Ultrasound has recently been used in the food industry to develop various effective and reliable 

processing applications such as extraction of intracellular material and desinfection. Antimicrobial 

peptides are one of the most promising alternatives to antibiotics for targeting pathogens without 

developing resistance. Recent studies have shown that both low frequency (20-100 kHz) 

ultrasonication and antimicrobial peptides (AMPs) treatment processes have a significant 

advantage in inactivating bacterial cells than the conventional heat treatment due to higher food 

texture quality of the final product. However, the effect of the combined process has not been fully 

investigated in complex matrices such as food. In this study, deactivation of Escherichia coli in 

different concentrations of milk and orange juice were performed using three different treatments: 

low frequency ultrasonication (20 kHz) at different power levels using a commercial probe type 

ultrasonicator, antimicrobial peptide Cecropin P1, and combination of both. The results of all 

samples showed that the combined treatment is more efficient, reducing the cell density of E. coli 

up to four orders of magnitude, compared to individual treatments. However, the milk 

concentration results in lower synergistic effect. This is believed to be due to complexation of milk 

proteins with Cecropin P1 thus resulting in less availability of the latter for antimicrobial action. 

This dependence was not observed in orange juice samples. Ultrasonication resulted in 

insignificant decrease in viscosity, total color difference (TCD), and vitamin C for both milk and 

orange juice except at higher power level of 160 W at longer exposure time (60 min).  

 

In the second part of the study, pore formation in 1,2-Dimyristoyl-snglycero-3-phosphocholine 

(DMPC)/cholesterol liposome induced by Cecropin P1 was investigated by monitoring the 

dynamics of fluorescence dye leakage. A critical peptide concentration was required for dye 

leakage with the rate of leakage being dependent on peptide concentration above a critical value. 

A lag time was required for dye leakage for low peptide concentrations, which decreased at 
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sufficiently higher peptide concentrations eventually approaching zero. Size distribution of 

liposomes exposed to peptides of different concentrations indicated that toroidal pore formation 

with accompanied stretching of liposomes may have occurred at low peptide concentrations. At 

much higher peptide concentrations, however, pore formation may be due to combined action of 

toroidal pores and solubilization of lipids by peptides into micelles that is consistent with carpet 

mechanism. 

 

In the third study, we investigated the synergistic effect of ultrasonication and antimicrobial action 

of Cecropin P1 using a batch and continuous cylindrical ultrasonic processing system. The 

deactivation of E. coli in PBS (pH 7.4) were performed using three different treatments: ultrasound 

(22 kHz) at different power levels (1 - 8 watts) and different exposure times (5, 10, and 15 

minutes), Cecropin P1 (20 µg/ml), and combination of both. The results showed that the combined 

treatment at higher power level (8 watts) for 15 minutes is more efficient, reducing the cell density 

to six orders of magnitude, compared to individual treatments. Our results on the effect of different 

frequencies (14, 22, and 47 kHz) also shown that combination of higher frequency (47 kHz) and 

Cecropin P1 for one minute of exposure time were able to deactivate more cells (up to six orders 

of magnitude) compare to combined treatment with 14 and 22 KHz ultrasound for one minute. 

Continuous flow ultrasonic processing system using this cylindrical transducer of 22 kHz with 

power level of 7 W and 7.5 W also resulted in cell reduction up to four orders of magnitude for 

residence time of 15 min and up to five orders of magnitude for residence time of 34 min 

respectively. 

 

A mathematical model for the description of interaction of antimicrobial peptide with a lipid 

bilayer in the presence of ultrasonication is presented. The model considers the growth and 

collapse of bubbles created by cavitation. The interaction of pressure waves created by bubble 

collapse with lipid bilayer leading to the formation and growth of pores in the absence as well as 

in the presence of antimicrobial peptides are described to demonstrate synergistic action. The 

model is able to predict the effects of pressure amplitude, sonication frequency, surface tension, 

physical properties of the bilayer such as line tension, bending modulus and physical properties of 

antimicrobial peptide such as net charge and hydrophobicity. The time of disintegration of 

phospholipids leading to pore formation is found to be smaller at higher pressure amplitudes, lower 
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line tensions, higher surface tensions and higher frequencies. The destabilization of pores due to 

pressure fluctuation by antimicrobial peptides is mainly due to electrostatic interactions in the pore 

lined with proteins. The model is also able to predict deactivation of bacterial cells as a result of 

pore formation due to pressure waves created by ultrasonication.   
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1   INTRODUCTION 

   Research Motivation 

Food safety has been always a critical concern for both consumers and producers. Recent studies 

are continuously developing a new method that can ensure the food safety without compromising 

their nutritional and sensorial values. To date, the most common practice in food preservation 

involves pasteurization and application of high intensity heat treatment (normally between 121oC 

and 140oC). However, this practice (especially under severe condition) may results in deterioration 

of vitamins, taste, color, and other sensorial characteristics 1. The most popular alternative 

preservation technologies for food products being tested in lab scale are high pressure, electric 

pulsed fields, ultraviolet light, irradiation, light pulses, and ultrasound 1. Probably the question is 

why ultrasound? Ultrasound utilizes sound wave, but we seldom think sound as an energy source 

that can be powerful enough to sterilize water or treat cancer. The use of ultrasound actually has 

been a part of an active emerging technologies in food product research and development. Sound 

waves generated from low frequency ultrasound (20 – 100 kHz), also known  as “conventional 

power ultrasound”, has been developed for years in a range of processes including emulsification 

and cleaning as discussed in a study by Richard & Loomis (1927) in their research article “The 

chemical effects of high frequency sound waves: a preliminary survey” 2. Ultrasound inactivates 

bacterial cells with minimum adverse effect on food sensory characteristics compared to 

conventional heat treatments 3.  

 

The major antimicrobial effect of ultrasound is due to intense acoustic cavitation generated from 

the sound wave. Ultrasound alone can inactive some bacteria cells but it requires high power to 

reach a total kill rate which can be expensive. For preservation purpose, combination with other 
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physical or chemical treatments can be applied to lower the processing cost and enhanced its 

effectiveness 4. To minimize the thermal effect on food, ultrasound assisted with temperature 

(thermosonication) has been proven to be effective in reducing microbial levels compare to thermal 

preservation alone 1.  Our preliminary study has shown that a combination of low intensity 

ultrasound (frequency 22 kHz) and antimicrobial peptide (AMP) Melittin is more efficient in 

reducing cell density (CFU/ml) of a Gram-positive foodborne pathogen Listeria monocytogenes 

up to four order magnitude compare to Melittin or ultrasound alone 5. At low concentrations, AMPs 

kill bacteria by pore formation in the cell membranes. Therefore, transient pores formed by 

ultrasound cavitation can enhance  antimicrobial activity. Antimicrobial peptides are relatively 

small peptides (<10 kDa) which are found in various organisms as a part of their immunity. 

Therapeutic application of antimicrobial peptides can address the rising problem of antibiotic 

resistance. For food application, it is important to use naturally derived AMPs that does not exhibit 

cytotoxicity effect.  

 

Following our previous study, the main motive of this research is to investigate the synergistic 

effect of ultrasound on antimicrobial effect of a classic AMP Cecropin P1 that has no specific 

toxicity to human cells 6 using Escherichia coli O157:H7 as a model organism. E. coli O157:H7 is 

known as the most commonly identified Shiga toxin-producing E. coli (STEC) and has been 

reported to cause several food outbreaks in North America. A simple ultrasound processing unit 

with different resonance frequencies was used in this study to investigate the effects of ultrasound 

intensity and frequency. Lastly, a mathematical model in cavitation phenomena due to ultrasound 

and its effect on pore formation in lipid bilayers will be proposed.  The results of this investigation 
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potentially will lead to a more efficient and economical process for  food preservation with 

minimum  loss of texture and nutritional quality. 

   Objectives 

The objectives of this research include: 

1.   Investigation of the effect of frequencies and power levels in synergistic effect of 

ultrasonication and antimicrobial peptide Cecropin P1 against E. coli O157:H7 using a 

longitudinal (probe) and radial (cylinder) ultrasound system. 

2.   Dye leakage of liposome induced by Cecropin P1 to investigate the mechanism of pore 

formation in lipid bilayers. 

3.   Modelling cavitation phenomena due to sonication and its effect on pore formation in lipid 

bilayers. 

   Organization of Dissertation 

Chapter 1 starts with motivation and objectives behind this research.  

Chapter 2 introduces the literature review on antimicrobial application of ultrasound and 

antimicrobial peptides.  

Chapter 3 investigates synergistic effect of ultrasound on antimicrobial peptides of Cecropin P1 

Chapter 4 discuss dye leakage of liposome induced by Cecropin P1 to investigate the mechanism 

of pore formation in lipid bilayers. 

Chapter 5 investigates synergistic effect of ultrasound on antimicrobial peptides of Cecropin P1 

using a cylindrical ultrasonic processing system.  
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Chapter 6 propose modelling cavitation phenomena due to sonication and its effect on pore 

formation in lipid bilayers.  

Chapter 7 summarizes the finding presented in the thesis and recommends a path for future work 

of synergistic effect of ultrasound and antimicrobial peptides. 
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2   LITERATURE REVIEW 

   Application of ultrasound 

Ultrasound is simply defined as sound wave that generally has a frequency of 20 kHz (cycles per 

second) or more and it is beyond human hearing range (Figure 2.1) 1. For ultrasound, the frequency 

range of 20 −100 kHz is considered as low frequency, between 200 – 500 kHz can be classified as 

intermediate frequencies, while it is considered as high frequency when the frequency is greater 

than 1 MHz 1. Ultrasound utilizations according to frequency and power could be classified as low 

energy (low power/low intensity) or diagnostic ultrasound and high energy (high power/high 

intensity) or power ultrasound 7, 8 as shown in Figure 2.1.  

 

 

 

Figure 2.1 Type of sound wave (redrawn from Legay et al, 2011 7) 

Power ultrasound may affect the chemistry of a product while diagnostic ultrasound does not have 

sufficient power for cavitation. In food industry, low power/low intensity ultrasound has been 
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applied for non-invasive analysis to assess the composition and structure, as well as other quality 

parameters in both pre- and postharvest foods 8, 9. Whereas high power/high intensity ultrasound 

which are more disruptive has been applied to a wide range of applications such as 

sonocrystallization, emulsification, drying and freezing processes, inactivation of enzymes 

responsible for deterioration of juices; modification of functional food properties, and inactivation 

of microbes during decontamination and processing treatments 8, 9. Ultrasound can transmit 

through gas, liquids and solids media. Most application of high power/high intensity ultrasound in 

food processing requires the presence of liquid media where a longitudinal sound waves normally 

propagates in a consecutive compression and rarefaction modes 1.  

   Antimicrobial effect of ultrasound 

Antimicrobial effects from ultrasound treatments can be achieved when applied with sufficiently 

enough intensity, commonly using frequencies between 20 – 24 kHz. Some studies has reported 

frequencies as low as 14 kHz for microbial inactivation 1. Many phenomena may arise from 

propagation of an ultrasonic wave into a liquid system (Figure 2.2).  

 

 

Figure 2.2 Varies effects resulting from ultrasound propagation in a liquid system 7. 
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Ultrasound effects on microbial inactivation in liquid systems are mainly due to acoustic cavitation 

and acoustic streaming 8, 10. Cavitation refers to the formation and dynamics of gas bubbles in 

liquids, which includes hydrodynamic, thermal and acoustic cavitation 11. During acoustic 

cavitation, areas of alternating compression and rarefaction of longitudinal waves are created 

which induced formation, growth, oscillations, and collapse of gas bubbles into a liquid (Figure 

2.3) 7, 8.  

 

Figure 2.3 Principle of ultrasound cavitation (redrawn from Sango et al, 2014 8). 

Cavitation bubbles are formed by nucleation within the fluid at sufficiently high power where the 

rarefaction helps overcome the attractive forces of the liquid 10. During the rarefaction period, 

growth of small bubbles in the liquid occur due to the reduction in local pressure below the vapor 

pressure 8. These bubbles become unstable and collapse in the compression period 8.  This, in turn, 

results in regions of high temperature (up to 5000 oC) and pressure (up to 1000 atm) 1, 8. The 

pressure waves that are generated by these implosions are the main bactericidal effect 3. 

 

Acoustic cavitation can be divided into two types. First is transient cavitation that occurs when the 

gas or vapor filled cavitation bubbles experience irregular oscillations and eventually implode. 

This results in disintegration of biological cells and denaturation of  enzymes. Second is stable 
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cavitation where bubbles oscillate for many acoustic cycles  thereby inducing microstreaming in 

liquid which also applies stress to the microorganisms 12. Stable cavitation can be produced at the 

intensity of 1−3 W/cm2 13. The second phenomena involve acoustic streaming which generates 

fluid currents  leading to gradients in momentum thereby  promoting convective heat transfer near 

the solid boundaries8. All these phenomena lead to bacterial cells disruption.  

 

The mode of action of microbial inactivation due to ultrasound cavitation is due  to damage in the 

cell wall.  Some bacteria are more resistant to cavitation compared to other species 1. Cavitation 

also caused removal of particles from surface. Mechanism of microbial killing also have been 

attributed to thinning of cell membranes, localized heating, and production of free radicals 1, 14.  

Free radicals such as hydroxyl radicals have important bactericidal properties and target DNA in 

the cell wall and may also attack the chemical structure of the cell wall 15. Thinning of cell 

membranes and broken cell wall resulted in a released of cytoplasm content (Figure 2.4) 1, 15.  

 

 

Figure 2.4 Schematic view of a bacterial cell during cavitation showing pore formation, cell 
membrane disruption, and cell breakage as the lethal effects of ultrasound 1. 
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   Assisted ultrasound treatment  

Combination of ultrasound with other treatments such as heat, pressure, and antimicrobial 

solutions can  increase its effectiveness 8, 9, 12. Assisted ultrasound treatment is also more energy 

efficient and results in less deterioration of food quality because lower intensities for shorter 

treatment times The enhanced inactivation for ultrasound combined with heat or pressure is due to 

increased mechanical disruption of cells 3. Study reported that ultrasound combined with heat 

(thermosonication) did not cause important changes in lactic acid content, appearance, and 

consistency of whole milk 16. Thermosonication combined with pulsed electric field has no 

significant effect on the pH, conductivity, oBrix, juice color, non-enzymatic browning index, and 

sensory acceptability compared to thermal treatment 17, 18.  

 

Moderate to high pressure combined with ultrasound (manosonication) can increase in free radical 

production and higher bubble implosion 8. Manosonication (20 kHz, 117 µm amplitude, and 200 

kPa pressure) was more effective in reducing D-value of L. monocytogenes to 1.5 min compare to 

ultrasound alone which giving D-value of 4.5 min 19. Other manosonication studies done by Raso 

et al (1998) 20 and Manas et al (2000) 21 also shown a reduction in D-value for inactivation of L. 

monocytogenes and Yersinia enterocolitica compared to single treatment. However, above 600 

kPa, ultrasound is less effective since pressure waves due to cavitation are not able to overcome 

cohesive forces 8. Therefore, to achieve maximum synergistic effect it is important to determine 

the critical physical or chemical parameter level. Additive effect of heat and pressure in 

manothermosonication (20 kHz, 117 µm amplitude, 200 kPa, 60 oC) was successfully reduced cell 

number of the most heat resilient Salmonella species (Salmonella Senftenberg) to 3-log cycle 

compare to heat treatment which could only be reduced to ½-log cycle 22. 
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Ultrasound treatment could drastically improve decontamination action of antimicrobial solutions 

by increasing its diffusion in food systems. The development of assisted ultrasound processes 

could increase bioactive compounds efficacy, where much lower concentrations are required by 

comparison with water-assisted surface-washing treatments 8. High power ultrasound also resulted 

in microbial reduction when combined with chemical treatments for wash water decontamination 

process of some fruits and vegetables 23. On the therapeutic application, the most researched 

antimicrobial effect of ultrasound is the co-application with conventional antibiotics. There have 

been several investigations that demonstrate that a combination of low intensity and low frequency 

ultrasound and antibiotics is more effective than antibiotics alone 24, 25, 26.  

 

Antimicrobial activity of antimicrobial peptides (AMPs) alone such as Cecropin P1 (MW 3338.86 

g/mol) has been explored 27, 28, 29 . However, investigation on the combined effects of this peptide 

with ultrasound in food systems is limited. Some studies on combination of ultrasound and AMPs 

to combat biofilm-associated bacteria that are less sensitive to antibiotics are reported. Transient 

pores formed by ultrasonication can lead to enhancement of antimicrobial activity of AMPs. 

Ultrasound treatment and human β-defensin enhanced deactivation of antibiotic resistant 

staphylococcus biofilms 30. Ultrasound exposure also increase the diffusion of Rose Bengal-

antimicrobial peptide conjugate to treat Pseudomonas aeruginosa and Staphylococcus aureus 

biofilm 31. In addition to increasing the membrane permeability due to pore formation, shear forces 

induced by ultrasound also result in  membrane and film disruption. A combination of low intensity 

ultrasonication and low concentration of AMP Melittin has been shown to be more effective in 

deactivation of a Gram-positive bacteria L. monocytogenes up to four order of magnitudes 

compared to AMP or ultrasonication alone 5. 
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Even though ultrasound or ultrasound assisted technologies are not yet become a routine in the 

food industry, but all the above studies show that power ultrasound can  become an alternative 

technique for food preservation while still preserving the nutrition and sensory quality of the 

product. This will open a promising application in industrial level.  

   Overview of ultrasound equipment in food processing 

Based on its power and frequency, there are commonly two categories of ultrasound instruments 

known; power ultrasound equipment and analytical ultrasound equipment (including imaging) as 

mentioned in Figure 2.1.  Most ultrasonic equipment consists of electrical power generator, 

transducer, and emitter 32. Power ultrasound traditionally used in food processing, disinfection, 

and cleaning is either using a horn type as the sound emitter or using a bath type.  

2.4.1   Basic components of ultrasound equipment 

The electrical generator is the source of energy for the ultrasonic system. It produces electrical 

current with specified power level that drives the transducer 32. The power generator operates in 

the lower frequency range (10 – 40 kHz) mostly used for changing in food composition, 

freezing/thawing, and inactivating enzymes and microorganisms. While a transducer is the central 

element in all ultrasonic systems which generate the actual sound waves. It converts electrical 

energy into sound energy (vibrational frequency and amplitude) 32. The most common type of 

transducer is the piezoelectric transducer (PZT) and it is used in most ultrasonic system 32. PZT is 

based on crystalline ceramic material that responds to electrical energy and achieving better than 

95% efficiency compare to other types of transducers 1.  
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The main types of emitter are baths and horns or probes (horns often require the attachment of a 

horn tip known as a sonotrode) as shown in Figure 2.5 33.  

 

Figure 2.5 Two common types of ultrasonic system (redrawn from Naddeo et al, 2014 33). 

Its functions to radiate the sound wave generated by a transducer to a medium. Emitters may also 

amplify the sound vibrations while radiating them. In bath system, one or more transducers radiate 

the ultrasound wave directly into the sample 32. In horn-based system, a horn or probe attached to 

a transducer brings the amplified signal to the sample. The sonotrode or tip of the horn radiates the 

ultrasound wave into the sample 32. Commercially available probes come in different shapes and 

sizes because their shapes determine the intensity of radiation. More robust emitter are required in 

industrial scale versus laboratory use 1. 

2.4.2   Examples of ultrasound system in cell inactivation 

Ultrasound system available commercially usually consist of ultrasound processor with electrical 

generator and transducer and offer several types of emitters for different applications. Some studies 

reported a number of success examples of custom-designed ultrasonic system for cell inactivation 

(Figure 2.6) 34 - 37.  
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Figure 2.6 Schematic view of different ultrasonic system for cell inactivation. Left: radially 
focused ultrasonic disruptor 34, middle: horn-based ultrasound 35, right: bath ultrasound for juice 

treatment 37. 

Scientists from Pacific Northwest National Laboratory designed a novel, continuous flow, radially 

focused ultrasonic disruptor working at 1 MHz which capable of lysing Bacillus globigii and B. 

subtilis spores with sample residence times of 62 s and 12 s respectively 34. Furuta et al assembled 

a horn-based system operating at 27.5 kHz for inactivation of E. coli cells containing a generator, 

transducer, emitter, and displacement meter to monitor input/output vibrational amplitudes of the 

horn 35. Borthwick et al came up with a 20 kHz tubular system for disruption of Saccharomyces 

cerevisiae 36. The majority of literature on cell inactivation by ultrasound mostly using a single 

operating frequency that is very application-specific and reports process parameters and results for 

single type of experiment only. In term of industrial scale application for food preservation, this 

raises some challenges to generate a standard working operating condition in complex food 

systems because different types of food and microorganisms may affect differently to ultrasound 

treatment. It is also important to see the effect of different frequencies and power levels of 

ultrasound for microorganism inactivation because this will be related to the cavitation damage 

and intensity of ultrasound.  
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   Factor affecting microbial inactivation  

Several factors influence microbial inactivation by ultrasound since microorganism in different 

media do not react in the same way to ultrasound treatment. Below are some important factors that 

affect microbial inactivation using ultrasound. 

2.5.1   Intensity and amplitude of ultrasound waves 

The power of ultrasound wave is measured through the amplitude of the mechanical vibrations. 

Power will increase with higher amplitude 38.  Theoretically, high power, therefore high intensity, 

produce high pressure causing violent collapse of cavitation bubbles in the medium which destroy 

microorganisms and enzymes in a food and breakdown microstructures 1, 39. The ultrasound power 

level can be expressed as power (W, joule/sec), intensity (W/ml or W/cm2), or energy (joule).  

2.5.2   Frequency of ultrasound waves 

The frequency of sound waves influences formation and size of cavitation bubbles. Cavitation 

intensity in liquids decreases at higher  ultrasonic frequencies 40. Because of smaller rarefaction 

(and compression) cycle period at very high frequency, a bubble is not able to grow a size sufficient 

to cause disruption of the liquid. In addition, the time required to collapse the bubble may be longer 

than is available in the compression half cycle 39, 40. At higher frequency, less time is available for 

cavitation bubble formation because of shorter acoustic cycle; therefore the bubbles are smaller 

and collapse with less energy (Figure 2.7) 41. Figure 2.8 shows an example of the relation between 

maximum fluid pressure against frequency for a fixed pressure amplitude (PA) and bubble radius 

(Re) 39.  
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Figure 2.7 Influences of frequency at number and diameter of cavitation bubbles 41. 

 

Figure 2.8 Variation with frequency of maximum fluid pressure during collapse; Re = 3.2 x 10-4 
cm; PA = 4 atm 39. 

2.5.3   Treatment temperature 

At higher temperature, cavitation could be achieved at lower acoustic intensity because of higher 

vapor pressure 1. As a result, more cavitational bubbles are produced as temperature of the sample 

increases, which cause more cavitation. But there should be a limit of acceptable temperature for 

each system in order to get maximum benefit from cavitational collapse without risking the food 

properties and qualities. Therefore, experiment should be conducted at as low a temperature as is 

feasible or with a solvent of low vapor pressure 39. 
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2.5.4   External pressure 

The pressure at the time of bubble collapse is determined by hydrostatic pressure (Ph) and the 

acoustic pressure (Pa) 38, 39. Increasing pressure leads to an increase in cavitation threshold.  

2.5.5   Viscosity of media 

Ultrasound inactivation on microorganisms are different in food product compared to 

microbiological aqueous media because of the difference in  viscosity 38. The formation of vapor-

filled cavitation bubbles in a liquid requires that the negative pressure in the rarefaction region 

must overcome the natural cohesive forces acting within the liquids 39. Therefore, cavitation is 

more difficult in viscous liquids or liquids with high surface tensions where the cohesive forces 

are stronger. Greater intensity sound wave will be required.  

2.5.6   Treatment volume 

Higher sample volume results in a decreased inactivation rate for the same ultrasound equipment. 

This is due to a decrease in ultrasound power density (W/ml) for larger sample volume 39.  

2.5.7   Properties of microorganism 

Bacteria are categorized either as Gram-positive or Gram-negative depending on their response to 

Gram staining. Differences in their cell wall structures result in in different stained colors. Gram-

positive bacteria have a thicker cell wall 38. The layers in a Gram-positive cell wall consist of an 

outer homogeneous peptidoglycan  (20−80 nm thick) and  plasma membrane. In contrast, Gram-

negative cells have a thinner peptidoglycan layer (2−7 nm) and an additional thick outer membrane 

(7−8 nm) 38.  This classification system was developed by Christian Gram in 1884 38. As a 

consequence of the difference in their cell wall thickness and structures, their resistance to 
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mechanical effects would be vary. Cell wall and cell membrane structures widely considered as 

one of the main factors affecting the ultrasound inactivation of bacteria. Some Gram negative and 

Gram positive may have differential response to treatments. 

 

Bacteria are one of the major causes for food spoilage. Among others, these include Bacillus 

cereus, Campylobacter jejuni, Clostridium botulinum, Enterobacter sakazakii, Escherichia coli, 

Listeria monocytogenes, Salmonella species, Shigella, Staphylococcus aureus, Vibrio 

parahaemolyticus, Vibrio vulnificus, and Yersinia enterocolitica 38, 42, 43. Most of bacterial cell is 

about 0.5–1.0 × 2.0–10 µm in size, and they can be arranged in different formations such as 

clusters, chains or tetrads 43. The main properties of bacterial cell walls that may influence the 

effects of ultrasound are cell wall, cell appendages, capsule and slime, and hydrophobicity. Some 

studies reported various results on the relationship between effectiveness of ultrasound and physio-

chemical properties of the microorganism 38, 44.  

 

Generally, bacterial spores are the most resistant to any physical or chemical treatment including 

ultrasound 45. In vegetative forms, Gram negative bacterial cells are more sensitive compare to 

Gram positive due to their thicker peptidoglycan. The resistance of bacteria toward ultrasound 

treatment also depends upon its shape. Larger and rod shaped cells are more sensitive to sonication 

treatment than smaller and coccus shaped cells 45.  

 

Some bacterial strain of Escherichia coli for example is protected by capsule; a large structural 

polysaccharide layer that lies outside the cell can potentially influence the effects of ultrasound 
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inactivation on bacteria 45. The capsule protects the bacteria against desiccation, phagocytosis, 

bacterial viruses and toxic materials, 44, 45.  

 

Cell appendages are the external features of bacterial cells surface including flagella and fimbriae 

(pili). Flagella are a slender threadlike structure for motile bacteria that protrude from the plasma 

membrane and cell wall; they are about 15−20 µm long 45. Whereas fimbriae are thinner and 

shorter compare to flagella composed of helically arranged protein subunits 45. These structures 

may dampen the effects of cavitation and hence reduce the ultrasound deactivation 45.  

 

Hydrophobicity plays an important role in adhesion 46, 47 ; bacterial cell surface that has higher 

hydrophobicity will attract a cavitation bubble since this has hydrophobic property. Therefore, 

ultrasound exposure can increase surface damage.  

 

Bacterial cell sensitivity to ultrasound treatment also depend on their growth phase. Normally, 

bactreia in complex media such as food will undergo four different phases: the lag phase, 

exponential phase (log phase), stationary phase, and death phase 48, 49. Microbes reproduce rapidly 

in the exponential phase, followed by  the stationary phase during which no further growth occurs. 

Physical and chemical inactivation mainly affects the exponential phase 44 . 

   Antimicrobial peptides 

Antimicrobial peptides (AMPs), a natural  immune system against pathogens, found in most living 

organisms (invertebrate, plant, animal species). Antimicrobial peptide Gramicidin was isolated 

from Bacillus brevis and was found to exhibit activity both in vitro and in vivo against wide range 

of Gram-positive bacteria 50, 51.  Antibiotics was the major antimicrobial agent to treat a wide range 
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of bacterial infection 53 until pathogenic bacteria have developed resistance to almost all available 

antimicrobial drugs due to genetic modifications 53. This phenomenon resulted in development of 

novel molecules such as antimicrobial peptides to combat  resistance. More than 2000 different 

AMPs have been identified and several of their synthetic compounds entered into clinical trials 53.  

 

Microbes have not been successful in resisting the activity of AMPs because these peptides target 

the bacterial cell membrane by forming membrane pores 53, 54, 55. In order to develop resistance to 

AMP, a microbe would have to undertake an energy intensive process to redesign its membrane, 

change membrane composition and its organization 53, 54. In addition, AMPs derived from 

multicellular organism consist of multiple peptides with different structures thereby making it 

difficult for the microorganism to develop resistance 54.  

2.6.1   Antimicrobial peptide diversity 

It is shown that AMPs act against broad range of pathogenic bacteria, fungi, enveloped viruses, 

parasites and cancerous cells 55, 56, 57. The unique characteristics of AMPs are their small size (15 

– 40 amino acids), charge (often overall positive), and they target cell membrane 58.  Some 

common features of AMPs are usually being cationic and amphipathic but are otherwise highly 

diversified from the structural point of view. AMPs exist in different secondary structures α-helix, 

β- sheet and extended or random coil. Most AMPs in aqueous solutions are unstructured and 

change their conformation to an ordered structure in the membrane environment 58. Antimicrobial 

peptides are classified into sub-groups on the basis of their amino acid composition and structure 

as seen on Table 2.1 55.  
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Table 2.1 Classes of antimicrobial peptides 55. 
 

Class Example 
Anionic peptides •   Maximin H5 from amphibians. 

•   Small anionic peptides rich in glutamic and 
aspartic acids from sheep, cattle, and humans. 

•   Dermicidin from humans. 
Linear cationic α-helical peptides •   Cecropins (A), andropin, moricin, ceratotoxin, 

and melittin from insects. 
•   Cecropin P1 from Ascaris nematodes isolated 

from pig intestines. 
•   Magainin(2), dermaseptin, bombinin, brevinine-

1, esculentins and buforin II from amphibians. 
•   Pleurocidin from skin mucous secretions of the 

winter flounder. 
•   LL37 from humans. 

Cationic peptides enriched for 
specific amino acids 

•   Proline-containing peptides (abaecin) from 
honeybees. 

•   Drosocin from Drosophila, pyrrhocoricin from 
the European sap-sucking bug 

•   PR-39 from pigs. 
•   Glycine-containing peptides (hymenoptaecin) 

from honeybees. 
•   Tryptophan-containing peptides (indolicidin) 

from cattle. 
Anionic and cationic peptides that 
contain cysteine and form 
disulphide bonds 

•   Insect defensins 
•   Peptide with 1 disulphide bond include brevinins 
•   Peptide with >3 disulphide bonds include 

drosomycin in fruit flies and plant antifungal 
defensins. 

Anionic and cationic peptide 
fragments of larger protein 

•   Lactoferricin from lactoferrin. 
•   Casocidin I from human casein. 
•   Human haemoglobin. 

 

2.6.2   Cecropin P1 

 A mammalian homologue, cecropin P1 (CP1) was isolated from pig intestines. Cecropin P1 has 

31 amino acid residues (SWLSTAKKLENSAKKRLSEGIAIAIQGGPR) and is rich in lysine. 

Insect cecropins are highly effective against both Gram-negative and Gram-positive bacteria. 

while Cecropin P1 , however,  exhibits reduced activity against Gram-positive bacteria 28. A 
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previous study has  shown that E. coli O157:H7 EDL9333 is sensitive to both Cecropin P1 and 

Cysteine-terminus modified Cecropin P1 5, 28. Cecropin P1 can find potential applications in food 

preservation since it has no cytotoxicity to mammalian cells 6 . 

2.6.3   Themes in mechanisms of action 

Interaction of antimicrobial peptides (AMPs) with cell membrane depend on their charge, 

hydrophobicity, and helicity 59. Natural AMPs are typically positively-charged and therefore 

interacts with the negatively charged membrane of bacteria due to electrostatic interaction. The 

hydrophobicity of AMPs facilitates its penetration into the hydrophobic interior of cell membrane. 

The peptides should have lower hydrophobicity to make them soluble in high concentration 

thereby enabling their efficient transport to membrane. Further penetration of adsorbed peptide 

into the membrane interior would require sufficiently high hydrophobicity 58, 59. Helicity is also 

important feature for AMPs 55, 59. 

2.6.4   Membrane models of antimicrobial peptide killing and lysis 

Multiple models have been proposed to describe the mechanism of disruption of the membrane: 

barrel-stave model, carpet model and toroidal model as shown in Figure 2.9 55. In the barrel-stave 

model, peptide aggregate penetrate the pore with their hydrophilic side chains facing inside and 

the hydrophobic functional groups face outside into the lipid environment  and form a pore in lipid 

membrane 55. In toroidal model, peptide aggregate forms a pore as described above. However, 

because of relatively large positive charge, the peptides are able to attract the negatively charged 

phospholipid heads and bend them to form a toroidal structure.  For the carpet model, peptides at 

high concentrations form micelles which solubilize the lipids thereby leading to the rupture of lipid 

membrane 55. The carpet model is the most commonly proposed membrane-disruption model to 
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explain Cecropin P1 antimicrobial activity, where the peptides disrupt the membrane by orienting 

parallel to the surface of the lipid bilayer and forming an extensive layer or carpet 55, 60 -62.  

 

Figure 2.9 Mode of action of membrane active antimicrobial peptides (redrawn from Brogden, 
2005 55) 

   Modelling of cavitation 

The benefit of acoustic cavitation in liquids due to ultrasonication is its ability to concentrate 

acoustic energy in small volumes that will lead to extreme conditions however thorough 

examination on what exactly occurs during ultrasonically induced cavitation is remain a challenge. 

The challenge involves a complex multidisciplinary problem with a wide range of temporal and 

spatial scales. It is therefore difficult to extrapolate action of a single bubble on a specific condition 

to a macroscopic effect. For all these reasons, it would be challenging to predict and scale up. 

However, few efforts in modelling acoustic cavitation has been done that lead to various potential 

industrial application.  
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Earlier studies done by Noltingk and Neppiras (1951) 63 Neppiras (1980) 64 present an important 

physics examination on cavitation bubble produce by ultrasonics. Their study has been a valuable 

reference for understanding and modelling the acoustic cavitation phenomena presented in this 

thesis. Their study was inspired by Rayleigh (1917) 65, who study the behavior of incompressible 

fluid in which he imagined a spherical void to be suddenly formed. Later, Beeching (1942) 66 

extended his analysis by taking into account effects of surface tension and the pressure of liquid 

vapor in the bubble. Knapp and Holander (1948) 67 investigates the conditions under which 

cavitation bubble occur using a high-speed camera to trace the life history of a cavitation bubble 

and Plesset (1949) 68, 69 has developed an equation for a motion of a vapor-filled bubble in a 

changing pressure field to complete the previous investigations. 

 

Since then, extensive literatures have been published to elucidate acoustic cavitation based on a 

single-bubble or multi bubble behavior. A sound approach of cavitation physics and a wide 

collection of references are published by Leighton (1994) 70 and Brennen (1995) 71. The 

proceedings of the 1997 NATO conference on sonochemistry and sonoluminescence also include 

an interesting collection of articles on cavitation bubble dynamics for both topics 1. Lauterborn 

(1999) 72 and Mettin (2002) 73 groups did a comprehensive review of theoretical and experimental 

works on non-linear bubble dynamics. Lin et al (33) 74 did a direct numerical simulation of the gas 

inside and the liquid outside the bubble where it mentioned that there is uniformity of the gas inside 

the bubble due to the rapid oscillation of the bubble and its small size. Several numerical 

approaches have been used to simulate cavitation phenomena for example using computational 

fluid dynamics 75.  
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A few examples of recent studies on modeling cavitation phenomena are done by Fu et al (2014) 

76  who investigated the collapse of bubbles of different diameters using atomistic and coarse-

grained molecular dynamics simulations to calculate the force exerted on the membrane that 

enhanced the permeability of membrane. However, their results highlight the need for correct 

masses in the coarse-grained simulations of dynamic phenomena as well as difficulty of defining 

effective time scales. Znidarcic et al (2015) 77 performed a numerical simulation of cavitation in a 

rapidly changing pressure field due to a small ultrasonic horn transducer based on Rayleigh-Plesset 

equation. They developed an improved model to simulate the cavity dynamics, volume, and 

emitted pressure pulsations from a 20 kHz ultrasonic horn transducer tip. But this approach still 

needs to be tested for different types and conditions of ultrasonic transducers.  

 

To the best of our knowledge, due to the limitations and complexities presented above, so far there 

is no comprehensive study on either numerical or molecular dynamic simulation which cover 

synergistic effect of ultrasonication on antimicrobial peptide. The model proposed in this thesis, 

will cover a comprehensive numerical analysis starting from the cavitation bubble dynamics itself, 

pressure field generated from the collapsed bubble, its effect  on cell deactivation, and synergistic 

effect of acoustic cavitation phenomena and antimicrobial peptides, which make this investigation 

important. 
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3   INVESTIGATION OF SYNERGISTIC EFFECTS OF ULTRASOUND 
ON ANTIMICROBIAL ACTIVITY OF CECROPIN P1 

 
Published as “Fitriyanti, M., & Narsimhan, G. (2018). Synergistic effect of low power 
ultrasonication on antimicrobial activity of cecropin P1 against E. coli in food systems. LWT - 
Food Science and Technology, 96, 175-181. https://doi.org/10.1016/j.lwt.2018.05.016.” 
 

   Introduction 

Food safety continues to be a major issue for consumers and manufacturers. One of the concerns 

include the spread of microbiological hazards such as pathogenic Escherichia coli and Listeria 

monocytogenes. The most conventional and common practice to eliminate the contamination 

usually involves heat treatment by applying high intensity heat (normally between 121 °C and 140 

°C) to food products 78. However, this practice results in losses of food nutritional value and the 

changes it induces in color, flavor, and texture of final products 78-80. Sound waves generated from 

low frequency ultrasonication (20–100 kHz) has the advantage of inactivating bacterial cells 

without no adverse effect on food texture compared to conventional heat treatment. This method 

kills bacterial cells by the formation of transient pores in the cell membranes due to shock waves 

generated by collapse of bubbles that are formed by cavitation 8. Several in vitro studies using 

laboratory media have also reported a vast potential for natural antimicrobial agent application 

such as antimicrobial peptides (AMPs) 81, 82 in food preservation 83-86.  

 

AMPs are naturally found in various organisms and are ancient components of the innate 

immunity. The rising problem of pathogenic organisms which are resistant to conventional 

antibiotics and consumer demand for a greener additive has increased interest in therapeutic 

application of antimicrobial peptides to treat bacterial infection. Cecropins are positively charged 



41 
 

AMPs that were originally isolated from insect, the cecropia moths 87. A mammalian homologue, 

Cecropin P1 (CP1), was isolated from pig intestines 88. Insect cecropins are highly potent against 

both Gram negative and Gram positive bacteria, while Cecropin P1 is as active as insect cecropins 

against Gram negative but has reduced activity against Gram positive bacteria. Cecropin P1 has 

31 amino acid residues (SWLSTAKKLENSAKKRLSEGIAIAIQGGPR) and is rich in lysine. 

Cecropin P1 is able to kill microorganisms by forming an α-helical chain when penetrating the cell 

membrane to make it leaky 88, 89. Cecropin P1 has no cytotoxicity to mammalian cells and therefore 

can find potential applications in food preservation 6. It has also been demonstrated that a 

combination of ultrasound and bacteriocin results in an enhancement in deactivation of antibiotic 

resistant staphylococcus biofilms 30.  

 

An extensive review of synergistic antimicrobial effect of high power ultrasound with other forms 

of energy such as UV, pulsed electric field, pressure and heat is given by Harris et al 90. 

Antimicrobial activity of Cecropin P1 alone has been explored 27-29 but study on the combination 

of this peptide with ultrasound to deactivate bacterial cells has not been explored especially in food 

and beverages. Antimicrobial peptides at low concentrations kill bacteria by pore formation in the 

cell membranes, thus transient pores formed by ultrasonication should result in enhancement of 

antimicrobial activity. Our previous investigation demonstrated that a combination of low intensity 

ultrasonication and low concentration of AMP Melittin is more effective in deactivation of a gram-

positive bacteria Listeria monocytogenes compared to AMP or ultrasonication alone 5. Following 

this study, the purpose of current research is to evaluate the synergistic effect of other type of 

classic AMP (Cecropin P1) and low frequency ultrasonication against a common contaminant 

Escherichia coli for milk and orange juice preservation. In this study, deactivation of E. coli in 
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milk (2% fat) and orange juice were performed using three different treatments: low frequency 

ultrasonication (20 kHz), antimicrobial peptide Cecropin P1 (20 µg/ml), and combination of both. 

The results of this investigation hopefully will be useful in the development of more efficient and 

economical process for deactivation of pathogens in food systems such as milk and orange juice 

without loss of texture and nutritional quality. 

   Materials and methods 

3.2.1   Beverage samples, bacteria, growth media and Cecropin P1 

Commercial milk (2% fat) and non-pulp orange juice were purchased from a local market (West 

Lafayette, IN) and store at 4 oC prior to experiments. E. coli O157:H7 EDL933 was incubated at 

37 oC for 16 h, which was propagated in BHI broth (Neogen, Lansing, MI) at 37 oC for 16 h prior 

to experiments. Cecropin P1 isolated from pig intestine (Sigma-Aldrich, St Louis, MO) was used 

as lyophilized powder. Phophate Buffer Saline (PBS) pH 7.4 and pH 4.0 was used for dilution of 

bacteria to see the effect of pH on antimicrobial activity of Cecropin P1. 

3.2.2   Ultrasonic treatment 

An ultrasound cell disruptor (Sonifier 450, Branson Ultrasonics, Danbury, CT) with horn 

frequency from 19.850 kHz to 20.050 kHz were used for the experiments. To investigate the effect 

of power and time of ultrasonication, experiments were carried out at two output control settings 

of 1 (which corresponds to 40W power) and 4 (which corresponds to 160W power) and sonication 

times of 30 and 60 min, with (20 µg/ml)  and without Cecropin P1.  For each experiment, 5 ml of 

E. coli suspension in different media was treated using ultrasound at 25 oC and the temperature 

was kept constant by immersing the sample in ice bath. The treatment was conducted with and 
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without Cecropin P1 for different specified times and output control. To see the effect of pH on 

antimicrobial action of Cecropin P1, all experiments were performed at two different pH; PBS pH 

7.4 and PBS pH 4.0. The bacteria were exposed to Cecropin P1 treatment at a concentration of 20 

µg/ml. Minimum inhibitory concentration of Cecropin P1 was determined using broth 

microdilution method 91. 

3.2.3   Microbial analysis 

Viable bacterial concentration in the solution of sample after each treatment were measured by 

plate count method. A 0.1 ml portion of E. coli O157:H7 EDL933 suspension, which was 

propagated in BHI broth (Neogen, Lansing, MI) at 37 oC for 16 h prior to experiments, was diluted 

until a concentration that is estimated to be about 107 cells per ml is reached which was then spread 

onto a solid BHI agar plate (Neogen, Lansing, MI). The plates were incubated at 37 oC for 16 h 

and the total number of colony forming units per milliliter (CFU/mL) on the plate was determined 

to obtain the viable bacterial cell numbers 5. 

3.2.4   Viscosity and pH determination 

Viscosity of the orange juice and milk samples was measured using Cannon-Fenske capillary 

viscometer size 100 (Cannon instrument, State College, PA). The pH of orange juice and milk 

samples was measured at 25 oC (Mettler Toledo, Australia). Viscosity determinations were 

performed in triplicate. The pH probe was calibrated before samples measurement at 25 oC using 

standard buffers at pH 4.0, 7.0, and 10.0. 
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3.2.5   Color determination 

Before and after ultrasonication, orange juice and milk samples were adjusted to room temperature 

(25 oC). Color was measured using a Hunter Laboratory colorimeter (LabScan XE, Hunter 

Associates Laboratory Inc., Reston, VA) based on three color coordinates, namely, L*, a*, and b*. 

The instrument (D65 optical sensor, 10° observer) was calibrated using white (L= 92.8; a = -0.8, 

b = 0.1) and black reference tiles. Color values were expressed as L* (whiteness or 

brightness/darkness), a* (redness/greenness), and b* (yellowness/blueness) and total color 

difference (TCD) was determined which indicates the magnitude of color change after treatment 

92. Color determinations were taken in triplicate. 

3.2.6   Protein assay 

Soluble protein concentrations were determined on milk samples before and after ultrasonication 

at room temperature (25 oC). Protein concentration determined using the BioRad Protein assay 

(BioRad Laboratories, Richmond, CA) with bovine gamma-globulin as the standard. Protein 

determinations were taken in triplicate. 

3.2.7   Vitamin C assay 

Vitamin C concentration in orange juice samples before and after ultrasonication was determined 

at room temperature (25 oC) by 2,6-dichloroindophenol titrimetric method as described in AOAC 

Method 967.21 using ascorbic acid as the standard 93. Vitamin C determinations were taken in 

triplicate. 
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3.2.8   Transmission electron microscopy (TEM) 

E. coli O157:H7 EDL 933 cells treated with CP1 for 2 hours or untreated (PBS only) were fixed 

in 5% glutaraldehyde fixative solution (1:1). The reduced osmium solution was treated with the 

sample solution (washed with 0.1 M cacodylate buffer at pH 6.8), followed by two washes with 

water. The cells were embedded in 1.5% agarose (low temp. gelling), processed, dehydrated and 

sectioned to observe under a FEI Tecnai G2 20 transmission electron microscope using an 

accelerating voltage of 80 kV. High magnification (43,000×) images of at least five different 

microscopic fields (5–10 cells/field) were captured to show the structural damage 5. 

3.2.9   Zeta potential measurement 

Zeta potential were determined using a ZetaSizer Nano ZS (Malvern Instruments). The sample 

containing liposome (1, 2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)/cholesterol) and β-

casein (Sigma–Aldrich, MO) at different CP1/β-casein ratio is dispersed in PBS buffer zeta 

potential values were measured at 25 °C.  

3.2.10   Statistical analysis 

A general factorial design (SAS V.9.4., SAS Institute, Cary, NC) consisting 8 experimental trials 

was employed. Means, standard deviation, and standard error of the mean were calculated for each 

treatment. Analysis of variance (ANOVA) was carried out to determine any significance 

differences (p<0.005) among the treatments. Tukey’s studentized range test (p<0.005) was applied 

to compare the average values obtained. 
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   Results and discussions 

3.3.1   Microbial analysis 

The effect of ultrasonic power on CFU/ml of E. coli for different treatments at pH 7.4 and 4.0 for 

30 min are shown in Figures 3.1A and 3.2A respectively.  Similar results were obtained for 60 min 

treatment (Figures 3.1B and 3.2B).  Deactivation was more intense (lower CFU/ml) at 60 min 

treatment compared to 30 min treatment (compare Figures 3.1B and 3.2B with Figures 3.1A and 

3.2A). As expected, more intense deactivation (lower CFU/ml) was observed at higher power level 

(160 W) compared to lower power level (40 W) at both neutral (pH 7.4) and acidic pH (pH 4). 

Application of ultrasound decreased CFU/ml by a factor of 102 whereas Cecropin P1 resulted in a 

decrease of around 101 (Figure 3.1). Combination of ultrasound and Cecropin P1 led to a 

considerable deactivation of E. coli with a decrease of CFU/ml by  a  factor of 102 for 40 W and 

103 for 160 W respectively. This result clearly demonstrates synergistic effect of ultrasound and 

antimicrobial peptide action. The synergistic effect of ultrasound and Cecropin P1 is more 

pronounced at pH 4.0 compared to neutral pH (reduction of CFU/ml by factors of 103 and 104 at 

40 and 160 W respectively) as shown in Figures 3.1 and 3.2 
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Figure 3.1 Bacterial viability (in CFU/ml) on PBS pH 7.4 determined by plate count after 24 h. 

(A) 30 min of exposure (B) 60 min of exposure at different power level (40 W and 160 W). 
Control is sample without ultrasound and Cecropin P1 (CP1). Error bars are standard of the mean 

(SEM) of duplicates. 

 
 

Figure 3.2 Bacterial viability (in CFU/ml) on citrate buffer pH 4.2 determined by plate count 
after 24 h. (A) 30 min of exposure (B) 60 min of exposure at different power level (40 W and 

160 W). Control is sample without ultrasound and Cecropin P1 (CP1). Error bars are standard of 
the mean (SEM) of duplicates. 

Bacterial viability of orange juice inoculated with E. coli for different treatments and solids 

concentrations at pH 4.0 are shown for 30 and 60 min exposure in Figure 3.3. Bacterial 

deactivation was more pronounced for orange juice compared to PBS at pH 4.0 with the reductions 

of CFU/ml by factors of 10, 102 and greater than 103 for ultrasound, Cecropin P1 and combined 
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treatments respectively (Figure 3.3). As can be seen from Figure 3.3, deactivation of E. coli was 

insensitive to solids concentration in orange juice.  

 
 

Figure 3.3 Bacterial viability (in CFU/ml) at different orange juice concentrations (pH 4.0) 
determined by plate count after 24 h. (A) 30 min of exposure (B) 60 min of exposure. Powel 

level 160 W. Control is sample without ultrasound and Cecropin P1 (CP1). Error bars are 
standard of the mean (SEM) of duplicates. 

Similar results for deactivation of milk at pH 6.5 for different solid content when exposed to 30 

and 60 min are shown in Figure 3.4. Deactivation of E. coli was found to be less in milk for 

different treatments compared to orange juice (compare Figure 3.3 and 3.4). In addition, higher 

solids concentration in milk resulted in lower deactivation for combined treatment, this effect 

being more when solids concentration is increased from 5% to 10%. However, for other treatments, 

deactivation was relatively insensitive to solids content.  
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Figure 3.4 Bacterial viability (in CFU/ml) at different milk concentrations (pH 6.5) determined 
by plate count after 24 h. (A) 30 min of exposure (B) 60 min of exposure. Powel level 160 W. 

Control is sample without ultrasound and Cecropin P1 (CP1). Error bars are standard of the mean 
(SEM) of duplicates. 

As expected, higher power level (160 W) and longer exposure time (60 min) are more efficient to 

reduce E. coli cell density because more energy from the device is being applied to the system 

(Figure 3.1). Low power sonication leads to pressure waves of sonication frequency. The 

amplitude of these waves will depend on the power level.  At sufficiently high power, the pressure 

wave can create bubbles when the pressure becomes less than the vapor pressure. The interaction 

of pressure waves with these bubbles lead to their collapse (cavitation) leading to shock waves 

which propagate from collapsing bubbles. On the other hand, E. coli can also be deactivated by 

Cecropin P1 at concentrations higher than its minimum inhibitory concentration (MIC) that form 

pores on the cell membranes causing leakage of cell contents and eventual cell death.  Based on 

our previous study 5, 82, the synergistic effect of ultrasonication and antimicrobial peptides can be 

described as follow. The interaction of pressure waves with the bacterial cell membrane would 

lead to formation of transient pores. Few reports demonstrated the formation of temporary pores 

in cell membrane mediated by ultrasound which can increase transport of antibiotics into the 

membrane 94, 95. Cecropin P1 will adsorb onto the inner lining of transient pore with the hydrophilic 
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side chains lining the inside of the pore and the hydrophobic side chains pointing towards the lipid 

tails. Further adsorption of Cecropin P1 onto preexisting pores would result in growth of these 

pores eventually leading to leakage of intracellular matter and cell death. Formation of transient 

pores by sonication facilitates cell death by reducing the energy barrier for formation and growth 

of pores by Cecropin P1. Hence the synergistic effect between ultrasonication and antimicrobial 

peptide action.  

 

Synergism was observed at both PBS with neutral and acidic pH (Figures 3.1 and 3.2 respectively) 

but the synergism was more pronounced at acidic pH consistent with an increase in net positive 

charge on the cationic peptides. Increased positive charge on the peptide surfaces create stronger 

electrostatic interaction between the peptides and negatively charged cell membrane, thus resulting 

in more adsorption of Cecropin P1 and hence more deactivation.  

 

In order to understand the effect of solid content in milk, we measured zeta potential of different 

solution containing different Cecropin P1/β-casein ratio exposed to Liposomes.  β-casein was 

chosen to mimic milk protein and liposome was used as artificial bacterial cell 96, 97. As shown on 

Table 3.1, zeta potential decreased as β-casein concentration increased in the solution. At pH 6.5, 

the casein micelles have a net negative charge and quite stable. These micelles will aggregate with 

Cecropin P1 due to electrostatic attraction with the positively charged residues and therefore limit 

the interaction of Ceropin P1 with the lipid surface. 
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Table 3.1 Zeta potential of different Cecropin P1/β-casein ratios. 
 

Cecropin P1/β-casein ratio   Zeta potential (mV)  

1:1   -19.97±0.011*  

1:2   -19.76±0.018  

1:3   -20.16±0.011  

1:4   -20.91±0.011  

1:5   -21.56±0.014  
*Standard error of the mean 

 

Morphological changes in E. coli cells occurred after exposure to Cecropin P1 and low frequency 

ultrasonication for 60 min as shown from TEM images (Figure 3.5). Pore formation which resulted 

in leakage of intracellular material was observed (Figure 3.5B) when E. coli cells were exposed to 

Cecropin P1 at a concentration corresponding to MIC. Some E. coli cells (Figure 3.5C) were 

disrupted and the cytoplasmic material was released to the extracellular medium when exposed to 

much higher Cecropin P1 concentration. However, Cecropin P1 was not able to completely 

deactivated E. coli at MIC as well as at a higher concentration as indicated by the presence of some 

intact cells in both cases (Figures 3.5B and 3.5C). It is interesting to note that exposure to 160 W 

ultrasonication results in periodic deformation of the cell wall due to pressure waves (Figure 3.5D). 

Higher magnification TEM clearly indicates cell membrane rupture leading to leakage of 

intracellular material (Figure 3.5E).  Application of ultasonication and Cecropin P1 at MIC results 

in complete deactivation of E. coli as evident from TEM micrograph shown in Figure 3.5F. This 

further confirms synergism between ultrasonication and antimicrobial action by Cecropin P1. Such 

an enhancement in antimicrobial activity can therefore lead to a more economical and effective 

alternative for conventional preservation process.  
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Figure 3.5 TEM photograph of E. coli. (a) untreated cells (b) cells treated with Cecropin P1 at 

MIC for 1 h (c) cells treated with Cecropin P1 at concentration higher than MIC (d) cells treated 
with ultrasonication at 160 W power level for 1 h (e) Higher magnification of cells treated with 

ultrasonication show membrane rupture (f) cells treated with Cecropin P1 (at MIC) and 
ultrasonication (160 W) for 60 min. Red arrows indicate the membrane disruption. 

3.3.2   Physicochemical analysis of orange juice and milk 

Viscosity is a physical property for describing mouth feel of a beverage product. Depending on 

the ultrasound intensity, food viscosity can either increase or decrease, the effect can be temporary 

or permanent 10. Viscosity of orange juice (Table 3.2)  and milk (Table 3.3) were lower compared 

to control after exposure to different ultrasonication treatments.  
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Table 3.2 Physicochemical analysis of orange juice. 
 

Treatment Viscosity 
(mPa.s) 

L*  
(Lightness) 

a* 
(Red-green) 

b* 
(Yellow-blue) 

TCD  
(Total color 
difference) 

Vitamin C  
(mg/ml) 

Control  1.76±0.002a 58.88±0.003c -1.32±0.003c 42.31±0.012b 0 0.45±NDa
b
 

30 min, 40 W 1.68±0.005b 59.92±0.003a -1.20±0.003b 42.81±0.012a 0.68±0.001a 0.45±NDa 
60 min, 40 W 1.65±0.004c 59.33±0.003b -0.89±0.006a 42.23±0.006c 1.13±0.002b 0.45±NDa 

30 min, 160 W 1.63±0.002d 58.88±0.003c -1.82±0.006e 40.79±0.007d 1.61±0.007c 0.36±NDb 
60 min, 160 W 1.59±0.006e 57.97±0.003d -1.74±0.007d 39.24±0.006e 3.23±0.011d 0.36±NDb 

a Values followed by the same letter in a column for each of the parameters are not significant. 
b Not detectable. 
 

Table 3.3 Physicochemical analysis of milk 
Treatment Viscosity 

(mPa.s) 
L* 

(Lightness) 
a* 

(Red-green) 
b* 

(Yellow-blue) 
TCD 

(Total color 
difference) 

Protein 
(mg/ml) 

Control 1.79±0.004a 91.63±0.000a -3.04±0.000a 6.15±0.006a 0 4.75±0.016a 
30 min, 40 W 1.69±0.003b 91.59±0.000b -3.06±0.003b 6.04±0.006b 0.12±0.0004a 4.95±0.014a 

60 min, 40 W 1.68±0.008b 91.46±0.003c -3.10±0.003c 6.03±0.003b 0.22±0.0046b 4.99±0.012a 

30 min, 160 W 1.66±0.008b 91.14±0.000d -3.09±0.003c 5.87±0.006c 0.57±0.0003c 4.94±0.019a 

60 min, 160 W 1.64±0.001c 90.14±0.009e -3.13±0.000d 5.26±0.003d 1.73±0.009d 4.89±0.029a 
a Values followed by the same letter in a column for each of the parameters are not significant 

 

This decrease in viscosity was not statistically significant for milk whereas, for orange juice, the 

decrease was larger for larger sonication time especially at 160 W. However, the decrease in 

visocity was small in that it decreased from 1.76 to 1.59 mPa.s for orange juice and from 1.79 to 

1.64 mPa.s for milk. Ultrasound cavitation has been reported to result in a temporary decrease in 

viscosity. In case of fruit juices such as orange juice, a decrease in viscosity is due to pectin chain 

degradation. Seshadri et al 98 suggested that the application of ultrasound breaks the linear pectin 

molecule, reducing its molecular weight and weaker formation. Another possible explanation is 

that the decrease in viscosity is caused by disruption of pectin microaggregates.  Ashokkumar et 



54 
 

al 99 also reported that the physical effects of ultrasound can be used to reduce the viscosity of 

dairy products by disrupting aggregates and reducing the interaction between neighboring 

structures, such as casein micelles. Their study showed a decrease (>60% reduction) in skim milk 

concentrate viscosity due to sonication at 20 kHz and 31 W for 1 and 5 minutes. 

 

Significant in color differences (p<0.005) were observed for all sonicated samples (Table 3.2 and 

3.3). As for orange juice samples, L* value (lightness) slightly increased with time of exposure at 

40 W whereas it slightly decreased with time at 160 W (Table 3.2). For heated apple juice samples, 

Genovese et al 100 has reported an increase in L* for smaller exposure time and a decrease at larger 

exposure times. They attributed this behavior to the partial participation of unstable suspended 

particles due to oxidative darkening. For milk samples, however L* was found to decrease with 

exposure time at both power levels (Table 3.3).  Popov-Raljić et al 101 also observed a decrease in 

lightness value (L*) in UHT milk samples with 3.2% and 1.6% fat during storage. The red-green 

value (a*) and the yellow-blue value (b*) are decreasing for all samples. Decrease in a* means the 

milk color is less dark (less red). In the case of UHT milk, Toba et al 102 reported that increase in 

a* value was detected during degradation of tryptophan and tyrosine which can induce the color 

change during its exposure to light. While decrease in b*value is probably induced by simultaneous 

degradation of the yellowish-green colored riboflavin (vitamin B2), β-carotene and vitamin A 

molecule 103, 104.   

 

Total color difference (TCD) value indicates the magnitude of color difference between sonicated 

and unsonicated (control) samples. Differences in perceivable color can be analytically classified 

as very distinct (TCD > 3), distinct (1.5 < TCD < 3), and small differences (TCD < 1.5) 105. TCD 
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for orange juices sample and milk samples with different treatments are shown at Table 3.2 and 

Table 3.3 respectively. Very distinct change in TCD of orange juice was observed only at the 

highest power level of 160W for 60 min. Orange juice color is mainly affected by carotenoid 

pigments. Color degradation related to carotenoid may be due to the extreme temperature and 

pressure conditions that occur during sonication. Portenlänger and Heusinger 106 explained that the 

carotenoid degradation during ultrasonication may be related to oxidation reactions, promoted by 

the interaction with free radicals formed during sonication. As for milk, a distinct change was 

observed only for sample sonicated at highest power level of 60 W for 60 min. Though the 

differences in TCDs for all other orange juice and milk sonicated samples were statistically 

significant (p<0.005), the differences can be classified as small.  

 

The nutritional quality of orange juice is primarily related to the ascorbic acid content (vitamin C) 

105, 107. It is sensitive to various processing conditions, especially heating. Tiwari et al  105 has 

reported a decrease of ascorbic acid in a freshly squeezed orange juice due to a range of acoustic 

energy density values and treatment times. The rate constants for degradation kinetics of vitamin 

C in orange juice subjected to sonication are lower than those reported for thermally processed 

orange juice, thereby indicating an improved stability of ascorbic acid in the former 107. The 

ascorbic acid (vitamin C) concentration of orange juice samples (Table 3.2) decrease only when 

we applied ultrasonication treatment at higher power level of 160 W.  Bradford assay 108, measures 

the number of dye ligands bound to each protein molecule which is approximately proportional to 

the number of positive charges found on the proteins, usually associated with the presence of 

certain basic amino acids (arginine, lysine, histidene). In addition, dye binding is also influenced 

by Van der waals forces and hydrophobic interactions.  It is believed that a slight increase in 
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absorbance that is observed in Bradford assay by milk samples subjected to ultrasonication (Table 

3.3) is due to unfolding of globular proteins such as β lactoglobulin, α lactalbumin as well as 

disruption of casein micelles. This increase in aborbance is inferred as an apparent increase in 

protein concentration.   

   Conclusions 

The results of all samples showed that the combination treatment of low frequency ultrasonication 

(160 W power level for 60 minutes) and Cecropin P1 (20 µg/mL) shown synergistic effect that 

resulted in more efficient cell deactivation, reducing the cell density of E. coli up to four orders of 

magnitude, compared to individual treatments. It is also observed that the synergistic effect was 

more pronounced at acidic pH due to increase in net charge of the cationic peptides. However, the 

milk concentration results in lower synergistic effect. This is believed to be due to complexation 

of milk proteins with Cecropin P1 thus resulting in less availability of the latter for antimicrobial 

action at lower milk concentrations. This dependence was not observed in orange juice samples. 

Ultrasonication is found to result in insignificant decrease in viscosity, total color difference, and 

vitamin C for both milk and orange juice except at higher power level of 160W at longer exposure 

time. 
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4   DYE LEAKAGE OF LIPOSOME INDUCED BY CECROPIN P1 TO 
INVESTIGATE THE MECHANISM OF PORE FORMATION IN LIPID 

BILAYERS 

Published as “ Fitriyanti, M., Lyu, Y, & Narsimhan, G. (2018). Nucleation and growth of pores in 
1,2-Dimyristoyl-sn-glycero-3-phosphocoline (DMPC)/cholesterol bilayer by antimicrobial 
peptides melittin, its mutants and cecropin P1. Colloids and Surfaces B: Biointerfaces, 173, 121-
127. https://doi.org/10.1016/j.colsurfb.2018.09.049.” 
 

   Introduction 

Antimicrobial peptides (AMPs) are small peptides that can deactivate microorganisms by 

disrupting their cell membrane. These peptides share some common features, such as 20-40 amino 

acids, positively charged, and amphiphilic structured with hydrophobic and hydrophilic amino 

acids 55. AMPs have raised broad research interest due to their ability of combating antibiotic 

resistance and potential of replacing antibiotics 109. Natural AMPs are mostly isolated from animals 

and insects, which makes them expensive. In addition, toxicity issues of some AMPs cannot be 

ignored and become an obstacle for application in agricultural, food, and pharmaceutical areas. 

Design of synthetic AMPs based on natural AMPs to minimize toxicity is therefore necessary and 

urgent. 

 

To design synthesized AMPs with higher efficiency, understanding of the mechanism of AMPs 

interacting with cell membrane is needed. Three mechanisms have been proposed to describe the 

action of AMPs on cell membrane, namely, ‘carpet model’, ‘barrel-stave model’ and ‘toroidal pore 

model’ 110-112. After binding to the negatively charged bacterial cell membrane due to electrostatic 

attraction, AMPs will aggregate and form pores on cell membrane, aligning their hydrophobic 

residues towards lipid core region and hydrophilic residues towards the interior of the pore. When 
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AMPs possess sufficiently high positive charge, they may also bend negatively charged 

phospholipid heads due to electrostatic attraction. Such a scenario is believed to be prevalent at 

low AMP concentrations, consistent with barrel-stave and toroidal mechanisms 113-115. At higher 

AMP concentrations, however, they may form micelles and solubilize phospholipids, consistent 

with carpet mechanism 114, 115. The physicochemical properties of AMPs determine their mode of 

action on cell membrane. Among these, net charge, hydrophobicity and hydrophobic moment of 

AMPs were reported to play important roles that influence their antimicrobial activity 113-115. It has 

been shown that electrostatic interaction plays an important role in binding of AMPs onto the 

bilayer surface, while hydrophobicity influences their ability to penetrate the bilayer 59, 114, 115. 

Optimal balance between net charge and hydrophobicity was essential for maintaining the 

antimicrobial activity of AMPs. 

 

Example of classic AMP is cecropins. Cecropins are positively charged α-helical AMPs that were 

originally isolated from insect, the cecropia moths and a mammalian homologue, Cecropin P1 was 

isolated from pig intestines 27. Cecropin P1 has 31 amino acid residues 

(SWLSTAKKLENSAKKRLSEGIAIAIQGGPR) and is rich in lysine. Insect cecropins are highly 

potent against both Gram-negative and Gram-positive bacteria, while Cecropin P1 is as active as 

insect cecropins against Gram-negative but has reduced activity against Gram-positive bacteria 28. 

Previously, the study also showed that E. coli O157:H7 EDL9333 is sensitive to both Cecropin P1 

and Cysteine-terminus modified Cecropin P1 82. The carpet model is the most commonly proposed 

membrane-disruption model to explain Cecropin P1 antimicrobial activity, where the peptides 

disrupt the membrane by orienting parallel to the surface of the lipid bilayer and forming an 

extensive layer or carpet 28, 55, 60, 116.  
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To further characterize the pore formation activity of these peptides, we employed fluorescence 

dye leakage from liposome in this study. Although formation of pores in both bacterial cell 

membrane and liposomes have been investigated by numerous techniques, including fluorescence 

117, oriented circular dichroism 118, NMR spectroscopy 119, X-ray crystallography 59, and quartz 

crystal microbalance 119, fluorescence dye leakage from liposome is a well-established technique 

for investigating property of cell membrane. Liposome was made from model lipid bilayer. Even 

though the model lipid bilayer is not a true representation of bacterial cell membrane in that it 

lacked the complexity of a real lipid bilayer, leaflet asymmetry, and membrane proteins, the 

validity of these simple models has been shown by Faust et al 120. They found that AMP induced 

membrane permeation could be reproduced in both E. coli membrane and model lipid bilayer, 

which provided a strong support for using model membranes to study the molecular interactions 

of AMPs with bacterial membranes. 

 

Therefore, in this chapter, we investigate the membrane permeability of Cecopin P1 through dye 

leakage experiments in model lipid bilayers. The time dependent fluorescence dye leakage from 

liposomes treated with AMPs were monitored at different peptide concentrations. This study will 

shed light on the effect of net charge and hydrophobicity on pore formation efficiency and provide 

insights for the design of novel synthesized AMPs. 
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   Materials and Methods 

4.2.1    Cecropin P1 and liposome  

Cecropin P1 isolated from pig intestine was purchased from Sigma-Aldrich as lyophilized powder 

with 95% purity. 1,2-Dimyristoyl-sn-glycero-3-phosphorylcholine (DMPC), Cholesterol, and 

dihexadecyl hydrogen phosphate (DHP) with 99% purity were purchased from Avanti Polar 

Lipids, Alabaster AL. 

4.2.2    Liposome preparation 

Protocol for preparation of liposome encapsulated fluorescence dye (calcein) is described 

elsewhere 121. Briefly, 100 µL of mixed lipid stock solution consisting of DMPC, cholesterol, and 

DHP in a molar ratio of 5:4:1 in chloroform was dried under N2 to form a thin film in a glass vial. 

1 mL of calcein (50 mM) in 0.02 M phosphate buffer at pH 6.0 was then added into the dry lipid 

film. The suspension was vortexed several minutes and allowed to stand for 30 min to form large 

unilamellar encapsulating calcein. The vesicle suspension was then forced through a polycarbonate 

filter (size = 1000 nm) using an extruder for fifteen times to form uniform unilamellar liposomes. 

The size of extruded liposomes was measured by Zeta sizer (Malvern Instruments, Worcestershire, 

UK). The free calcein was washed by dialysis through a membrane with a molecular weight cutoff 

of 10000 (Spectrum Laboratories, Inc. Rancho Dominguez, CA, USA) overnight. The liposome 

was stored in a dark environment at −4 °C to avoid photo-bleaching until further use. 

4.2.3    Fluorescence measurement  

The fluorescence of the released dye was measured with a spectrofluorometer (Flex Station II, 

Molecular Device) at an excitation wavelength of 490 nm and an emission wavelength of 520 nm. 

All experiments were conducted at 25°C which is above the phase transition temperature for 
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DMPC/cholesterol mixtures of cholesterol concentration above 12.5 mol% 122. To compare the 

intensity, intensity of calcein was normalized based on the equation showed below: 

Calcein Leakage (%) = 100×(F-F0)/(FT-F0) 

 

where F is the fluorescent intensity achieved after addition of petide, F0 is the fluorescence 

intensity with the presence of peptide, and FT is the fluorescence intensity with addition of Triton 

X-100, which makes the liposome fully ruptured 123. 

4.2.4   Size measurement 

Liposome size distribution before and after treatment with Cecropin P1 was determined using the 

Malvern Nanosizer (Malvern Instrument, UK), assuming that the bacteria suspension is made of 

spherical particles. 

   Results and Discussions 

4.3.1   Membrane permeation induced by Cecropin P1 

Calcein leaked from liposome at different times during exposure to different Cecropin P1 

concentrations (expressed as different Cecropin P1 to lipid rasio or P/L ratio) shown in Figure 4.1.  

Cecropin P1 lyse liposome in a process that is concentration dependent, as also seen in Melittin 

case. In general, the fluorescence intensity increases with time and it reaches plateau to a constant 

value at sufficiently long times. The fluorescence intensity is found to be lower for lower cecropin 

P1 concentrations and it increases significantly as cecropin P1 concentration increases.  
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Figure 4.1 Calcein leakage of Cecropin P1 as a function of time with different peptide/lipid (P/L) 

ratio. Liposome consist of DMPC/cholesterol and loaded with calcein dye. The fitted curves 
were calculated using equation: fmax = (1- e -t/t) , where f_max was the maximum fluorescence 

intensity, t was the time, t was the time constant for fluorescence intensity to reach equilibrium 
state. 

Similar behavior has been reported also by Gazit et al 28 when they measured fluorescence recovery 

at 10 - 20 minutes after mixing the peptides with liposome (PC/PS SUV). Previous studies on the 

in vivo activity of Cecropin P1 also suggested that Cecropin P1 lyse bacteria in a process that is 

dose dependent like other antibacterial polypeptides (Magainins, insect Cecropins, and 

Dermaseptins).  

4.3.2   Dye leakage properties of Cecropin P1 

The rate of pore formation could be represented by the inverse of time constant (τ) for the 

fluorescence intensity to reach the equilibrium state as explained in caption to Figure 4.1. The 

slope of fitted equation was the rate of pore formation. These inferred rates were compared for 

different P/L ratio in Figure 4.2. The lag time is determined as the time at which the fluorescene 
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intensity started to increase (after peptide was added). The lag time for Cecropin P1 at different 

P/L ratio are compared in Figure 4.3. The lag time for Cecropin P1 decreased with an increase in 

their concentration eventually approaching zero at sufficiently high concentration.  

 

 
Figure 4.2 Time constant of Cecropin P1 at different peptide/lipid ratio (P/L ratio). 

 
Figure 4.3 Lag time of cecropin P1 at different peptide/lipid ratio (P/L ratio). 
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Based on our observation (Figure 4.1), there are two distinct regimes of calcein leakage. At lower 

Cecropin P1 concentrations, the leakage intensity increased gradually preceded by a very short lag 

time. Lag time for Cecropin P1 was found to be much shorter and therefore hard to observe. For 

Cecropin P1, this lag time occurred at P/L ratio lower than 0.0017. At higher Cecropin P1 

concentrations (P/L ratio of 0.0139 and higher), the leakage intensity exhibited a jump initially 

without any lag time. Similar result has been reported by Boman et al 27 that show that cecropin 

P1 causes an instantaneous lysis of E. coli K-12 with the absence of lag time compared to 

antimicrobial peptide PR-39. 

 

The initial rate of dye leakage was calculated from the slope of linear fit of fluorescence intensity 

vs time soon after lag time as a function of peptide concentration as shown in Figure 4.3 for 

cecropin P1. The results indicated that the rate of dye leakage was positively correlated with 

peptide concentration. This result is also consistent with the dye leakage measurement (Figure 4.1 

and Figure 4.2) and rate of pore formation (Figure 4.4). 

 

Figure 4.4 Rate of dye leakage from liposome for different Cecropin P1 concentrations. 
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Nucleation of pores on cell membrane could be explained by classic nucleation theory 124. Based 

on this theory, the formation of pores on cell membrane is an active process: growth of the pore 

and closure of the pore were controlled by the surface tension of cell membrane and line tension 

associated with the rim of the pore 125.  Nucleation of pores occurs by penetration of peptides into 

the lipid bilayer. The peptides aggregate to form pores of different sizes. These pores grow by 

addition of peptide that is already adsorbed onto the top surface of the cell membrane by surface 

diffusion. Once the peptide reaches the periphery of an existing pore, it will penetrate the pore to 

increase the pore size. Pores can also dissociate by removal of a peptide from the pore. 

Transmembrane pores are continually formed and destroyed because of penetration and removal 

of AMP to and from lipid bilayer. The formation and dissociation of pores of certain size are 

random. It is to be noted that pores of size smaller than the critical size grow by fluctuation whereas 

the pores of size greater than the critical size grow spontaneously. The lag time refers to the time 

required for pore size to grow to critical pore size by fluctuations. Consequently, the initial slope 

of fluorescence vs time after the lag time is a measure of rate of nucleation of pores. This sequence 

of events is shown in Figure 4.5. 

 

Figure 4.5 Schematic of pore formation on liposome membranes induced by antimicrobial 
peptides corresponding to the change of fluorescence intensity change with time. 

!

"

Nucleation of pores Growth of pores Rupture of membrane
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4.3.3   Size distribution of liposome 

The size distribution of liposomes is also a good indicator for the size change of lipid. The size 

distribution of liposomes treated by Cecropin P1 at different concentrations were shown in Figure 

4.6. Liposome without treatment showed a distribution with a peak at 350 nm and a small second 

peak at 5500 nm, which was believed to be due to vesicle aggregation. When the liposomes were 

treated by Cecropin P1 at very low concentration (5.85 x 10-6 mole/L), the shift in size distribution 

is not significant. When liposomes were treated by Cecropin P1 at a much high concentration (5.99 

x 10-3 mole/L), the size distribution became bimodal, with the first peak at 255 nm and the second 

peak at 1100 nm. A very small third peak also observed with size at around less than 100 nm. 

Liposome treated by low concentration of Cecropin P1 could cause the size of liposome to 

increase, whereas liposome treated by high concentration of Cecropin P1 could cause the size of 

liposome to both decrease and increase. The increase in size of liposome at lower concentration is 

believed to be due to stretching of bilayer due to pore formation, while at higher concentration 

however, pore formation and the resulting stretching of bilayer is also accompanied by 

solubilization of some of the lipids into smaller vesicles. 

 
Figure 4.6 Size distribution of liposome by Cecropin P1 treatment at different concentrations. 

Control: liposome without Cecropin P1 treatment. 
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Lee et al 125 and Karal et al 126 observed an increase of surface area on giant unilamellar vesicles 

(GUV) treated by Melittin and Magainin, they also concluded that membrane could be stretched 

by the peptide, which was consistent with our results. Based on various studies, the proposed 

models for Cecropin peptides can be divided into two major groups. First is the “pore formation” 

model which suggests the formation of transmembrane pores by aggregation of Cecropin monomer 

87, 127. Second is the “non-pore formation” model or carpet model. This model suggests detergent 

like action by Cecropin P1 followed by solubilization of lipids into micelles 28, 61. The decrease in 

liposome size was more pronounced at higher Cecropin P1 concentration due to solubilization of 

the liposome into smaller micelles. 

   Conclusions 

This study characterized the fluorescence dye leaked from liposome by Cecropin P1 to investigate 

the mechanism of membrane permeabilization. The results indicated that Cecropin P1 induces 

peptide concentration dependent dye leakage. The fluorescence leakage properties (rate of pore 

formation, lag time, and rate of dye leakage) were consistent with the antimicrobial activity of the 

peptide. It is also proposed that dye leakage experiment not only captured the nucleation of pores, 

but also included the growth of pores.  Dye leakage experiment also confirms synergistic effect of 

ultrasonication and Cecropin P1.  

 

Measurement of size distribution of liposomes exposed to peptides of different concentrations 

indicated that pore formation with accompanied stretching of liposomes may have occurred at low 

concentrations of the peptide. At much higher concentrations, however, size distribution indicated 

three peaks distribution. In both cases, TEM images indicates that the middle peak and the small 

peak are shown to be due to stretched liposome and broken liposome respectively. However, the 
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large peak indicates Cecropin P1 aggregates with solubilized lipids thus suggesting carpet 

mechanism. 
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5   SYNERGISTIC EFFECT OF ULTRASOUND AND ANTIMICROBIAL 
ACTION OF CECROPIN P1 USING A CYLINDRICAL ULTRASONIC 

SYSTEM 

   Introduction 

Thermal processing is still consider  a superior method in food industry to preserve food and extend 

shelf life. However, intensities of treatment will be proportional to loss of food quality and it can 

required high energy. To overcome this limitations, various novel alternatives has been developed 

to replace at least partially thermal processing with minimal loss in food quality and promote 

adequate safety level. The use of ultrasound actually has been a part of an active emerging 

technologies in food processing. Sound waves generated from low frequency ultrasound (20 – 100 

kHz), which is referred to as “conventional power ultrasound”, has been developed for years as 

discussed in a study by Richard & Loomis  2.  

 

The major antimicrobial effect of ultrasound is due to intense acoustic cavitation generated from 

the sound wave. Ultrasound alone can inactive bacteria but a very high power level is required to 

attain a total killing rate. For preservation purpose, combination with other physical or chemical 

treatments can be applied for a more effective economical process. To minimize the thermal effect 

on food, ultrasound assisted with temperature (thermosonication), pressure (manosonication) or 

combination of both (thermomanosonication) has been proven to be effective in reducing 

microbial levels compare to thermal or ultrasound preservation alone 1, 3, 8.  Various lab-scale 

studies using milks, fruit and vegetable juices has shown that ultrasound assisted technologies can 

deactivate microbial cells with minimum loss of texture and quality  compared to conventional 

heat treatments.  
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The unique characteristics of AMPs are their small size (15 – 40 amino acids), charge (often overall 

positive), and they target cell membrane 55. Previous experiment on chapter three have shown that 

a combination of longitudinal ultrasound or probe type (Frequency 20 kHz) and antimicrobial 

peptide (AMP) Melittin in phosphate buffer media is more efficient in reducing cell density 

(CFU/ml) of Listeria monocytogenes up to four order magnitude compare to Melittin or ultrasound 

alone 5. Combination use of probe ultrasound (20 kHz) and another classic AMP Cecropin P1 was 

able to reduce cell density (CFU/ml) of Escherichia coli O157:H7 up to five order of magnitude 

in orange juice and milk 128.  

 

Microbial inactivation by ultrasound depends on several factors because microorganism in 

different media do not react in the same way to ultrasound treatment. Two important factors that 

affect ultrasound treatment is intensity (which related to the power level) and frequency. 

Theoretically, high power, therefore high intensity, produce high pressure causing violent collapse 

of cavitation bubbles in the medium which destroy microorganisms and enzymes in a food and 

breakdown microstructures 32, 39. The frequency of sound waves influences formation and size of 

cavitation bubbles. At higher frequency, the acoustic cycle is shorter giving less time for cavitation 

bubble formation, therefore the bubbles are smaller and collapse with less energy 32, 39.  

 

To demonstrate the effect of ultrasound frequencies and intensities on the synergistic effect, a 

cylindrical ultrasonic processing unit will be used. The design of this cylindrical system is based 

on work of Borthwick et al 36. The traditional ultrasonic processing system for cell disruption that 

available commercially is the 20-22 kHz probe-based system with a sonotrode attached to it. The 

design of a sonotrode at lower or higher frequency than the normal 22 kHz could be challenging 
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physically. The cylindrical system is less bulky compare to probe-system, and would be convenient 

to handle smaller sample volume, and to be used outside laboratory 36. In longitudinal ultrasound 

method (probe), the exposure area for transmitting vibration is a small circle while the vibration 

irradiation area in circular transducer is a large cylinder which can be increased more. Secondly, 

using cylindrical transducer compare to longitudinal ultrasound is capability of continuous 

processing using a flow through design of a cylindrical transducer against longitudinal transducer 

with a limited volume. The results of continuous flow studies will help in more practical 

application for food preservation that can treat larger sample volume. 

   Materials and Methods 

5.2.1   Materials 

Preparation of E. coli O157:H7 is as described elsewhere 128. E. coli O157:H7 was incubated at 37 

oC for 16 hour in a BHI broth (Neogen, Lansing, MI). One day prior to experiment, 10 ml of BHI 

broth was inoculated with E. coli and placed in a 37 oC shaker incubator until it reaches 109 colony 

forming unit per ml (CFU/ml). The broth was then centrifuged (10,000 g, 10 min) and supernatant 

removed from the pellet. The cell pellet then re-suspended in phosphate buffered media (PBS) pH 

7.4. Centrifugation and resuspension were repeated for 2x.  

 

Cecropin P1 or CP1 (Bachem, Torrance, CA) was used as lyophilized powder. Concentration of 

Cecropin P1 used for the experiment is the minimum inhibitor concentration (MIC) of 20 µg/ml 

128.  
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The cylindrical ultrasonic processing system is consist of a piezoelectric ceramic cylinder 

transducer (PZT) with radial mode vibration (Steiner & Martins Inc, Doral, FL). Three different 

PZT transducers with resonance frequency of 14 kHz, 22 kHz, and 47 KHz were used for the 

experiment.  

5.2.2   Design of cylindrical ultrasonic processing system 

The design and assembly of a cylindrical ultrasonic processing system is based on work of 

Borthwick et al 36. The plan view and dimensions of this system is shown in Figure 5.1. Figure 

5.1A shown the schematic for batch processing and Figure 5.1B shown the schematic for 

continuous flow ultrasonic processing system. The device was driven by an amplifier (RF 

amplifier model 150A100B, AR, Souderton, PA) and a function generator (Agilent model 33120A, 

Keysight Technologies, Santa Rosa, CA) provided the sinusoidal amplifier input signal. A fan was 

fitted around the transducer to cool the system. To determine the ultrasound power level, voltage 

amplitude was measured using a multimeter (Fluke, Everett, WA) with constant gain input level 

and frequency. 

5.2.3   Ultrasound experiment 

For batch processing system, inactivation of E. coli in PBS media was conducted using three 

different treatments: Ultrasound only for 5, 10 and 15 min, Cecropin P1 (20 µg/ml), and 

combination of ultrasound with Cecropin P1.  The treated E. coli samples then growth on BHI agar 

plate (Neogen, Lansing, MI) at 37 oC for 24 h to determine the number of viable cells (CFU/ml). 

For continuous flow system, a residence time of 6, 10, and 15, and 34 min being tested and number 

of viable cells determined using the same method as described previously. 
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Figure 5.1 A. Side view of a cylindrical ultrasonic batch processing system. B. Plan view of a 
cylindrical ultrasonic batch processing system (redrawn from Borthwick et al, 2005 13). C. 

Continuous flow system ultrasonic processing system. 

5.2.4   Transmission electron microscopy 

Transmission electron microscopy (TEM) was performed for three different samples treated with 

different frequencies (14 kHz, 22 kHz, 47 kHz) at fixed power level using protocol that is described 

in detail elsewhere 5, 128. 

 

A B

Length'(mm)
System'parameter 14#kHz 22#kHz 47#kHz

Total'system'height'(a) 48 30 35
Total'system'diameter'(b) 84 51 25.5
PZT'transducer'height'(c) 32 14 19
Sample'hole'diameter'(d) 5 7.5# 6.5
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5.2.5   Fluorescence measurement 

The fluorescence of the released dye was measured with a spectrofluorometer (Flex Station II, 

Molecular Device) at an excitation wavelength of 490 nm and an emission wavelength of 520 nm. 

Details of the procedure are given in chapter four (section 4.2.3).  

   Results and Discussions 

5.3.1   Effect of ultrasound power on synergistic effect 

The ultrasound power level can be expressed as power (W, joule/sec), intensity (W/ml or W/cm2), 

or energy (joule). Figure 5.2 shown the effect of different power levels at a fixed frequency of 22 

kHz on inactivation of E. coli cells using ultrasound, Cecropin P1, and combination of both. Figure 

5.2 clearly shown that more cells are deactivated as power level increases. At power level of 7 W 

and 8 watts for 15 minutes, reduction of the cell density is up to six orders of magnitude by using 

a combination of ultrasound and Cecropin P1. Higher power, therefore higher intensity, will 

generate higher pressure in the medium causing a more intense collapse of cavitation bubbles 

which destroy microorganisms. During ultrasonication, only at power level higher than 5 W for 15 

min there was a temperature rising from 23 oC to 35 oC at the end of treatment. Therefore, some 

growth of E. coli may have occurred during the treatment. As a result, the observed deactivation 

may be less than actual deactivation by ultrasonication.  
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Figure 5.2 Effect of ultrasound power levels on synergistic effect at a fixed frequency (22 kHz) 
using a batch system. PBS: untreated E. coli, PBS+CP1: E. coli treated with CP1 only, US: E. 
coli treated with ultrasonication only, US+CP1: E. coli treated with ultrasonication and CP1. 

Error bars are standard of the mean (SEM) of triplicates. 

Synergism between ultrasonication and antimicrobial peptide action of Cecropin P1 can be seen 

from the results shown in Figure 5.2 Synergistic effect is more pronounced at power level of 3 W 

and higher for longer exposure time (15 min). The most significant synergistic effect can be seen 

at power level of 5 W. Pore formation due to ultrasonication can also be observed later in TEM 

images presented in Figure 5.9. In vegetative forms, Gram negative bacterial cells such as E. coli 

are more susceptible to ultrasound treatment compare to Gram positive because they have thinner 

peptidoglycan.  

 

In chapter three, we have presented the result from cell deactivation using a commercial probe 

type ultrasonic system (longitudinal ultrasound), which is used to sonicate a larger sample volume 

of 5 ml compared to the cylindrical system that has a smaller sample volume of 1 ml. If we compare 
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the result at fixed frequency of 22 kHz and power density of 40 W/5 ml and 8 W/1 ml respectively 

for probe and cylindrical system, and with initial cell density of 109 CFU/ml, the cylindrical system 

were able to deactivate cell faster (15 min compare to 30 min) and one order of magnitude higher. 

Similar result has been observed by Borthwick et al  36. Their result showed that a tubular ultrasonic 

processing device (267 kHz, 36 W) has six times faster protein release and higher cell deactivation 

per 107 of Saccharomyces cerevisiae yeast suspension compared to a 20 kHz probe system within 

60 s. This might be due to the radial mode of vibration inward in cylindrical system which 

concentrated pressure at the center of the cylinder. The advantage of a cylindrical ultrasonic 

processing system also made it possible to sonicate a smaller sample without foaming which is 

impossible in a conventional 20-22 kHz probe type device. 

5.3.2   Effect of ultrasound frequencies on synergistic effect 

The frequency of sound waves influences formation and size of cavitation bubbles. As the 

ultrasonic frequencies increases, the production and intensity of cavitation in liquids decreases 32, 

129. At higher frequency, as a result of shorter time for cavitation bubble formation, there would be 

more bubbles formed with smaller size which collapse with less energy 32, 41. Figure 5.3 shown the 

effect of frequencies at a fixed power level (8 W) on inactivation of E. coli using ultrasound, 

Cecropin P1, and combination of both. 

 

Figure 5.3 demonstrated that at 1 min of exposure time, cell deactivation is higher at higher 

frequency (47 kHz) and synergistic effect between ultrasonication and Cecropin P1 was still visible 

at this frequency and were able to deactivate cells up to six order of magnitude which is comparable 

to 22 kHz one within 15 min of treatment. This seems to suggest that the increase in bubble 

concentration at higher frequency is the predominant effect on deactivation. The extent of 
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sonication time is limited at 47 kHz due to effect of temperature build up during cavitation, 

therefore the experiment is carried out within less than 2 min. Previous studies have also shown 

that higher frequency than 20 – 25 kHz were able to deactivate more bacterial and algal cells 129, 

130.  

 
 

Figure 5.3 Effect of ultrasound frequencies on synergistic effect at a fixed power level (8 W) 
using a batch system. PBS: untreated E. coli, PBS+CP1: E. coli treated with CP1 only, US: E. 
coli treated with ultrasonication only, US+CP1: E. coli treated with ultrasonication and CP1. 

Error bars are standard of the mean (SEM) of triplicates. 

As explained in the third chapter, transient pores are formed in bacterial cell membranes by 

pressure waves.  Cecropin P1 will first adsorb onto the membrane surface due to electrostatic 

interactions followed by its penetration into the interior of the membrane to form pores. The energy 

barrier for penetration of the peptide into the membrane will be reduced by the formation of 

transient pores. This would explain the synergistic effect.  Synergistic effect is observed in both 

treatments using longitudinal (probe) and radial (cylindrical) type ultrasonic processing. 

5.3.3   Continuous flow system 

Deactivation experiments were performed in a continuous flow ultrasonic processing system using 

a 22 kHz cylindrical transducer at different residence times (6, 10, 15, and 34 min). The viable cell 

count after treatment in a continuous flow system is presented in Figure 5.4. Higher residence time 
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(34 min) is more effective in deactivating more E. coli cells (up to four orders of magnitude). But 

if we compare this result with the batch system (Figures 5.2 and 5.3), at a comparable power level 

of 7 W and 7.5 W, the synergistic effect and cell deactivation is two orders of magnitude less in 

continuous flow system. This might be due to the stream of fluids experience different residence 

times during ultrasonication due to its geometry of the cylinder. Some of the fluid may bypass and 

go directly from inlet to outlet, thus experience less time in the cylinder (Figure 5.5). Another 

possible reason is due to the lower actual pressure field inside the bacterial suspension. The fixtures 

in continuous system might act as anchor which damped the vibration of the transducer. The 

advantage of using a continuous system over batch system is the flexibility to treat larger sample 

volume without temperature build up. 

 
 
Figure 5.4 Effect of ultrasound frequencies on synergistic effect at power level of 7 W and 7.5 W 

using a continuous ultrasonic processing system. PBS: untreated E. coli, PBS+CP1: E. coli 
treated with CP1 only, US: E. coli treated with ultrasonication only, US+CP1: E. coli treated 

with ultrasonication and CP1. 
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Figure 5.5 Possibility of different fluid routes inside of the cylinder. Stream 1 where part of the 

fluids by pass and experience less time inside the system. Stream 2 where part of the fluids 
experience longer time in the system.  

5.3.4   Dye leakage due to treatment with Cecropin P1 and cylindrical ultrasonication 

In chapter four, we presented the calcein dye leakage from DMPC/cholesterol liposome after 

treatment with Cecropin P1 and probe type ultrasonication. The result indicated that dye leakage 

is higher for liposome treated with combination of Cecropin P1 and ultrasonication, which confirm 

the synergism. We also did the same experiment with the cylindrical ultrasonication system and 

the maximum dye leakage intensity is shown in Figure 5.6. The maximum dye leakage increases 

as power level increases from 2 W, 5 W, to 7 W, which indicated that pore formation or damage 

of liposome is more severe at higher power level. The synergistic effect was also observed at all 

power levels where the leakage intensity is the highest.  

 

 

input

output

1 2
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Figure 5.6 Maximum calcein leakage after treatment with Cecropin P1 (20 µg/ ml) and 
cylindrical ultrasonication. The DMPC/cholesterol liposome loaded with calcein dye and treated 

with Cecropin P1, ultrasonication, or combination of both for 5, 10 and 15 minutes and then 
measure the dye leakage intensity. CP1: treated with CP1 only, US: treated with ultrasonication 

only, US+CP1: treated with ultrasonication and CP1. 

However, at power level below 2 W there is a lag time before the leakage reached maximum value 

(Figure 5.7). The lag time occurred between 0 – 500 s after treated with ultrasonication only or 

combination of ultrasonication and cecropin P1. There is still not clear why the lag time occurred 

only after introduction of ultrasonication. Although, this lag time was not observed after 

experiment with probe ultrasonication (Figure 5.8). Further experiment is needed to investigate 

this phenomena especially at very low power.  

 

Figure 5.7 Calcein leakage after treatment with Cecropin P1 (20 µg/ ml) and cylindrical 
ultrasonication. The DMPC/cholesterol liposome loaded with calcein dye and treated with 

Cecropin P1, ultrasonication, or combination of both for 10 minutes and then measure the dye 
leakage intensity. CP1: treated with CP1 only, US: treated with ultrasonication only, US+CP1: 

treated with ultrasonication and CP1. 
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5.3.5   Dye leakage due to treatment with Cecropin P1 and probe ultrasonication 

Calcein dye leakages from the liposome after treatment with Cecropin P1 and ultrasonication were 

also measured as shown in Figure 5.7. Combination of Cecropin P1 and ultrasonication resulted 

in higher leakage intensity compared to treatment with Cecropin P1 or ultrasonicarion only, which 

confirms the synergistic effect. If we compare after 20 min and 30 min of treatment with 

combination of bot, the synergistic effect is more pronounced after 20 min of treatment. 

 

 

Figure 5.8 Calcein leakage after treatment with Cecropin P1 (20 µg/ ml) and probe 
ultrasonication. The DMPC/cholesterol liposome loaded with calcein dye and treated with 

Cecropin P1, ultrasonication, or combination of both for 20 and 30 minutes and then measure the 
dye leakage intensity. 

5.3.6   Effect of ultrasound frequencies on morphology of bacterial cell wall analyzed by 
TEM microscopy 

Morphological changes in E. coli cells occurred after exposure to ultrasonication at different 

frequencies (14, 22, and 47 kHz) and combination of ultrasound and Cecropin P1 as can be seen 

from TEM images (Figure 5.9). Pore formation which resulted in leakage of intracellular material 

was observed (pointed by red arrow) when E. coli cells were exposed to those treatments. In 

Figures 25C, D, and F we can observe multiple pore formation due to 22 kHz and 47 kHz 
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ultrasonication treatment. Cell wall disrupted and the cytoplasmic material released to the 

extracellular medium when exposed to ultrasonication and combined treatment. Since a Gram-

negative bacteria such as E. coli has thinner cell wall, it is more sensitive to ultrasound treatment.  

Based on our previous study (Figure 3.5), Cecropin P1 alone was not able to completely deactivate 

E. coli at minimum inhibitory concentration well as at a higher concentration as indicated by the 

presence of some intact cells. Similar result was also observed in this cylindrical system. 

 
 

Figure 5.9 TEM show single or multiple pore formations (red arrow) due to ultrasound and 
cecropin P1 treatment. A: control, B: 14 KHz, C: 22 KHz, D: 47 KHz, E and F: combination of 

ultrasound (22 KHz) and cecropin P1. 
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   Conclusions 

The deactivation of E. coli in PBS (pH 7.4) were performed using three different treatments: (1) 

ultrasound (22 kHz) at different power levels (1, 3, 5, 7, and 8 watts) and different exposure times 

(5, 10, and 15 minutes), (2) Cecropin P1 (20 µg/ml), and (3) combination of both. Number of 

deactivated cell (CFU/ml) increases as power level increases and synergistic effect observed at 

power level of 3 W and higher. Combination of ultrasound and Cecropin P1 treatment at 8 watts 

for 15 minutes was able to reduce most of the cells (up to six orders of magnitude reduction), 

compared to individual treatments. Our results on the effect of different frequencies (14, 22, and 

47 kHz) also shown that combination of higher frequency (47 kHz) and Cecropin P1 for one minute 

of exposure time was able to deactivate more cells (up to six orders of magnitude reduction) 

compared to combined treatment with 14 and 22 kHz ultrasound.  

 

Continuous flow ultrasonic processing system using a cylindrical transducer of 22 kHz with power 

level of 7 W and 7.5 W demonstrated that longer residence time increases cell reduction. Cell 

reduction up to five orders of magnitude was achieved for residence time of 34 min. At a 

comparable power level, the synergistic effect and cell deactivation is less in continuous flow 

system. This might be due to the different residence time experienced by the fluid in the cylinder.  

 

Dye leakage experiment and TEM confirmed synergistic effect of ultrasonication and Cecropin 

P1. TEM images show a single and multiple pore formation due to ultrasound and cecropin P1 

treatments which lead to cell death.  
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6   MODELLING OF CAVITATION PHENOMENA DUE TO 
ULTRASONICATION 

This chapter proposed modelling cavitation phenomena due to sonication and its effect on pore 

formation in lipid bilayers (of bacterial suspension). This section reviews the physics of bubble 

dynamics needed for understanding the effects of cavitation on cell membrane (lipid bilayers). 

   Cavitation of bubbles 

Previous theoretical studies done by Neppiras and Noltingk 63 and Neppiras 64 attempt to describe 

the physics of cavitation generated by acoustic fields in liquids. It is found that cavitation is 

restricted to a definite range of variations of the following parameters; pressure amplitude, 

frequency of pressure wave, radius of the bubble nucleus, and hydrostatic pressure 63, 64, 131. For 

modelling of ultrasonication of bacterial suspensions, consider a bacterial suspension that is 

exposed to pressure fluctuations due to sonication. The external pressure fluctuation due to 

sonication can be approximated as periodic fluctuations of frequency ( ) and amplitude . This 

will result in cavitation leading to formation of bubbles. The amplitude will depend on the power 

of ultrasonication. The ultrasound power level is a parameter that can be expressed as power (W, 

joule/sec), intensity (W/cm3, W/ml), or energy (joule). Ultrasound intensity is proportional to the 

amplitude of ultrasonic vibration and more cavitation is created at higher amplitudes. Power input 

directly relates to amplitude; power will increase with higher amplitude.  

It is difficult to predict the size of the bubble that is created by cavitation. Here, we assume that 

this bubble size is . In the following, we will consider a bubble of radius  that is exposed to 

pressure field . An energy balance for the bubble gives, 

ω !!p0

!!R0 !!R0

!!pA − p0 sinωt
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        (1) 

 

At the left hand side of the equation is work due to external pressure and capillary pressure, while 

at the right hand side is work due to interfacial energy, inertial energy, and acceleration. Here  

is the radius of the bubble at time  ,  is the surface tension and  is the density of continuous 

phase fluid. Defining the following dimensionless variables, 

        (2)  

 

eq. (1) can be recast in terms of the above dimensionless variables as 

        (3)  

 

The second derivative of R in equation (3) refer to bubble wall acceleration. The above equation 

is to be solved with the conditions,  ,   ;    to give the evolution of bubble radius 

with time. Typical plot of vs  for different values of  are shown in Figure 6.1.  
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Figure 6.1 Plot of dimensionless bubble radius R* vs dimensionless time t* for different 
dimensionless pressure amplitudes.  ;  ; . 

It can be seen that the bubble radius increases with time reaches a maximum and collapses 

subsequently in a very short period of time. As expected, the maximum bubble radius is higher for 

higher pressure amplitude. Also, the variation of maximum bubble radius  with frequency of 

fluctuation are shown for different initial bubble sizes and pressure amplitudes are shown in Figure 

6.2A and 6.2B respectively.  The maximum bubble size decreases with frequency. Also, the 

maximum bubble size was larger for higher pressure amplitude and smaller initial bubble size. 
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Figure 6.2 Plot of dimensionless bubble radius R* vs frequency for (A) different dimensionless 
pressure amplitudes (left) and (B) different initial bubble sizes (right) ;  ;  ; 

 

   Propagation of pressure wave in the liquid surrounding cavitating bubble 

The collapse of bubble size following its maximum is extremely rapid, i.e. occurs over a very short 

time period thereby resulting in a large pressure gradient in the vicinity of collapsing bubble. This, 

in turn, propagates pressure fields in the surrounding liquid. We are interested in the effect of this 

induced flow field on pore formation in the bacterial cell membrane. The generated velocity field 

in the liquid can be assumed to have only radial component. Consequently, the equation of 

continuity and motion in the vicinity of collapsing bubble of radius  are given by, 

   (4) 

   (5) 

where  is the radial velocity component,  is the pressure in the liquid and  is the liquid 

density. From (4), one obtains 
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   (6) 

 

From eqs. (5) and (6), one obtains, 

   (7) 

 

One can write energy equation for adiabatic collapse of the gas bubble. Since the collapse occurs 

over an extremely short period of time, pressure is approximated as constant at an average value 

during the collapse. The energy equation gives, 

   (8) 

 

where ,  being the maximum bubble radius at the start of the collapse, g is the 

ratio of  the specific heats,  is the external pressure and  is the pressure at the minimum radius 

of the bubble at the end of collapse. Neglecting the effect of capillary forces during the bubble 

collapse, from eq. (1), we get, 

   (9) 

Substituting  from eq. (9) into eq. (7) and (8) and integrating with respect to  , we obtain the 

following expression for spatial variation of pressure in the liquid in the vicinity of collapsing 

bubble, 
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   (10) 

 

This equation can be recast in terms of dimensionless liquid pressure to give, 

   (11)  

 

Typical variation of dimensionless pressure amplitude  with dimensionless radial 

distance  from the surface of the collapsing bubble, where  , is shown in 

Figure 6.3 for two different pressure amplitudes. As expected, the pressure amplitude decreases 

with radial distance from the collapsing bubble. As will be discussed below, the pressure gradient 

along the radial distance is important in analyzing the rupture of cell membrane.  

 
Figure 6.3 Plot of dimensionless pressure amplitude vs dimensionless radial distance from the 
collapsing bubble are shown for two different values of . The other parameter values are: 

 Hz;  m. 
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   The effect of pressure fluctuation on cell membrane 

The radial pressure wave emanating from a collapsing bubble will act on a neighboring bacterial 

cell wall. The periodic pressure fluctuation will tend to push the phospholipid heads apart thereby 

creating a transient pore. Here, we do not consider the detailed arrangement of phospholipid heads 

and their reaction to impinging pressure fluctuation. Instead, we adopt a continuum approach in 

which the action of pressure fluctuation on a cylindrical pore of arbitrary size is considered. The 

bacterial cell is few microns smaller than the collapsing bubble produced by cavitation. A 

schematic of pressure fluctuation from the bubble acting on neighboring cell membrane is shown 

in Figure 6.4. 

 

Figure 6.4 Schematic of pressure wave from a collapsing bubble interacting with phospholipid 
bilayer. 

The shortest distance between the surface of the bubble and the bilayer is defined as . At any 

instant, let the radius of the pore be  . It is assumed that a single pore is formed in the cell 

membrane of bacteria. The pressure acting on the inside of the pore is  . Therefore, 

the differential pressure  between the inside of the pore and  outside is .  

The potential energy of pore   is given by 
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    (12) 

 

where,  refers to the interfacial tension of phospholipid,  is the number of phospholipids 

in a pore,  is the depth of the potential well in  units,  is the distance between two 

neighboring phospholipid heads when the pore radius is  and  is the initial distance between 

phospholipid heads when the potential is minimum. It is to be noted that  is related to  , the 

diameter of the phospholipid head. The last two terms in the above equation refer to Born repulsion 

and van der Waals attraction respectively. The dependence of distance between two neighboring 

phospholipid heads  on pore radius is given by 

   (13) 

 

where  refers to the number of phospholipid heads in a pore. Consequently, the number of 

phospholipids in the pore  can be estimated as 

𝑁"# = 𝐼𝑛𝑡 ()*+,
-
.     (14) 

 

In the above equation, the initial distance between two neighboring phospholipid heads is taken as 

that corresponding to the potential well location and Int refers to integer value. Therefore, the 

restoring force  resisting expansion of the pore is  
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   (15) 

 
A force balance for the pore in the cell membrane yields, 

   (16) 

  

 

 

 

From eqs. (12),(14) and (15), we get, 

  (17) 

 

Defining the dimensionless quantities   ;  , where  refers to the radius of the 

pore when the distance between neighboring phospholipids is , the above equation can be recast 

as  

                                              (18) 

 
where the three dimensionless variables are defined as 

 
(19) 

 
 is the dimensionless force due to pressure fluctuation,  is the dimensionless force due to 

interfacial tension of phospholipid head ,  is the dimensionless restoring force due to line tension 
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of phospholipid head and  is the dimensionless force due to 6-12 potential. It is to be noted that 

 and  depend on the composition of cell membrane. On the other hand,  also depends on the 

strength of ultrasonic pressure fluctuation. The initial conditions for eq. (19) are  

        (20)  

 

Since the pressure wave that is propagated is due to collapse of a bubble, the pressure wave is 

negative. Consequently, the dynamics of pore depends on the relative magnitude of  compared 

to , , and B* . The solution of eq (18) for different values of  is shown in Figure 6.5. There 

is a lag time for pore growth; this lag time decreases with an increase in pressure amplitude (power 

of ultrasonication). Also, after the lag time, the amplitude of pore radius increases dramatically. 

As a result of Born repulsion, the dimensionless pore radius does not go below one, i.e. the 

phospholipid heads do not overlap. Interestingly, this growth at smaller pressure fluctuations is 

mainly governed by the relative values of , , and B* . The effects of , , , and B* on 

growth of pore size is shown in Figures 6.5 and 6.6 respectively.  
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Figure 6.5 Plot of pore radius vs time for different values of pressure amplitude . All variables 
are dimensionless. S = 572, K = 7528, and B* = 4996. Vertical dashed lines indicate the rupture 

time. 

Π
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Figure 6.6 Plot of pore radius vs time for different values of pressure amplitude . All variables 
are dimensionless. S = 572, K = 7528, and B* = 4996. Vertical dashed lines indicate the rupture 

time. 

The neighboring phospholipid heads experience 6-12 potential. Since the net charge of a 

phospholipid head is negligible, the electrostatic interactions between neighboring phospholipid 

heads is negligible. The phospholipid heads are usually trapped in the well. When the distance 

between the phospholipid heads exceeds a critical value  , the potential energy of interaction 

is negligible. For these calculations,  is taken as the distance at which the potential energy is 

0.1% of the potential well (Figure 6.7). One can therefore assume that the phospholipid heads are 

no longer bound thereby leading to their escape from the pore. One can also identify a critical pore 

radius  corresponding to  . Pore rupture time is then taken as the time at which the growing 

pore radius becomes equal to  . For very low values of dimensionless pressure amplitude  , 
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dcrit

dcrit

rcrit dcrit

rcrit Ρ



96 
 

the rupture time is insensitive to pressure amplitude. There is a critical amplitude (critical value of 

) above which the rupture time drops precipitously. Larger  and smaller  promote pore 

growth implying thereby growth of pores is promoted by higher interfacial tension and smaller 

line tension. In fact, there is a critical value of  above which the pore is stable, i.e. the maximum 

value of pore radius does not exceed the critical value for rupture. When the surface to surface 

distance between neighboring phospholipid heads is very small, Born repulsion is predominant 

thereby making the free energy a large positive (repulsive) value. At larger pore radii, however, 

the contribution from Born repulsion becomes negligible (being short range) and free energy 

reaches a maximum at a critical pore radius.  

 
 

Figure 6.7 6-12 potential well shows dcrit of the pore at 3.984. 

The effect of pressure amplitude (power level) on the evolution of pore radius is shown in Figure 

6.5. At very low pressure amplitudes (power levels), the amplitudes of pore radius in the early 

cycle are less than the critical pore radius so that pore rupture does not occur in the early cycle. 

However, the pore radius does reach the critical radius in the later cycle. The time at which this 
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occurs can be viewed as the pore rupture time  . At higher pressure amplitudes (power levels), 

however, the amplitude of pore radius in the first cycle is greater than the critical radius thereby 

resulting in a much smaller .  Since pore radius should be sufficiently large for insertion of 

AMP into the pore, one would expect synergism only for smaller amplitude of negative pressure 

fluctuation, i.e smaller power of ultrasonication.  The effect of AMP on growth of pore will be 

discussed in the next section. 

 

The end goal of this model is to predict the relationship between cell deactivation number and 

treatment time at different pressure amplitude. Before we further discussed this correlation, a 

summary of what we have explained so far starting from bubble growth to the effect of pressure 

field generated by collapsing bubble on cell deactivation is presented in Figure 6.8. Pressure 

fluctuation due to ultrasonication induced bubble nucleation. The bubble grows and collapses after 

a certain lifetime. Higher pressure amplitude generates more bubbles with smaller size. After a 

certain lifetime, the bubble collapses and generates pressure field that will lead to pore formation 

and pore rupture. This pore rupture time will depend on pressure and radial distance of the cell 

from the collapsing bubble.  

trup

tcrit
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Figure 6.8 A. Bubble dynamics: pressure fluctuation due to ultrasonication induced bubble 
nucleation and the bubble collapses after a certain lifetime. B. Effect of pressure fluctuation on 

cell membrane: the collapsed bubble generates pressure field that will lead to pore formation and 
pore rupture. 

The size of a cavitating bubble at the time of collapse is of the order of a few hundred microns 

whereas the size of a bacterial cell is much smaller and is of the order of a few microns. 

The pressure amplitude is maximum at the radius  of a cavitating bubble before its collapse. The 

bubble collapses very rapidly with a lifetime of tb . Let  be the time for pore formation for a 

bacterial cell located near the bubble. Therefore, no pore formation occurs if . Since the 

pressure amplitude decreases with an increase in radial distance from the bubble, the time of pore 

formation should increase. Let  be the radius at which the time of pore formation is . At 

time , therefore, no pore formation occurs in bacterial cells that are located at a distance greater 

than  from the bubble. For cells that are located within the spherical shell of radius 

, i.e.  ,  being the radial distance, the rate of pore formation is equal to 
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.  If  is the number of bacterial cells per unit volume of cell suspension, the number of cells 

in spherical shell of radius  and  is equal to .  The number of pores that are 

formed in bacterial cell membranes during its lifetime is therefore given by 

      (21)  

 

If  is the number of pores that need to be formed in order to deactivate a bacterial cell, the 

number of bacterial cells that are deactivated at time  is given by 

        (22)  

Assuming that the cavitating bubbles act independently, the rate of deactivation of bacterial cells 

per unit volume of cell suspension is given by 

         (23)  

 

where  is the rate of production of cavitation bubbles per unit volume.  The number of cells that 

are deactivated at time  is therefore given by 

        (24)  
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         (25)  

 

Therefore, the log reduction in surviving bacterial cells is given by 

         (26)  

 

In the above equation, the dependence of sonication power occurs via  and . A typical 

cavitating bubble grows from an initial size to its maximum before collapse. We suspect that the 

log reduction levels off to a constant value at long times, while the reduction is higher at higher 

power levels (Figure 6.9). The cells deactivation will also depend on two unknown parameters 

 and  (Figure 6.10). We suspect that time needed to achieve same level of reduction will 

be shorter for higher  and  . Also, at very low power levels, the lag time for deactivation is 

expected to be more pronounced. This is consistent with dye leakage experiments as reported 

elsewhere.  
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Figure 6.9 Number of surviving cells expressed using log reduction formula as described in 
equation 26 for two different pressure. 

 

Figure 6.10 Number of surviving cells expressed using log reduction formula as described in 
equation 26 for different values of number of pores that need to be formed in order to deactivate 
a bacterial cell (A) and number of bacterial cells per unit volume of cell suspension  (B). 

We were able to proposed the model to determine the cell reduction as respect to treatment time 

for different values of P,  and  as presented in Figure 6.9 and 6.10. However, fitting this 

model with our experimental data is still a challenge because  and  are unknown 
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parameters and their values will depend on the ultrasonication operating conditions such as power 

and frequency. 

   Effect of antimicrobial peptide (AMP) on growth of pores 

As discussed above, the pressure wave produced by cavitation leads to growth of pore on the cell 

membrane. If the aqueous phase consists of AMP, AMP molecules will insert themselves into the 

growing pore when the pore size becomes sufficiently large. The insertion will be aided by the 

convective motion of AMP as a result of the velocity flow field induced by the pressure fluctuation. 

The force due to radial pressure gradient may be able to overcome the energy barrier for peptide 

insertion. We will assume that peptide insertion occurs in a very short time scale once the pore 

becomes sufficiently large. In the following, we will present an analysis of growth of these pores 

in the presence of pressure fluctuations when lined with peptides on the inside. The positive charge 

of AMP will induce some negatively charged phospholipid heads bend in order to partially 

neutralize the total peptide charge. Let  and  refer to the number of peptides and number of 

bent phospholipids per peptide respectively. We consider the oscillation of pore size as a result of 

pressure fluctuation with fixed number of peptides lining the pore. The restoring force resisting 

the expansion of the pore will depend on the gradient of the total free energy of the pore with 

respect to pore radius. In addition to line tension and interfacial tension, there will be contributions 

to free energy as a result of electrostatic interactions within the charged pore, bending of 

phospholipid heads, loss of entropy of inserted peptide and hydrophobic interactions. Potential 

energy of pore formation due to interfacial tension, van der Waals and Born interactions is given 

by eq. (12).  The free energy due to loss of entropy  is given by, 

        (27)  
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For a cylindrical pore of radius, the Poisson Bolztmann equation is given by 

        (28)  

 

Where   is the potential. The solution of the above equation for a constant surface charge density 

  is given by 

        (29)  

 

where  is Debye-Huckel parameter,  and  are dielectric constant and permittivity of 

vacuum respectively,  and  are modified Bessel’s functions. Assuming uniform distribution 

of charges along the pore, the surface charge density  is given by  

         (30)  

 

where  , the net charge of the pore is equal to  ,  and  being the net 

charge of peptide and phospholipid head respectively. A force balance within the aqueous medium 

of the pore yields 

         (31)  
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Integration of the above equation yields 

         (32)  

 

For debye Huckel approximation, the pressure at the center of the pore can be related to the ambient 

pressure  via 

        (33)  

 

Combining eqs. (31) and (32), one obtains the following for the force per unit area  acting on 

the pore  

        (34)  

 

 

Substituting for the potential profile from eq. (9), one obtains, 
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The free energy of bending  is given by 

        (36)  

 

where  is the bending modulus of bilayer and  is cross sectional area of lipid head.  The free 

energy of hydrophobic interaction  is given by, 

        (37)  

 

where  is hydrophobicity of peptide.  The restoring force  is given by 

        (38)  

 

From eqs. (13), (20) and (22), one obtains, 

      (39)  

 

The dynamics of fluctuation of pore radius is given by 
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In the above equation, the mass of pore . 

 

The dynamics of pore fluctuation can be non-dimensionalized to give, 

(41)  

 

where   

                    (42)     

 

Eq. (40) is to be solved with the following initial conditions, 

         (43)  

The initial radius of the pore can be taken as  

         (44)  

 

The energy of interaction   in eq. (39) is that averaged over peptide and associated 

phospholipids.  
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With the addition of inserted peptide, we expect that the treatment time needed to reach the same 

level of cell deactivation will be shorter compared to treatment with ultrasonication only. 

   Conclusions 

We proposed a set of mathematical model to explain the cavitation phenomena due to 

ultrasonication from the bubble dynamics until membrane pore rupture. Using this equations, we 

are able to predict the deactivation rate. From our mathematical modelling investigation above, we 

also observed few key points: 

•   Effect of pressure amplitude on cavitation bubbles:  

There is a lag time prior to bubble growth and this bubble growth only happen for pressure 

amplitude greater than critical value. Rapid bubble collapse will happen after maximum bubble 

size achieved. 

•   Effect of frequency and pressure amplitude on maximum bubble size:  

Maximum bubble size decreases at high frequency and higher initial bubble size. Maximum bubble 

size appears smaller at lower pressure amplitude. 

•   Interaction of pressure wave with cell membrane:  

Pore amplitude increases dramatically with ultrasonic power and eventually pore ruptures. Time 

needed for bubble to rupture is longer for lower power. 

•   Effect of antimicrobial peptide insertion on growth of pore 

Adsorption of peptides induces stronger restoring force. Presence of this peptides lead to higher 

amplitude of pore radius which demonstrate synergism. As for the effect of electrostatic 
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interaction, higher charge leads to higher amplitude of pore radius and the effect of bending 

modulus of the phospholipid heads cause higher amplitude of pore radius.  
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7    SUMMARY AND RECCOMMENDATION 

   Summary 

The most common practice in food preservation involves pasteurization and application of high 

intensity heat treatment that may results in deterioration of nutritional and sensorial characteristics. 

Ultrasonication application has become one of emerging alternative methods, especially when 

combined with other physical or chemical techniques, to be used as a preservation method while 

still preserving their qualities. This thesis presented an encouraging result of synergistic effect of 

high power ultrasonication on antimicrobial action of a classic antimicrobial peptide Cecropin P1 

on deactivation of pathogenic E. coli O157:H7 using a conventional type of ultrasonication device 

(probe ultrasonicator) and a non-conventional cylindrical type of ultrasonication device 

(cylindrical ultrasonicator).  

 

In chapter three, the cell deactivation in a simple PBS media, as well as in milk and orange juice, 

shown that the combination treatment of a 20 kHz probe type ultrasonicator (160 W power level 

for 60 minutes) and Cecropin P1 (20 µg/mL) demonstrate a synergistic effect; resulted in more 

efficient cell deactivation, reducing the cell density (CFU/ml) of E. coli up to four orders of 

magnitude, compared to individual treatments. It is also observed that the synergistic effect was 

more pronounced at acidic pH due to increase in net charge of the cationic peptides. However, the 

milk concentration results in lower synergistic effect. This is believed to be due to complexation 

of milk proteins with Cecropin P1 thus resulting in less availability of the latter for antimicrobial 

action at lower milk concentrations. This dependence was not observed in orange juice samples. 

Ultrasonication is found to result in insignificant decrease in sensorial and nutritional 

characteristics such as viscosity, color and protein concentration, and vitamin C for both milk and 
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orange juice except at higher power level of 160W at longer exposure time. TEM images shown 

clearly a pore formation due to combination of ultrasound and Cecropin P1 treatments which lead 

to cell death. It is interesting to note that exposure to ultrasonication also results in periodic 

deformation of the cell  wall due to pressure waves.   

 

In chapter four, we investigated the membrane permeabilization due to Cecropin P1 using an 

artificial membrane model or liposome (DMPC/Cholesterol) to mimic a more complex cell 

membrane. The fluorescence dye leakage experiment from liposome by Cecropin P1 indicated that 

the peptide could induce peptide concentration dependent dye leakage. The fluorescence leakage 

properties, including rate of pore formation, lag time, and rate of dye leakage, were consistent with 

the antimicrobial activity of the peptide. It is also proposed that dye leakage experiment not only 

captured the nucleation of pores, but also included the growth of pores.  Measurement of size 

distribution of liposomes exposed to peptides of different concentrations indicated that pore 

formation with accompanied stretching of liposomes may have occurred at low concentrations of 

the peptide. At much higher concentrations, however, size distribution indicated trimodal 

distribution. In both cases, TEM images indicates that the middle peak and the small peak are 

shown to be due to stretched liposome and broken liposome respectively. However, the large peak 

indicates cecropin P1 aggregates with solubilized lipids thus suggesting carpet mechanism.  

 

In chapter five, we studied the synergistic effect of a non-conventional cylindrical ultrasonicator 

on antimicrobial activity of Cecropin P1. Deactivation of E. coli in PBS (pH 7.4) was performed 

using three different treatments: (1) ultrasound (22 kHz) at different power levels (1, 3, 5, 7, and 

8 watts) and different exposure times (5, 10, and 15 minutes), (2) Cecropin P1 (20 µg/ml), and (3) 
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combination of both. Number of deactivated cell (CFU/ml) increases as power level increases and 

significant synergistic effect observed at power level of 3 W and higher. Combination of 

ultrasound and Cecropin P1 treatment at 8 watts for 15 minutes was able to reduce most of the 

cells (up to six orders of magnitude reduction), compared to individual treatments. Our result on 

the effect of different frequencies (14, 22, and 47 kHz) also shown that combination of higher 

frequency (47 kHz) and Cecropin P1 for one minute of exposure time was able to deactivate more 

cells (up to six orders of magnitude reduction) compared to combined treatment with 14 and 22 

kHz ultrasound.  

 

While the results for batch systems are encouraging, we acknowledge the limitation of them. A 

batch system could only processed a limited volume of sample. In chapter five, we proposed the 

use of a continuous system to increase the volumetric capacity and practicality. Continuous flow 

ultrasonic processing system using a cylindrical transducer of 22 kHz with power level of 7 W and 

7.5 W shown that longer residence time increases cell reduction. Cell reduction up to five orders 

of magnitude was achieved for residence time of 34 min. However at a comparable power level, 

the synergistic effect and cell deactivation is less in continuous flow system compared to those of 

batch system. This might be due to the different residence time experienced by the fluid in the 

cylinder. A simple design improvement might solve this problem, which should be address in the 

future work. 

In chapter six, a mathematical model for the description of interaction of antimicrobial peptide 

with a lipid bilayer in the presence of ultrasonication is presented. The model considers the growth 

and collapse of bubbles created by cavitation. The interaction of pressure waves created by bubble 

collapse with lipid bilayer leading formation and growth of pores in the absence as well as in the 
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presence of antimicrobial peptides are described to demonstrate synergistic action. The model 

predicted the effects of pressure amplitude, sonication frequency, surface tension, physical 

properties of the bilayer such as line tension, bending modulus and physical properties of 

antimicrobial peptide such as net charge and hydrophobicity. The time of disintegration of 

phospholipids leading to pore formation found to be smaller at higher pressure amplitudes, lower 

line tensions, higher surface tensions and higher frequencies. The destabilization of pores due to 

pressure fluctuation by antimicrobial peptides is mainly due to electrostatic interactions in the pore 

lined with proteins. The model is also able to predict deactivation of bacterial cells as a result of 

pore formation due to pressure waves created by ultrasonication. 

 

To summarize, this thesis investigates and develops methods to deactivate microorganism using 

combinations of ultrasonication and antimicrobial peptide with different configurations. This work 

hopefully sheds new light on the field of food preservation and processing. 

   Recommendation 

Further works are needed to improve the study on synergistic effect of high power ultrasonication 

on antimicrobial activity of antimicrobial peptide both experimentally and theoretically to develop 

more efficient and economical process for deactivation of pathogens in food systems without loss 

of texture and nutritional quality. Recommendation for future works includes: 

 

1.   Synergistic effect of ultrasonication on antimicrobial activity of antimicrobial peptide 

In order to better elucidate the synergistic effect of ultrasound and antimicrobial peptide, further 

experiment using different type of medium, sample volume, and bacterial cells are necessary since 

the effectiveness of ultrasonication will depend on type of matrices and bacteria. These 
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combinations might behave differently to ultrasound treatment.  An experiment using a complex 

food matrices need to be explored, especially for fruit and vegetables juices, and fresh produces. 

It is necessary to applied the method in the presence of different food system to harness its real 

potential application and to reach the desired microbial safety level as regulated by the FDA. It is 

also necessary to explore different natural antimicrobial peptides that would be active towards a 

wide range of bacterial cells.  

 

2.   Membrane permeabilization due to antimicrobial peptide 

A molecular dynamic modelling to investigate the pore formation of Cecropin P1 need to be 

explore using different model of membranes that mimic bacterial and eukaryotic cells. This 

simulation could provide a better understanding on the effect of electrostatic interaction, 

hydrophobicity, and helicity on interaction of Cecropin P1 with the lipid membrane. Moving 

further, in vivo study of dye leakage experiment or confocal microscopy can be explored to study 

the pore formation.  

 

3.   Design of a non-conventional cylindrical ultrasonic device 

Our result shows a promising cell deactivation level (more than 5 log reduction) without foaming 

effect using a batch and continuous flow cylindrical ultrasonic processing system. The design can 

be improved with taking careful consideration on the dimension of the sample chamber, better 

cooling system, and more accurate assembly process. This system can also be applied for other 

food processing application such as extraction of a sensitive compound using a smaller sample 

volume. 
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4.   Modelling of cavitation phenomena due to ultrasonication and antimicrobial peptide 

This model was developed with number of simplifications. As we developed a more sophisticated 

model, we probably should to make less simplifications such as the incompressibility of the liquid, 

the effect of viscosity, and the size of the wavelength compare to the bubble dimension. These 

factors will definitely make the model more complicated yet more accurate. To confirm the 

accuracy of this model, we should fit the experimental data and analyze the difference between the 

theoretical prediction and experimental data.  
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APPENDIX A GLOSSARY 

Latin letters 

ah cross sectional area of lipid head.   

B*  dimensionless force due to 6-12 potential 

Ca dimensionless surface tension 

d  distance between two neighboring phospholipid heads  

dcrit  critical pore diameter 

dm  initial distance between phospholipid heads at minimum potential 

dp  diameter of the phospholipid head 

E  potential energy of pore 

Ebend  free energy of bending 

Eent  free energy due to loss of entropy  

Ehy  free energy of hydrophobic interaction 

Fel  force acting on the pore 

Fpore  restoring force 

  hydrophobicity of peptide  

I0  zeroth order modified Bessel’s functions  

I1  first order modified Bessel’s functions 

K  dimensionless restoring force due to line tension of phospholipid head 

Kc  bending modulus of bilayer 

m  mass of pore 

Ncrit  number of pores that need to be formed in order to deactivate a bacterial cell 

!
ghy
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N0  initial number of bacteria cells 

Nph  number of phospholipids in a pore 

 number of peptides  

nb  number of bent phospholipids per peptide 

nd number of bacterial cells that are deactivated 

np number of pores that are formed in bacterial cell membranes during its lifetime 

P  external pressure at maximum radius of the bubble  

P  dimensionless force due to pressure fluctuation 

pA static atmospheric pressure  

pl pressure at the surrounding of cavitating bubble 

p0  external pressure  

  ambient pressure 

p0*  dimensionless external pressure  

Dp  pressure difference between the inside and outside of the pore  

Q  external pressure when the radius of the bubble is minimum at the end of collapse 

qnet  net charge of the pore 

qpep  net charge of peptide  

qph  net charge of phospholipid head 

R  bubble radius 

Rm  maximum bubble radius  

R0  initial bubble radius 

R*  dimensionless bubble radius 

r  shortest distance between the surface of the bubble and the bilayer 

!na

p∞
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rp  pore radius 

rp,in  initial pore radius 

rcrit  critical pore radius 

rp0  radius of the pore when the distance between neighboring phospholipids is  

S  dimensionless force due to interfacial tension of phospholipid head  

tcrit  critical pore rupture time 

tfinal treatment time 

trup  pore rupture time 

tp,0  time for pore formation for a bacterial cell located near the bubble 

t*  dimensionless time 

vr  radial velocity 

Z (Rm/R)3 

 

 

Greek letters 

g  surface tension 

e0  permittivity of vacuum  

er  dielectric constant  

e*  depth of the potential well  

K   Debye-Huckel parameter 

x  bubble shell thickness 

P dimensionless external pressure 

Pbend dimensionless restoring force due to bending potential 

dp
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Pel dimensionless restoring force due to electrostatic field 

 number of bacterial cells per unit volume of cell suspension 

rl   liquid density 

sph  interfacial tension of phospholipid  

s*  surface charge density  

tb lifetime of the bubble 

f  potential energy  

w  frequency 

  

!ρb
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APPENDIX B MATLAB SCRIPTS 

The modelling of cavitation phenomena (Chapter 6) is solved using MATLAB R2018a . 
 

 

6.1 Cavitation of bubbles 
 
clear all 
%constants 
rho = 1000;%density 
R0 = 1e-6;%initial bubble radius assumption 
w = 2.5e4;%sonication frequency experiment 
y = 78e-3;%surface tension  
Pa = 1e5;%atmospheric pressure 
  
II = Pa*R0/y;%dimensionless variable 
p0 = [5.4,5.8,6.2];%dimensionless variable 
Ca = rho*R0^3*w^2/y;%dimensionless variable 
  
figure 
for pp = 1:length(p0) 
t0 = 0; %initial condition 
dt = .001; %increment 
R0 = 1; %initial condition 
R=R0;  
dRdt0 = 0; %initial condition  
drdt = dRdt0;  
t = 0:dt:6.1; 
  
for tt = 1:length(t) %loop 
  
d2rdt2 = -3/(2*R)*drdt^2-2/(Ca*R^2)+1/(Ca*R)*(p0(pp)*II*sin(t(tt))-II*(1-
1/R^3)+2/R^3); 
drdt = drdt+d2rdt2*dt; 
R = R+drdt*dt; 
    if R>0 & R<4000 
        Rsave(tt)=R; 
    else 
        Rsave(tt)=0; 
    end 
end 
Rmax(pp) = max(Rsave); 
Rmin(pp) = Rsave(end); 
[M,I]=max(Rsave); 
tmax(pp) = t(I); 
tmin(pp) = t(end); 
plot(t,Rsave,'LineWidth',2) 
hold on 
  
end 
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xlabel('Dimensional time') 
ylabel('Dimensionless bubbel radius') 
legend('5.4','5.8','6.2') 
 

 

6.2 Propagation of pressure wave in the liquid surrounding cavitating bubble 
 
clear all 
p0 = [5.4 5.8 6.2]; %%TO CHANGE THE PRESSURE 
Rmax = [1.9139    2.0208    2.1229].*1e3; 
R = [1.3851    1.5291    1.6600].*1e3; %Bubble radius before collapse 
tmax = [4.3020    4.3370    4.3680];% 
tmin = 5.6;% 
y = 1.3; 
figure 
hold on 
for pp = 1:length(p0) 
  
P = (1-p0(pp)*sin(tmax(pp)));%External pressure when the radius of the bubble 
is maximum 
Q = (1-p0(pp)*sin(tmin));%External pressure when radius of the bubble is 
almost burst 
r = 1000:100:1e4;%R(pp):R(pp)/100:5*R(pp); 
Z = (Rmax(pp)/R(pp))^3; 
  
pl = 1+Q.*(R(pp)./r)-2/3*(P*(Z-1)+Q*(Z-Z^y)/(y-1)).*((R(pp)./r).^4-
1/2.*(R(pp)./r)); 
  
plot(r,pl,'linewidth',2) 
end 
xlabel('Distance from the collapsing bubble') 
ylabel('Pressure from the collapsing bubble') 
legend('5.4','5.8','6.2') 
 

 

6.3 The effect of pressure fluctuation on cell membrane 
 
clear all 
  
B = 4996.09; 
P = [1e3, 5800, 1e4, 1e5]; 
S = 572.776; 
K = 7528.27;%4*pi*lamda/(mlip*rpin*w^2);% 
dporestar=1.122; 
figure 
hold on 
for hh = 1:length(P) 
  
t0 = 0; 
rp = dporestar; 
drp = 0; 
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dt = .00001; 
t = dt:dt:10; 
     
for tt = 1:length(t) 
drp2 = P(hh)*rp*sin(t(tt))+S*rp-K+B*((dporestar/rp)^13-(dporestar/rp)^7); 
drp = drp+drp2*dt; 
rp = rp+drp*dt; 
rpsave(tt)=rp; 
  
end 
semilogx(t,rpsave,'LineWidth',2) 
end 
ylim([0,4]) 
xlabel('Dimensionless Time') 
ylabel('Dimensionless Radius') 
 
 
Log reduction deactivation rate 
 
clear all 
  
%p = 5.6824*r^2-369.62*r+5812.9;%%untuk p0 = 5.4 
%tstar = exp(2.4032-0.5037*log(5.6824*r^2-369.62*r+5812.9)); 
  
tb = 0.5; 
t = linspace(0,tb,100);%%integration limit 
dt = t(2)-t(1); 
  
nn = 0; 
  
for tt = 1:length(t) 
     
    E = 741.03*t(tt)^5-2301.8*t(tt)^4+2728.1*t(tt)^3-
1667.1*t(tt)^2+512.23*t(tt)-45.512; 
    r = linspace(0,(E),100); %%integration limit 
    dr = r(2)-r(1); 
    r3 = 0; 
    for rr = 1:length(r) 
         
        r2 = r(rr)^2/(-0.0019+0.0006*r(rr)+3e-6*r(rr));%r^2/tstar(r) 
        r3 = r3+r2; 
    end 
     
    r3 = r3*dr; 
    nn = r3+nn; 
     
end 
  
nn = nn*dt; 
  
R0 = 1e-6;% 
tf = 30; 
rhodotb_Ncrit = 0.99/(4*pi()*R0^3*tf)/nn; 
t = 0:0.1:30; 
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dead = 4*pi()*R0^3.*rhodotb_Ncrit*nn.*t; 
live = 1-dead; 
logreduction = log(1-dead); 
figure 
hold on 
plot(t,logreduction,'linewidth',2) 
xlabel('Time') 
ylabel('Deactivated cell') 
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