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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 pg/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

1.1 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 121°C
and 140°C). However, this practice (especially under severe condition) may results in deterioration

of vitamins, taste, color, and other sensorial characteristics !

. 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 '. 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 .

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 *. 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 '. 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 °. 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 ® 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.

1.2 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.

1.3 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

2.1 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) !. 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 '. 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 78 as shown in Figure 2.1.
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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 ® °. 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 ® °. 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 .

2.2 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 !. Many phenomena may arise from

propagation of an ultrasonic wave into a liquid system (Figure 2.2).
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acoustic energy vapor/gas bubbles convection cells frequency ultrasound)

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 3 0. Cavitation refers to the formation and dynamics of gas bubbles in
liquids, which includes hydrodynamic, thermal and acoustic cavitation '!. 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) 78,
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Figure 2.3 Principle of ultrasound cavitation (redrawn from Sango et al, 2014 ).

Cavitation bubbles are formed by nucleation within the fluid at sufficiently high power where the
rarefaction helps overcome the attractive forces of the liquid '°. 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 °C) and pressure (up to 1000 atm) 3. The

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

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 '2. Stable cavitation can be produced at the
intensity of 1-3 W/cm? 3. The second phenomena involve acoustic streaming which generates
fluid currents leading to gradients in momentum thereby promoting convective heat transfer near

the solid boundaries®. 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 !. 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 > 4.
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 !°. Thinning of cell

membranes and broken cell wall resulted in a released of cytoplasm content (Figure 2.4) > 15,
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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 '.
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2.3 Assisted ultrasound treatment

Combination of ultrasound with other treatments such as heat, pressure, and antimicrobial
solutions can increase its effectiveness ® % 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 '®. Thermosonication combined with pulsed electric field has no
significant effect on the pH, conductivity, °Brix, juice color, non-enzymatic browning index, and

sensory acceptability compared to thermal treatment '7 8,

Moderate to high pressure combined with ultrasound (manosonication) can increase in free radical
production and higher bubble implosion 8. Manosonication (20 kHz, 117 um 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 '°. Other manosonication studies done by Raso
et al (1998) 2 and Manas et al (2000) 2! 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 . 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 um amplitude, 200 kPa, 60 °C) 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 Ys-log cycle 2.
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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 ®. High power ultrasound also resulted
in microbial reduction when combined with chemical treatments for wash water decontamination
process of some fruits and vegetables 2*. 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 2% 2526,

Antimicrobial activity of antimicrobial peptides (AMPs) alone such as Cecropin P1 (MW 3338.86
g/mol) has been explored 27-2%2° . 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 B-defensin enhanced deactivation of antibiotic resistant
staphylococcus biofilms 3°. Ultrasound exposure also increase the diffusion of Rose Bengal-
antimicrobial peptide conjugate to treat Pseudomonas aeruginosa and Staphylococcus aureus
biofilm *!. 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 °.
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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.

2.4 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 *2. 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 !.
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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,

Bath system Horn-based system

Liquid sample

ultrasonictransducers  ultrasonic horn/probe

Figure 2.5 Two common types of ultrasonic system (redrawn from Naddeo et al, 2014 3%).

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 2. 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 2. 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 '

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 *4, middle: horn-based ultrasound ¥, right: bath ultrasound for juice
treatment %7

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 **. 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 3. Borthwick et al came up with a 20 kHz tubular system for disruption of Saccharomyces
cerevisiae °. 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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2.5 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 *®. 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 !-3°. The ultrasound power

level can be expressed as power (W, joule/sec), intensity (W/ml or W/cm?), 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 *°. 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 3% %°, 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) #!. 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 2.8 Variation with frequency of maximum fluid pressure during collapse; R. = 3.2 x 10-4
cm; Pa =4 atm ¥.

2.5.3 Treatment temperature

At higher temperature, cavitation could be achieved at lower acoustic intensity because of higher
vapor pressure . 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 *.
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2.5.4 External pressure

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

acoustic pressure (P,) 3% 3. 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 *%. 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 *°. 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 °.

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 *3. 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) 3%, This classification system was developed by Christian Gram in 1884 3% As a

consequence of the difference in their cell wall thickness and structures, their resistance to



32

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 3% *>*3. Most of bacterial cell is
about 0.5-1.0 x 2.0-10 um in size, and they can be arranged in different formations such as
clusters, chains or tetrads 4. 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 3% 44,

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

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 °. The capsule protects the bacteria against desiccation, phagocytosis,

bacterial viruses and toxic materials, 44>,

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 um long 4. Whereas fimbriae are thinner and
shorter compare to flagella composed of helically arranged protein subunits 4°. These structures

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

Hydrophobicity plays an important role in adhesion 4647 ; 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 **4°. 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 #*.

2.6 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 3%3!. Antibiotics was the major antimicrobial agent to treat a wide range
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of bacterial infection 33 until pathogenic bacteria have developed resistance to almost all available
antimicrobial drugs due to genetic modifications 3. 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 3.

Microbes have not been successful in resisting the activity of AMPs because these peptides target
the bacterial cell membrane by forming membrane pores 3%3* 3 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 3 3*. In addition, AMPs derived from
multicellular organism consist of multiple peptides with different structures thereby making it

difficult for the microorganism to develop resistance **.

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 3> %37, The unique characteristics of AMPs are their small size (15

% Some

— 40 amino acids), charge (often overall positive), and they target cell membrane
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 a-helix,
B- 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 ¢, Antimicrobial

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

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

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 a-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 328, Cecropin P1 can find potential applications in food

preservation since it has no cytotoxicity to mammalian cells © .

2.6.3 Themes in mechanisms of action

Interaction of antimicrobial peptides (AMPs) with cell membrane depend on their charge,
hydrophobicity, and helicity *°. 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 3% %°. Helicity is also

important feature for AMPs >3,

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 °°. 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 *. 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 °°. 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 36062,

Barrel-stave model Toroidal model Carpet model

Melittin Alamethicin Cecropins

Binding of AMPs to the membrane and forming a-helix structures (red: hydrophilic regions, blue: hydrophobic regions)

& o %, B o R D N

transient holes

B 3
Transmembrane pore !
aggg Disrupting the bilayer curvature
R leading to micellization.
Transmembrane pore

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

2.7 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) ¢ Neppiras (1980) ® 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) ¢°, who study the behavior of incompressible
fluid in which he imagined a spherical void to be suddenly formed. Later, Beeching (1942) ¢
extended his analysis by taking into account effects of surface tension and the pressure of liquid
vapor in the bubble. Knapp and Holander (1948) ¢ 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) % %% 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) 7° and Brennen (1995) 7'. 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 !. Lauterborn
(1999) 2 and Mettin (2002) 7* groups did a comprehensive review of theoretical and experimental
works on non-linear bubble dynamics. Lin et al (33) 7*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 7.
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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.1wt.2018.05.016.”

3.1 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 8. However, this practice results in losses of food nutritional value and the
changes it induces in color, flavor, and texture of final products 7#-%°, 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 ®. Several in vitro studies using
laboratory media have also reported a vast potential for natural antimicrobial agent application

such as antimicrobial peptides (AMPs) 8132 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
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AMPs that were originally isolated from insect, the cecropia moths 3. A mammalian homologue,
Cecropin P1 (CP1), was isolated from pig intestines ®®. 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 a-helical chain when penetrating the cell
membrane to make it leaky -3, Cecropin P1 has no cytotoxicity to mammalian cells and therefore
can find potential applications in food preservation °. It has also been demonstrated that a
combination of ultrasound and bacteriocin results in an enhancement in deactivation of antibiotic

resistant staphylococcus biofilms .

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 *.
Antimicrobial activity of Cecropin P1 alone has been explored 2’-?° 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 °. 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 pg/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.

3.2 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 °C prior to experiments. E. coli O157:H7 EDL933 was incubated at
37 °C for 16 h, which was propagated in BHI broth (Neogen, Lansing, MI) at 37 °C 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 ug/ml) and without Cecropin P1. For each experiment, 5 ml of
E. coli suspension in different media was treated using ultrasound at 25 °C 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
pg/ml. Minimum inhibitory concentration of Cecropin P1 was determined using broth

microdilution method °.

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 °C 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 °C 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 .

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 °C (Mettler Toledo, Australia). Viscosity determinations were
performed in triplicate. The pH probe was calibrated before samples measurement at 25 °C 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 °C). 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 °C). 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 °C) by 2,6-dichloroindophenol titrimetric method as described in AOAC
Method 967.21 using ascorbic acid as the standard °3. 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 >

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 -
casein (Sigma—Aldrich, MO) at different CP1/B-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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3.3 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 10?> whereas Cecropin P1 resulted in a
decrease of around 10' (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 10% 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 10* 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.
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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, 10% 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.
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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 > 2, 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 °*°°. 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/B-casein ratio exposed to Liposomes. [-casein was
chosen to mimic milk protein and liposome was used as artificial bacterial cell °%°7. As shown on
Table 3.1, zeta potential decreased as B-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/B-casein ratios.

Cecropin P1/B-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 '°. 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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Treatment Viscosity L* a* b* TCD Vitamin C
(mPa.s) (Lightness) (Red-green) | (Yellow-blue) | (Total color (mg/ml)
difference)

Control 1.76+0.002a | 58.88+0.003c | -1.32+0.003¢ | 42.31+0.012b 0 0.45iNDab

30 min, 40 W | 1.68+0.005b | 59.9240.003a | -1.20£0.003b | 42.81+0.012a | 0.68+0.001a | 0.45+NDa
60 min, 40 W | 1.652£0.004c | 59.33+£0.003b | -0.894+0.006a | 42.23+0.006¢ | 1.13£0.002b | 0.45+NDa
30 min, 160 W | 1.63+0.002d | 58.8840.003¢c | -1.82+0.006e | 40.79+0.007d | 1.61£0.007¢c | 0.36£NDb
60 min, 160 W | 1.59+0.006e | 57.971£0.003d | -1.74+0.007d | 39.24+0.006e | 3.23+0.011d | 0.36xNDb

2Values followed by the same letter in a column for each of the parameters are not significant.
>Not detectable.

Table 3.3 Physicochemical analysis of milk

Treatment Viscosity L* a* b* TCD Protein
(mPa.s) (Lightness) (Red-green) | (Yellow-blue) | (Total color (mg/ml)
difference)

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+0.003¢ | 6.03£0.003b | 0.2240.0046b | 4.99+0.012a
30 min, 160 W | 1.66+0.008b | 91.1440.000d | -3.0940.003¢c | 5.87+0.006c | 0.5740.0003c | 4.94+0.019a
60 min, 160 W | 1.64+0.001¢ | 90.14+0.009¢ | -3.13£0.000d | 5.26£0.003d | 1.73+0.009d | 4.89+0.029a

2Values 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 *® 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
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al *° 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 '% 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-Ralji¢ et al '°! 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 '%? 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), B-carotene and vitamin A

molecule 103104,

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) ', TCD



55

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. Portenléinger and Heusinger '%°

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 '*° 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 '°7. 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 '°®

, 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 B lactoglobulin, o lactalbumin as well as
disruption of casein micelles. This increase in aborbance is inferred as an apparent increase in

protein concentration.

3.4 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 ug/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.”

4.1 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 . AMPs have raised broad research interest due to their ability of combating antibiotic
resistance and potential of replacing antibiotics '%°. 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’ ''%°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 ''3-!'3, At higher
AMP concentrations, however, they may form micelles and solubilize phospholipids, consistent
with carpet mechanism ''* !5 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 3113, 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 % !4 115,
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 a-helical AMPs that were
originally isolated from insect, the cecropia moths and a mammalian homologue, Cecropin P1 was

isolated from pig intestines %’

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 5.
Previously, the study also showed that E. coli O157:H7 EDL9333 is sensitive to both Cecropin P1
and Cysteine-terminus modified Cecropin P1 32, 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 283360, 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
17" oriented circular dichroism ' NMR spectroscopy ''?, X-ray crystallography >°, and quartz
crystal microbalance ''°, 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 '?°. 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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4.2 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 !2!. Briefly, 100 uL 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% '?2. To compare the
intensity, intensity of calcein was normalized based on the equation showed below:

Calcein Leakage (%) = 100x(F-Fo)/(Fr-Fo)

where F is the fluorescent intensity achieved after addition of petide, Fo is the fluorescence
intensity with the presence of peptide, and Fr is the fluorescence intensity with addition of Triton

X-100, which makes the liposome fully ruptured '3,

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.

4.3 Results and Discussions

4.3.1 Membrane permeation induced by Cecropin P1

Calcein leaked from liposome at different times during exposure to different Cecropin Pl
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- € /%) , 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 >® 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 (t) 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.
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Figure 4.2 Time constant of Cecropin P1 at different peptide/lipid ratio (P/L ratio).
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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 2’ 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).
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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 '>*. 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 '2°. 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.

Nucleation of pores ==» Growth of pores == Rupture of membrane

[eX®] oo
o2 = o ®

Figure 4.5 Schematic of pore formation on liposome membranes induced by antimicrobial
peptides corresponding to the change of fluorescence intensity change with time.
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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 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 107 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.
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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 '?° and Karal et al !2® observed an increase of surface area on giant unilamellar vesicles
(GUYV) 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 2 °!. The decrease in
liposome size was more pronounced at higher Cecropin P1 concentration due to solubilization of

the liposome into smaller micelles.

4.4 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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S SYNERGISTIC EFFECT OF ULTRASOUND AND ANTIMICROBIAL
ACTION OF CECROPIN P1 USING A CYLINDRICAL ULTRASONIC
SYSTEM

5.1 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 ' 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 >°. 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 °. 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 '8,

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 > 3°. 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 3% 3.

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 . 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 °. 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.

5.2 Materials and Methods

5.2.1 Materials

Preparation of E. coli O157:H7 is as described elsewhere '?8. E. coli O157:H7 was incubated at 37
°C 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 °C shaker incubator until it reaches 10° 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 pg/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 3°. 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 pg/ml), and
combination of ultrasound with Cecropin P1. The treated E. coli samples then growth on BHI agar
plate (Neogen, Lansing, MI) at 37 °C 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.



Length (mm)
System parameter 14kHz 22 kHz 47kHz
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
C Cooling
system
Function
Generator
Amplifier
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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 - 128,
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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).

5.3 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/cm?2),
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 °C to 35 °C 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 10° 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 3¢, 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 3>
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 4!, 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
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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

US+CP1
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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.
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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.
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Figure 5.6 Maximum calcein leakage after treatment with Cecropin P1 (20 pg/ 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.
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Figure 5.7 Calcein leakage after treatment with Cecropin P1 (20 pg/ 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.
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Figure 5.8 Calcein leakage after treatment with Cecropin P1 (20 pg/ 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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5.4 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 pg/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).

6.1 Cavitation of bubbles

Previous theoretical studies done by Neppiras and Noltingk ¢ and Neppiras ¢ 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 %> 13! 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 p, . 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/cm?, 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 R;. In the following, we will consider a bubble of radius R, that is exposed to

pressure field p, —p,sin®t . An energy balance for the bubble gives,



85

R R

0

3 3
R R . y
2R| p,sinot—p, 1—( 0} +Z—7( 0} =4y +3pRR*+2pR°R (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 R
is the radius of the bubble at time ¢ , ¥ is the surface tension and P is the density of continuous

phase fluid. Defining the following dimensionless variables,

R R w?
R*:Rﬂ;t*:a)t;l'[:p“ O;Cazp B ;p0*=& (2)
0 4 Y b,

eq. (1) can be recast in terms of the above dimensionless variables as

5 3 . \2 2 1 . 1 2
R*+2R*(R*) +CCIR*2 _CaR*{po*HSIHt*_H(l_R*3J+R*3:|:O (3)

The second derivative of R in equation (3) refer to bubble wall acceleration. The above equation

is to be solved with the conditions, t*=0 , R*=1 ; R*=0 to give the evolution of bubble radius

with time. Typical plot of R* vs t* for different values of p,* 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. R, =1um ; Ca=8x10"° ; 1=0.173.

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 R_* 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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pressure amplitudes (left) and (B) different initial bubble sizes (right) ; R,=1um ; Ca=8x10"° ;

I1=0.173

6.2 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 R (t) are given by,

avr

dv. 1 dp,

o8  "adr p, dr

4

)

where V_ is the radial velocity component, p, —p, is the pressure in the liquid and p, is the liquid

density. From (4), one obtains
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R'—-=r"v (6)

From egs. (5) and (6), one obtains,

Ry 4R, 1dp,
2 5
r r p, dr

(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,

37pR2=P(Z—1)—Q i) (8)

3
where Z = (Rm / R(t)) , R being the maximum bubble radius at the start of the collapse, y is the

ratio of the specific heats, P 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,

By L )
2R PR

Substituting R from eq. (9) into eq. (7) and (8) and integrating with respect to r , we obtain the
following expression for spatial variation of pressure in the liquid in the vicinity of collapsing

bubble,
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pA—pI(r):pA+Q[§J—§ P(Zl)+Q% GI—%G) (10)

This equation can be recast in terms of dimensionless liquid pressure to give,

1—pl*(r)=1+Q{§}—§ P(Z—1)+Q@ (5j4—1(5] (11)

(y—l) r 2\ r

Typical variation of dimensionless pressure amplitude 1-— pl*(r*) with dimensionless radial

distance (r*—Rmm*) from the surface of the collapsing bubble, where I =F/ R, , 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.
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Figure 6.3 Plot of dimensionless pressure amplitude vs dimensionless radial distance from the
collapsing bubble are shown for two different values of p,* . The other parameter values are:

w=2.5x10" Hz; R0=10_6 m.
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6.3 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.

Phospholipid head Pressure wave

e

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 r. At any

instant, let the radius of the pore be r . It 1s assumed that a single pore is formed in the cell
membrane of bacteria. The pressure acting on the inside of the poreis p, —p, (r)sin ot . Therefore,
the differential pressure Ap(r,t) between the inside of the pore and outside is —pl(r)sina)t .

The potential energy of pore E (rp) is given by
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12 6
E,.(r,)==27r" + N kT¢" [d”(lj)J —2[d‘(l:)] (12)
P 4

where, G, refers to the interfacial tension of phospholipid, N, is the number of phospholipids

ph

in a pore, € is the depth of the potential well in kT units, d (rp) is the distance between two

neighboring phospholipid heads when the pore radius is r, and d_ is the initial distance between
phospholipid heads when the potential is minimum. It is to be noted that d,, is related to d, , 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 d (rp) on pore radius is given by

2mr
)=+ (13)

ph

d(r

p

where N, refers to the number of phospholipid heads in a pore. Consequently, the number of

phospholipids in the pore N, can be estimated as

Ny, = Int | 2] (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 F (r ) resisting expansion of the pore is
pore\ 'p



92

13 7
dE *
O e PR
P m p p

A force balance for the pore in the cell membrane yields,
2

dr
My 72” = 272:rptpAp(r,t)+ F (rp) (16)

pore

From egs. (12),(14) and (15), we get,

13 7

am, 24nkTe’|| d d
p_ . m "
m, . PR —anptppl(r)sma)t+47rrpoph —47A+ 7 - (17)

Defining the dimensionless quantities rp* =r / r;t =wt, where r,o refers to the radius of the
pore when the distance between neighboring phospholipids is d,, the above equation can be recast

as

) _\13 N
dr e e Al r r

£ =—Pr sint +Sr -K+B || 2| —-| =& (18)
dt p p rp

=3

where the three dimensionless variables are defined as
2nt Ap 4o, 47 . kT 24rne

“Nom 0" Nm a)z'K_N m r o’ — ddNm r o
ph " lipid ph lipid ph " lipid” p0 p ~m " ph lipid p0

19)
Pis the dimensionless force due to pressure fluctuation, S is the dimensionless force due to

interfacial tension of phospholipid head ,K is the dimensionless restoring force due to line tension
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of phospholipid head and B’ is the dimensionless force due to 6-12 potential. It is to be noted that
S and K depend on the composition of cell membrane. On the other hand, P also depends on the

strength of ultrasonic pressure fluctuation. The initial conditions for eq. (19) are

t =0 r ="y
) dr (20)
t =0 L=0

dt

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 P compared
to S, K, and B* . The solution of eq (18) for different values of P 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 S,K, and B* . The effects of P, S, K, 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 IT. All variables
are dimensionless. S = 572, K = 7528, and B* =4996. Vertical dashed lines indicate the rupture

time.
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Figure 6.6 Plot of pore radius vs time for different values of pressure amplitude IT. 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 d

crit

the potential energy of interaction

is negligible. For these calculations, d

crit

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 7, ,,

corresponding to d

crit

. Pore rupture time is then taken as the time at which the growing

pore radius becomes equal to 7., . For very low values of dimensionless pressure amplitude P ,

rit
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the rupture time is insensitive to pressure amplitude. There is a critical amplitude (critical value of
P) above which the rupture time drops precipitously. Larger S and smaller K 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 K 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.
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Figure 6.7 6-12 potential well shows d.. 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 7,,, . 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.
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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 P, 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 R of a cavitating bubble before its collapse. The

bubble collapses very rapidly with a lifetime of z . Let 7,, be the time for pore formation for a
bacterial cell located near the bubble. Therefore, no pore formation occurs if 7 <7,,. Since the
pressure amplitude decreases with an increase in radial distance from the bubble, the time of pore
formation should increase. Let R+ 'g'(t) be the radius at which the time of pore formation is 7. At

time ¢, therefore, no pore formation occurs in bacterial cells that are located at a distance greater

than R+¢&(7) from the bubble. For cells that are located within the spherical shell of radius

R+&(t),i.e. R<r<R+&(1) , r being the radial distance, the rate of pore formation is equal to
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1/z,(r). If is the number of bacterial cells per unit volume of cell suspension, the number of cells

in spherical shell of radius » and r+dr is equal to p4mr’dr. The number of pores that are

formed in bacterial cell membranes during its lifetime is therefore given by

7, R+E(1)

)= Arr® drdt’
= L e o

It N

-+ 18 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

‘[b R+§

n,(t ) j j 0 )drdt’

crlt 0

(22)
Assuming that the cavitating bubbles act independently, the rate of deactivation of bacterial cells

per unit volume of cell suspension is given by

s T R+‘:(t’)

4 1
| rzmdrdt (23)

cit 0 R

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
LT, R+§ )

47pp b_[ j —~drdt’ |t (24)

N, (£ )= Nt
d\ " final d ﬁnal 1
Ncnt 0 R tp(r)

The above equation can be recast in dimensionless variables to give
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LR+ *(t’)

N;(tﬁnaz)=Nd(tﬁmz)— ARD, {

p Ncrit

drdt’ |t (25)

[
A I K

Therefore, the log reduction in surviving bacterial cells is given by

4
log[ﬂ) =log| 1— pr
NO

Crlt

TR+§

j j ()drdt o (26)

In the above equation, the dependence of sonication power occurs via 7, (r) and p,. 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

N

crit

and p, (Figure 6.10). We suspect that time needed to achieve same level of reduction will

be shorter for higher N

crit

and p, . 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.
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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 N_, (A) and number of bacterial cells per unit volume of cell suspension p, (B).

We were able to proposed the model to determine the cell reduction as respect to treatment time

for different values of P, N, and p, as presented in Figure 6.9 and 6.10. However, fitting this

model with our experimental data is still a challenge because N_, and p, are unknown
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parameters and their values will depend on the ultrasonication operating conditions such as power

and frequency.

6.4 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 n, and n, 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 E,  is given by,

nt

E,  =n&kT (27)

en
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For a cylindrical pore of radius, the Poisson Bolztmann equation is given by

d2¢ 1d¢ )
dr* rdr ¢ (28]

Where ¢ is the potential. The solution of the above equation for a constant surface charge density

o’ is given by

(29)

(P(F) _ o I (Kr)

- EEXK I (Krp (na,nb))

where k is Debye-Huckel parameter, € and €, are dielectric constant and permittivity of
vacuum respectively, I, and I, are modified Bessel’s functions. Assuming uniform distribution
of charges along the pore, the surface charge density o~ is given by

O-* _ qnetena

- 27rrp (na,nb)tp (30

where q the net charge of the pore is equal to ng,+tnng, ,q,, and q,, being the net

net

charge of peptide and phospholipid head respectively. A force balance within the aqueous medium

of the pore yields

2
cg| 49, 1do1do dp_, (31)
rl dr? rdr )dr dr
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Integration of the above equation yields

AN 2 7
p(r,)-p(0)=¢£e¢, J Kﬂ+l@j@ r

g 0 dr’*  rdr)dr
2 7, (ng.m )__ 2 (32)
o e l(dq))
= +&,E, I - = lr
EE, o |r\dr

For debye Huckel approximation, the pressure at the center of the pore can be related to the ambient

pressure p_ via
TS () Ko 3
2 cosh® (Krp (n,.n, )) 2¢,€, cosh’ (Krp (na,nb))ll2 (Kr (na,nb))

p

p(0)-p..

Combining eqs. (31) and (32), one obtains the following for the force per unit area F acting on

the pore

2 *2 rp("a '"b)

o 1fdp)
+ +eogrj [drj r o (34)

el:2£O£rcosh2(l(rp(na,nb))1f(Krp(na,nb)) 2¢ € o | T

Kio’

Substituting for the potential profile from eq. (9), one obtains,

2 _*2 *

KO o
el = 2 hZ 12 ) + EE
£,€ COS Krp(na,nb) h Krp(na,nb WE.

1
—+
2
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The free energy of bending E, (rp) is given by

2
1 2 1
Ebend(rp):zl(c(t+r] nna (36)

where K is the bending modulus of bilayer and a, is cross sectional area of lipid head. The free

energy of hydrophobic interaction E by is given by,

Ehy =-ng, (37)

where 9y is hydrophobicity of peptide. The restoring force Fpm (rp) is given by

£ ln)-2m e, ) =
14

From egs. (13), (20) and (22), one obtains,

K2q2 e2 1 1 “ Iz(y)
e I P—— net + l d
e (rp) 7,0, 27Trptp80£r [2COSh(K’r[))Il2 (K'rp) 112 (K”’p) -([ y Y (39)
+Kcna_fbah(£+l}
rp tp r[’

The dynamics of fluctuation of pore radius is given by

lipid d t 2 ph d

m

13 7
d’r S d d
m £ = —27rrptpp, (r)sin ot+4nro , — AmA+ 24nkTe [ = ] —[ - +F, . (r,)



In the above equation, the mass of pore m=n, (mp + nbmh.m.d).

The dynamics of pore fluctuation can be non-dimensionalized to give,

13 7
d2 ) * * * :
:f =—Pr, sint +Srp+B* l* - l -K
dt d,|\r,

1 O 1(2 1
+Hel * * 2 * + * 0 ® J‘ l (y) dy +Hhend ?[ + *J
2r, cosh(l(rporp)+l1 (Krporp) 1 (Krporp) 0 N N @1
where
2mt A 4ro . | 24rmkTe
P: 172p ;S: [27/1 ;B — # ; K:L'
ma ma ma rpoa’mO N m r o
ph lipid p0 (42)
2 2 2
K°q,.e ) nn,a,K.
Hel: 2 2 : 2 1° Hbend: %
T, ot € E, Mm@ oo
Eq. (40) is to be solved with the following initial conditions,
* * r,;
t =0 r, ==
rO
o g (43)
. r
t =0 L=
dt
The initial radius of the pore can be taken as
nld +nd
Toin = ( S — p) (44)
P 2n

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.

6.5 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:

e 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.

e 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.

e 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.

e 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



108

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

7.1 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 pg/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 pg/ml), and (3)



111

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.

7.2 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.



APPENDIX A GLOSSARY

Latin letters

an
B*
Ca
d
derit

A

Ebena
Eent
Eny
Fer

Fpore

Iy

1;

K.

N crit

cross sectional area of lipid head.

dimensionless force due to 6-12 potential
dimensionless surface tension

distance between two neighboring phospholipid heads
critical pore diameter

initial distance between phospholipid heads at minimum potential
diameter of the phospholipid head

potential energy of pore

free energy of bending

free energy due to loss of entropy

free energy of hydrophobic interaction

force acting on the pore

restoring force
hydrophobicity of peptide

zeroth order modified Bessel’s functions

first order modified Bessel’s functions

dimensionless restoring force due to line tension of phospholipid head

bending modulus of bilayer

mass of pore

number of pores that need to be formed in order to deactivate a bacterial cell
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P4
D

Do

Do

Ap

net
Gpep

qph

R

Ry
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initial number of bacteria cells

number of phospholipids in a pore

number of peptides

number of bent phospholipids per peptide

number of bacterial cells that are deactivated

number of pores that are formed in bacterial cell membranes during its lifetime
external pressure at maximum radius of the bubble

dimensionless force due to pressure fluctuation

static atmospheric pressure

pressure at the surrounding of cavitating bubble

external pressure

ambient pressure

dimensionless external pressure

pressure difference between the inside and outside of the pore

external pressure when the radius of the bubble is minimum at the end of collapse
net charge of the pore

net charge of peptide

net charge of phospholipid head

bubble radius

maximum bubble radius

initial bubble radius

dimensionless bubble radius

shortest distance between the surface of the bubble and the bilayer
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p pore radius

rpin  1nitial pore radius

rerie critical pore radius

0 radius of the pore when the distance between neighboring phospholipids is d,
S dimensionless force due to interfacial tension of phospholipid head
Lerit critical pore rupture time

tina  treatment time

tnp ~ pore rupture time

1,0 time for pore formation for a bacterial cell located near the bubble
t dimensionless time

Vr radial velocity

Z (Rw/R)?

Greek letters

Y surface tension

&0 permittivity of vacuum

& dielectric constant

& depth of the potential well

K Debye-Huckel parameter

& bubble shell thickness

IT dimensionless external pressure

ITpena dimensionless restoring force due to bending potential



Hel

Py

dimensionless restoring force due to electrostatic field

number of bacterial cells per unit volume of cell suspension
liquid density

interfacial tension of phospholipid

surface charge density

lifetime of the bubble

potential energy

frequency
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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

sconstants

rho = 1000; %density

RO = le-6;%initial bubble radius assumption
w = 2.5e4;%sonication frequency experiment

y = 78e-3;%surface tension

Pa = le5;%atmospheric pressure

II = Pa*R0/y;%dimensionless variable

p0O = [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

RO = 1; %initial condition

R=RO0O;

dRdt0 = 0; %initial condition
drdt = dRdtO;
t = 0:dt:6.1;

for tt = l:length(t) S%$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

pO = [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]1;%
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) ) ;%SExternal pressure when radius of the bubble is
almost burst

r = 1000:100:1e4;%R (pp) :R(pp) /100:5*R (pp) ;

Zz = (Rmax (pp) /R(pp)) "3;

pl = 1+Q.* (R(pp) ./r)=2/3* (P*(2-1) +Q* (2-2"y) / (y=-1)) . * ((R(pp) ./Tr) . "4~
1/2.*(R(pp) ./x));

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 = [1le3, 5800, 1le4, 1leb5];

S = 572.776;

K = 7528.27;%4*pi*lamda/ (mlip*rpin*w"2) ;%

dporestar=1.122;
figure

hold on

for hh = 1l:1length (P)

t0 = 0;
rp = dporestar;
drp = 0;



dt = .00001;
t = dt:dt:10;

for tt = l:length(t)

drp2 = P(hh) *rp*sin(t(tt))+S*rp-K+B* ( (dporestar/rp) “13- (dporestar/rp)"7);

drp = drptdrp2*dt;
rp = rptdrp*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
Ststar = exp(2.4032-0.5037*10g(5.6824*r"2-369.62*r+5812.9));

tbh = 0.5;

t = linspace(0,tb,100);%%integration limit
dt = t(2)-t(1);

for tt = l:length(t)

E = 741.03*t(tt)"5-2301.8*t (tt) ~4+2728.1*t (tt) "3~
1667.1*t (tt) "24512.23*t (tt)-45.512;

r = linspace (0, (E),100); %$%integration limit
dr = r(2)-r(1);

r3 = 0;

for rr = 1l: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;

RO = le-6;%

tf = 30;

rhodotb Necrit = 0.99/ (4*pi()*RO"3*tf) /nn;
t = 0:0.1:30;
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dead = 4*pi () *R0"3.*rhodotb Ncrit*nn.*t;
live = 1l-dead;

logreduction = log(l-dead);

figure

hold on

plot (t, logreduction, 'linewidth',2)
xlabel ('Time")

ylabel ('Deactivated cell')
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1. ntroduction et al, 2009). AMPs are naurally found in various arganisms and are

ancient componens of the innare

y. The rising problem of

Food safety continues to be 2 major issue for consumers and man- ww:-ﬂdﬂn ©
uf; One of the include the spread of bialo gl cal d d for a greener addidwe has d in
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The mast ] and to d the con- lclon.

usually lves hex by applying high intendty Cecropins are positgwely charged AMPs that were ariginally salated
heat (narmally betwesn 121 ‘Cand 140 °C) to food produocs (11 & Farid, from insect, the maths (Chr Fink, Marifield, &
201 6). Howewer, this practice results in Josses of food nutritonal value M I, 1988). A m Man h l Cecmpin P1 (QP1), was

and the changes it induces in colar, flavar, and exmre of final prodocs
(Berk, 2013, Deak, 2014 1i & Farid, 2016; Plyasena, Mohareh, &
McKellar, 2003). Sound waves d fram low fr ultra-
mmu(m-lmmnh-u dvantage of in baceerial
cdl“mmdktubﬁmmtap:ﬁmem
tional heat treatment (P fyasena etal,, 2003). This method killsbacerial
cells by the fomaton of wansient pares in the cell membranes doe ©
shock waves generxed by collapse of bubbles that are formed by ca-
vitaton (Sango, Abela, Meslharmn, & Valdramidis, 2014). Several in
mndﬂmqhﬁamynadahaahmﬂamm
for natural ] agent ap such &

tides (AMPs) (Wu eral, 2016 Wu etal, 3(117).hfondpm
(Gould, 1996; Brul & Goote, 1999; Appendini & Hotchkiss, 2002; Tiwarl

* hmmpondeg msoe
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tsolased from pig intestines (Boman, Agd’h:nrg & Boman, 193; Lee
et al, 1999) Insert cecropins are highly posnt against both Gram-
negative and Gram-positive bacteria, while Cecropin P11sas actwe as

insert cecropins agalnst Gram-negatve but has reduced acrivity against
Gram-positive baceria. Cecropin P1 has 31 amino acid residoes

(SWLSTAKKLENSAKKRISEGIAINIQGGFR) and & rich in lysine Ge-
cropin P1 i able to kill micmarganisms by forming an o helical chain

when p g the cdl ih to make it leaky (Boman eral,
Iqqxudaa 2007)." opin P1 has no oy %y to M
cdks and therefare can find posntial app I in food preservaion
(Wo e ad_, 2017

1t has also beend d thata camb of ukts d and
baceriocin results in an enh in deacrivadon of b
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ressant saphylococcns biofilms (Zho e al, 2013). High power ul-
d ako Ied in bial redo when applied in con-
junction with chemical (Bllek & Turantas, 2013). An ex-
tendve revew of synergstic antmicroblal effec of high power
ulzrasound with other forms of energy such as UV, puked eleceric field,
pressure and heat & given by Harrs, Dennison, and Phoenix (2014).
Antimicrobial activity of Cecropin P1 alone has been explared (Baman
etal, 1993 Gazit, Boman, Boman, & Shai, 1995 leeeral, 1989) bu
study on the combination of ghis pepride with ulrasound to deactvate
bhacerial cells is still imied especially in food and beverages. Anti-
microbial peptides atk kb by pare o
in the cell membranes, thus wansient pores formed by ulrasanication
Mldreﬂn enhancement of antimicroblal activiry. Our previous

1ga d thata ih of low ty ulza-
onication and low of AMP Melirtin is mare fhee in
deacrivation of a gram posirive b L im

Mormmm\uwmzmn Nlhwhgow
previous smdy on synergistic effect (Wu & Namimhan, 2017) the
muedemtwhunmkmmdﬁc
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and the =mp was kept by tmmersing the sample in e
bath The was condoceed with and withour (1 for difie
specified times and ourpur contral

All experimens were performed at two different pH, Phospate
Buffer Saline (PBS) pH 7.4 and PES pH 4.0. The barweria were expased
mczaqlnnmutlanmdzowd Minimum

of Cecropin P1 was & d using broth
mhdﬂnmnuhud(cs 2012).

23, Migobial anaheis

Viable bacrerial d by plhe count
method. A 0.1 ml parton of E. anlcusu-n EDL933 suspension, which
was propagased in BHI broth (Neogen, lansing, M) & 37 °C for 16h
prior © experimens, was diluted until a concentration that is estimated
to be about 107 cells per ml s reached which was then spread onto a
solid BHI agar plas (Neogen, Lansing, MI). The plates were incubated
at 37°C for 16h and the wtal number of colony forming unis per
mﬂhhc(ﬂll/ﬂduthe#wdsuﬂdmd‘lnteﬂth

type of damic AMP (Cecropin P1) and low
mammmmxﬂlamﬂndmgep&pe
servation. In this smdy, deactivation of E calil in milk (2% fat) and
arange juie were perf d using shwree diff low fre-
quency wultr (20 kHz), bial peptide Cecropin F1
(20 pg/ml), and combination of both. The resuls of this investgation
will be useful in the development of mare effident and ecanamical
process for deactivation of pathogens in food sysems such as milk and
arange juie without Joss of sxmre and nutritonal qualiry.

2 Methods

21. Beverage mwples, bacteria, growth media and Gearopin P1

Commercal milk (2% fat) and non-pulp omng julce were pur-
chased from a local markes (West Lafayerse, IN) and stare at 4°C prior
to experiments. £ coli O157-H7 EDL933 was incubared at 37°C for
16 h, which was propagased in BHI broth (Neogen, Lansing, MI)at37°C
for 16h prior © experiments Cecropin Pl isolaed from pig intestne
(Stgma-Aldrich, St Louiks, MO) was uwsed as lyophilized powder.
Phophate Buffer Saline (PBS) pH 7.4 and pH 4.0 was used for dilution of
baceria

22 Ulveonic reatment

An ulrasound cell disruptar (Sonifier 450, Branson Ulrasonies,
Danbury, CI')with hom frequency from 19.850kHz to 20.050kHz were
wsed for the expariments Experimens wer carried out at two ougput
conmral sewings of 1 (which carmspands to 40W power) and 4 (which
cormsponds © 160W power) and sonication fmes of 30 and 60min,
with (20pg/ml) and without Cecropin P1 (QP1). The list of experi-
mental conditions are shown in Table 1. For each experiment, Sml of £
coli suspension in different media was eased using ultrasound at25°C

24. Viscosity and pH desrmination

Viscosity of the arange julce and milk samples was measuxd using
Cannon Fenske capillary viscomesr, size 100 (Cannon instument,
Staxte Callege, Pumewdwpcudmﬂmﬂu“
measured at 25 °C (Mextler Tolado, lia). Viscostty d atons
were performed in triplicate The pH probe was calfbraed before
samples measurement at 25°C wsing sandard buffers at pH 4.0, 7.0,
and 10.0.

25. Color detarmination

Orange juice and milk samples were adjused © room ®=mp
(Z’C).Cdr-mneduqa}hmm:dumw
(LahScan XE, Hunter Associates Labaramry Inc., Reston, VA) based on
three calor cooxdinates, namdly, L*, a%, and b*. The instrument (D65
optical sensor, 10° observer) was calfbrazed using whis (L = 928,
n-—ub-o.‘l)mdumnkmuﬁumu-

pressed as L* (wh brigh fdarkness), a* (redness/gmen.
ness), and b* (yeﬂu-m-hhmu)udmd color difference (TAD)
was d d which indk the de of color change after

treatment (Tiwarl, Muthukumarappan, ODonndd, & Cullen, 2008)
Calor desrminations were done in wiplicaxe.

26. Praan assay

Saluble prosin 4 d on milk samples at
mmm(zt;mmndmnﬂmm
BioRad Protedn assay (BioRad Labarararies, Richmaond, CA ) with bovine
gamma-globulin as the dard. Protein d gons were done in
triplicase.

27. Vitanin C asmy

Vitamin C concenzration in ange]munpluheﬁnndaﬁu
d at room ®mperature (25°C) by 26

method 2 described in AOGAC Meshod
92%7.21 mgm acd as the sandaxd (Nidsen, 2017). Vitamin C

E coli 0157-H7 EDL 933 cells weard with O°1 for 2 h or untreated
(PBS only) were fived in 5% ghranldehyde fixative salution (1:1). The

Table 1
Design of experissent
Expemmes Power bevel (W) Time (mem) N (ag/ml) 1| tion was
1 « 30 o
: : x .,” determ inations were done in triplicas.
4 « s0 »
3 b 30 ° 28. Trensmission decron microscopy (TEM
[ 140 30 » »
7 0 6o °
s 0 ] »
- imhibi (M) of Ceerogia P1 ((P1)is 2Sg/ed

reduced osmium solution was treated with the sample salugon (washed
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with 0.1 M cacodylas buffer at pH 6.8), fallowed by two washes with
warr. meedlnvaeahdded in 1.5% agarose (Jow temp. gedling),
pr Iy d and sectioned  obs: under a FEI Tecnad G2
20 X cope using an X g volnge of
80 kv. High magnificaton (43,000 x ) images of & least five differens
micrescopic fields (5-10cdls/field) were captured to show the stroe-
tural damage.

29. Zem posmtial meacuenat

pml—sdeumdnnngazcmxmzumm
Instumens). The sample ribed in Zhou
era, mu)andp:un(sunmm MO) at different GeeP/§-
capein ratio is dispersed in PBS buffer 22t potential values were mea-
sured & 25°C.

210. Ratistical aalysis

A geeral factorial design (SAS V9.4.. Nlml.czy NQ
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60 min treatment compared to 30 min treatment (compare Figs. 18 and
Z8B with Figs. 1A and 2A). As expected, mare infense deactwation
(Jower CFU/ml) was observed at higher power level (160 W) compared
to lower power level (40 W) atboth nenwral (pH 7.4) and acidic pH (pH
lxmmdnhumdduwo*umlbyalmdlo’
mwrlmnamdmdw (Fig. 1)
Combinaton of ulrasound and Cecropin P1 Jad © 2 considemble de-
activation of E coll with a decrease of CFU/ml by a facwor of 10° for
40W and 10" for 160W respectively. This result clearly demonstates
synergistic effect of ulrasound and antimicroblal peptide acdon. The
e effect of ultr; d and Cecropin P1 & mare pranounced at
pH 4.0 compared to neutral pH (reduerion of GFU/m by facrors of 10°
and 10" at 40 and 160 W respectively) as shown tn Figs. 1and 2
Hacerial viability of orange juice inomlaed with E colf for dif-
ferent and salids at pH 4.0 are shown for 30
and 60 min exp in Fig. 3 1d fon was more pro-
nounced for arange juke compared ® PES at pH 4.0 with the mduc
tions of FU/ml by facws of 10, 10° and greater than 10" for ulwa-
sound, Cecropin F1 and cambined trexments respectively (Fig. 3). As
can be seen foom Fig 3, deactivation of E coli was insensitive o salids

g of 8 exp ] triaks was employed Iy o
(mvm-uumudoun & any“—“ i ff
(p < 0.005) amang the Tukey's stod d range ®mst

(p < 0.005) was applied to compare the average values obtained.
3. Results

The effect of ulrasonic power an CFU/ml of E colf for different
treatmenss at pH 7.4 and 4.0 for 30 min are shown in Figs. 1A and 2A
respectivaly. Similar resuls were obtaned for 60min tmamment
(Figs. 18 and 2H). Deactivation was more inense (lower GFU/ml) at
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vation of E coli was found © be Jess in milk for different treatments
emﬁnmﬂc(emhgs 3 and 4). In addition, higher
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4. Discussion

4.1. Micobial anahysis

As expected, higher power level (160 W) and Jonger exposure time
(60 min) are mox efficent to reduce E. calf cell density beranse mare
mﬂgyimthedeﬂ:ehhﬂgaﬂihdnﬁem(mg 1). Low

Jeads to pr waves of sondcaton fre The
uq:l.ld:olhue -\-u-lndq:mdu the power level Mnﬂdml’y
high power, the pressure wave can crexe bubbles when the pressure
becomes less than the vapar pr The inwracrion of pr waves
with these bubbles Jead © their collapse fcavitarion) leading to shock
waves which propagate from col lapsing bubbles. On the other hand | E
ﬂmﬁhdwwwmlemsh@c

than frs (Im)t:fonnpuum
the edl b m; kage of cell and ] cell
death. Mmummuﬁ:&mnmm 2017), the sy-

gistic effect of ul and blal peptides can be

described as follow. The interacdon of pressure waves with the bac-
terial cell membrane would lead ® farmation of transient pares. There
are several repors of the farmation of =mparary pares in cell mem-
brane mediaeed by ukn d which can in of anti-

Synergism was obsarved & both FBS with neutral and addic pH
(Figs. 1 and 2 resp y) but the synergism was P d at
acidic pH consk with an in net positive charge on the
aﬂmtpqmdu.haemdpnﬂnnﬁxgmﬂnpq:&nfxa

the peptides and ne-
pnvdy d cell brane, thus resultn lnmaﬁnq.nond
Cecropin P1 and hence mom deactvation.
hadanmdum&dmdﬂdemlnnil.\nm-
sured 20 p 1 of difie g different Cecropin
Panﬂoapﬁdmmnﬁ}MnMnmﬁnk
milk prowin and lposome was uwsed as atifidal bacerial cell
(Dickinson & Stainshy, l‘lﬂ"'}hunmz&lupgopnhn.l‘)??xum
on Table 2, 22t patendal d d as flcasen in
in the solution At pH 65, the casen micdles have a net negative
MMMI&E&H&‘WWM#WBH
duem d with the p dy charged residuoes and
therefore limit the ineracrion of Caropin 1 Itthehpdnﬁ:e
cal changes in E. colf cells occurred after exposure o
Cecropin P1 and Jow frequancy ultrasonication for 60 min as shown
fram TEM images (Fig. 5). Pox farmation which resulted in leakage of
invacedlular marerial was observed (Fig. 5b) when E colf cells were

biotics into the membrane (Deng, Sieling Pan, & Cul, 3004 Tachthana,
Uchida, Ogawa, Yamashin, & Tamura, 1999). Cecropin P1 will adsarb
anto the inner lining of transient pare with the hydrophil i side chatns
lining the inside of the pox and the hydrophobic side chains | g

d to Gecropin P1 at esponding © MIC Some
l.mldh(n; 5¢) were disrupted and the cytopl 1 was
Jeased o the Tl edfum when d © much higher
Cecropin F1 Cecropin P1 was not able »

leedy &

d E. coli at MIC as well as at a higher con-

towards the lpid nils. Purther adorptdon of Cecopin F1 anto pre-

mqmmdmhmdummnﬂlyw
to ledkage of intracellular marter and cell death. Fo sk

_ o4
o .
as

d by the pr of same inmct cellsin both cases
(Fig. 5b and ¢). It is interesting ® note that exposure © 160 W ulra-
resuls in periodic deformarion of the cell wall doe to pres-

pores by sonication facll ites cﬂduhbylquzenugyhmlc
brﬁmmmmdmdpuuby&uqinﬂ. Hence the sy-
nergistic effect berween ultrasonication and antimicrobial peptide ac-
tion.

*Prewik
sk
sk

§
%
§
3

NelPL N (M
Wt

sure waves (Fig. 5d). Higher magnification TEM clexrly indicass cell
membrane rupture leading to leakage of intmcd lular material (Fig. Se)
Application of ultrasonication and Cerropin P1 at MIC resuls in cam-
plete deacrivagon of E colf as evident fram TEM micm graph shown in

& 100 pelc
- 10% ik
LR

o

e

Fig. 4. Bacsesal visdility (CRU /) & Efferest il @PHES) &
Powd lewel 160W. Brsr bars are stadisd of G sscus SEM) of daplicass.

d by plue coust ey 240 (A) 30 mis of expavare (B) 60 sis of expooase.
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Table 2 in viscosity (Seshadri, “dn,Hulbu‘l & Mount, 2003). In case of fruft
Zima posenial of dife s Cocmopis P1/B-camis msiea Jukes suchas e juice, a & in viscodty & dueto pecrin chain
Wmen(M)wmtemmd
Gacmpn P1/Pcuen oo Zatx poten el (mV) ﬂnlmp&ﬂn = N P
rn -1997 = a0t wedght and weaker don Anoth <fhl L .udg
:; ';:::::: decrense in viscosity is cansed by disruption of pertin microaggregates.
4 29 2 am1 Ashokkumar e al. (2010) ako repared that the physical effects of ul-
s -736 = 0a0t4 tramund can be used © reduce the viscosity of datry podues by dis-
rupting aggregaes and reducing the interaction b neghbaring
* Runderd ams of S s strocrures, such as casein lles. Their smdy showed a &
(> 60% reducrion) in skim milk y doe
Fig. 5 This fardher confi b U and 20 20kHz nd31W for 1and Smin.

mmmbyw Pl.MnMuthm
microbial actvity can therefore kead toa ] and effectve
far el anal process.

4.2 Physicochemicd analysis of orange fuice and mdlk
osity i a physical y for & bing mouth feel of a bev-

erage pmduct Depending on the ultrasound intensity, food viscosity
can efther increase or decrease, the effect can be =mparary or per-
manent (Soria & Villamiel, 2010). Viscodty of arange juice (Table 3)
and milk (Table 4) were Jower compared to contral after exposure o
di fierent ults This d in 'y was not
staristical ly signficant for milk whereas, for arange juice, the decrease
was larger for larger sondcation time especially at160 W. However, the
derease in viscosity was small in that &t derreased from 1.76 ©
I.wml’n for m;e’umandlnml‘n ® 1.64mPas for milk Ul

Significant in color differences (p < 0.005) wem observed for all
sonicated samples (Tables 3 and 4). As for arange julce samples, L*
valoe (Hghmess) slighdy inweased with tme of exposure at 40 W
wherexs it slighdy decreased with dme at 160 W (Table 3). For heated
apple juke samples, G H do, and Lozano (1997) has =-
parted an increase in L* for smaller exposure tme and a decrease at
larger exp tnu.'lhq‘-‘ d this beh to the pardal

of ded Jes due to axvidaive dar-
m;hrmlmphhwewl'mbndmmm;
posure time at both power lavels (Table 4). Fopov-Ral J, Lakid, laliné
Petrontjevié, Barad, and Sikim#¢ (2008) ako observed a decrease in
lighmess value (L*) in UHT milk samples with 32% and 1.6% far
&lm‘m‘gm Mymnhe(p')uﬂ the yellow- bloe valoe (b*)
ared g for all b in a* means the milk color is
IuM(luld).hteunedum’m&Tou.ML&Nal
(1980), reported thax increase in a* value was dewcred during de-

has been reparted © result ina y o

gradaton of wyptophan and 1y which can induce the color
Hg S. TEM ghowgaph of £ ol (4) =
wemed adls () eolls wemed with Coempis
PLoar MIC for 1D () ol weasd with
Ceerogia Pl & comeentruion higher Sus
MIC () oclls wrouad with slirsosic aion &
EOW power level for 1h () Higher sug
s ficgion of cells 1mated with cliraiosics
Soa show swadrase repges () el
weed with Cocmpin P1 (a1 MIO) and ol
wraicaton (KOW) fr 60mis Red as
wws indcaw tle sesdrase

Fer isterpme s o of the meforenas w cdor
in i figare bypead S mader i mfrnd
o Be Wed verdion of iNsarsde)

Table 3

Phipdcochensica] asalysis of omsge jioe
T et Vcmety (mPxx) |44 L » TCD (Totxl color d $esence) Vitersn C(mg/ml)
Gaml 17 = ooar = = oom” -132 = oY 231 = aon* ° 043 = Nt
30w, W 168 = oo™ =@ = oom* -120 = a3 4281 = aon2* 0.8 = ao01" 045 = N
0 mom, W 165 = 0004 =n = com* 089 = ao0e” 4223 = aom” 113 = a2 043 = N
0 mem, 180 W 143 = onar = = aom” -152 = o0&’ «7% = cow* 1.6 = 007 036 = »o*
0 mem, 180W 1% = 0008 = = aom* -174 = a7 ;W24 = 000" 3 = a0 036 = ao*

* Valos followad by the sasee kemler in 4 colams for cich of the parascte s ase ol siguificast

"Net desecadie.
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Table 4

Phrpdcochenical asalysis of sill
Tt Vamety (mas) [ 44 a* » TCD (Toexl collor d serence) Protess (mg/mi)
Ghesml 1.7% = aooe Y14 = opor ~104 = 0.000° A15 = Qo0 o 473 = Qo
20 mem, OW 1.6 = Q00> SL% = ooot ~108 = o.om* 404 = Qo™ 012 = 000 43 = 04
&0 mum, OW 1.48 = Q008 9148 = opar ~110 = o.om" 403 = aom™ 022 = Q004 4% = oo
20 wem, 1OW 1.66 = Q008 SL14 = 0000 ~100 = o.om" 587 = Q00" 057 = acar 454 = oo~
40 mum, 1OW 1.64 = Q001" S04 = 000w ~113 = 0.000% 126 = aom* 173 = oo 4% = oo~

* Valoo Sollowod by the sase hetler in 4 colums for cich of the parasscte s ase sol sipuificant

change during #ts exposure to light. While decrease in b*valoe &
rl‘ bly induced by it degradaion of the ye lowish. green

observed that the synergistic effect was maore pronounced at addic pH
due © incmase in net charge of the cationic peptides. However, the

2 rAhefl 82), B and A malecul,
(Bosset, Gallmann, & Secber, 1994 Lee, Jung, & Kim, 1998; Toba er al,
1980}

malcdudl!umuﬂm)nhc di the de of calar

milk resuls in Jower synergistic effect. This s believed o
be due © campl exation of milk protens with Gecmopin P1 thusresulting
in lex avaflability of the lateer for antimicroblal action at lower milk

mage
A o d and — 4 T 1

This depend was not observed in arange juice

Differences in percetvable calor can hendyunllych-ﬂed-uy
distines (TCD > 3), distinee (1.5 < TCD < 3), and small differences
(TCD < 1.5) (Nwarl, Muthukumarappan, ODonnell, & Cullen, 2008).
TQ) for omngs jukces sample and milk samples with different trex-
ments are shown at Tables 2 and 3 respectively. Very distinct change in
T of arange juice was observed anly at the highest power level of
160 W for 60 min. Orange julce color & mainly affected by carotenaid

piF Calor degradation relawd to aid may be due to the
and pr conditions that occur during sani-

caion. Mmhlwm}ienmger (1992) explained that the car-
oid degradation during ul may be relaed to axidation
cd d by the with free radicals formed during

sonleation. As for milk, a distinet change was observed only for sample
mnﬂshﬁcwhﬂdwwhwunwd&d-

Jes. Ul i hﬁndmre-ihumduu-eh
m TCD and vitamin C for both milk and omnge juice except at
higher power level of 160 W at Jonger expasure tme.
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ARTICLE INFO ABSTRACT

Keywords Antim leroblal pepe & of the most p tainy ©» for targeding p ‘without

Melii= mmmhthmﬂypﬁm hl’-"‘ alhy 3 ‘f“" (DMPQ /

Mtietx whwmwmuu-mm“m(mlwlﬂx).wcmnm

Cecrepia F1 d by g the dyn of dye ledkage. A critcal pepdde concenmaton was re-

Z'.::._., qﬂdt«dnw-tmmdwuq dent on peptid abowe a eritical valoe.

v Ahgmurummhmwhhma:mm.::mneuﬂclmm
decreased & higher peptide concentrations eventually approaching 2em. Lag time was found © be in the arder
N7K munm with lower hydrophobicity and higher net charge > GII with higher hydrophobiclty >
maizin > cecmpin P1 wnmmuhw mdd”mgeﬂw by melittin, G11 and
N7K Ske (TBl)d exposed to peptides of dif-
mwmnmmmmum ﬁd“; & low peptide con-
cenmragions for both melittin and cecropin P1. Almhmu h she n-
dnumwhhmmﬂuhmwﬂlnguﬁamaemd&mdmlpuhn
dhown to be doe © swexhed lip esp ly. Formelittin, the large poak s
hnmﬂ&wu-’uwd p R: m, the large peak indi;
wnwmmumuamuwm

1. Introduction Three mechanisms have been propased © describe the action of AMPs

an cell membrane, namely, ‘@rpet model’, ‘barrel stave model’ and
Antimicrobial peptides (m)mwnpq:iduﬂmmdmi ‘taroidal pore model' [3-6]. Afer binding to the negatively charged

vate microarganisms by disrupting their cell membrane. These pep bacterial cell brane due to electrastatic attraction, AMPs will ag-
dmmomfﬂ\u&nd\u“mtﬂspmvdy mt-ﬂfcmpwamaod]mham.ﬂlylngﬂurhyd:qﬂnhc
s d, and amphiphilic d with and hydrophilic idu ds lipid core region and hydrophilic residues towards the
mo-:ﬂs[ll.ml-vemsedlmﬂrmchnwﬁdum‘mr interior of the pore. When AMPs possess sufficiently high pasitive
ability of b g T ad, ial of repladng du’ge.dwym:yahobeﬂmdydurxedmhdpdhﬂsdu
antibiotics [2]. Natural AMPs are mastly & d fom animalks and Sucha iois believed © be prevalent at

insects, which makes them very expensive. In addition, taxicity issues of low AMP concentrations, consistent with band-mmdmuddme
some AMPs cannot be ignared and became an obstade forapplication chamisms [7,8]. Athigher AMP cancentrations, however, they may form
in agricutural, food, and pharmacutical areas. Design of synthetic micelles and solubilize ﬁnﬂwlmdx mmtvﬂhapﬂm

AMPs based on natural AMPs to minimize oxicity is therefare neces- hanism [7,9]. The physicoch Prop of AMPs d

sary and wygent. ﬂurmdednnmmc]lmmh:mhmgﬂue.mdmhy
Toch@mdumﬂl%mﬁh@aeﬁmcy, d ding drophobidty and hydrophobi of AMPs were reparted o play

aof the mechanism of AMPs i with cell jbrane is needed mtmhﬂ-tnﬂume their antimicrobial activity [6-9]. it has
mnqmndhguthu
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Table 1

Peptde saquence Information and antimicroblal actvity of melittin and its munns and cecrapin pl.
Code Swquemer Chage Hydmghobicty kead/md) e

(/)

Mekine GIGAVIXVLITGLP AL SWBR IR0Q s 1368 x 10" 0315 + 0.008"
o BCAVIXVLTTGLM LS WBOOXR QO s L4 x 1t 049 = 0.0
nmx GIGAVIXVLTTGLPALKSWI X3O3R00 6 123 x 10t 08K + 0005
Cecrepda 1 SWLSTAX JLENSAX s ND 20,000 + 0.000

* The mplaced amino acid were highlighted tnbdd.

® MIC againz L momocyragenss for me inin and its mutanss [11) and agatnst E colf for cecropin P1 (23]

¢ Sandasd ermr of the mean, SEM (0 = 2).

been shown that el plays an imp role in
binding of AMPs anto the bilayer surface, while hydrophobicity influ-
ences their ability to penetrate the bilayer [7-9]. Optimal balance be-
tween net charge and hydrophobicity was essential for maintaining the

its mutants through dye leakage experiments in model lipid bilayers.
The time dependent fluorescence dye leakage from lipasomes treated
with AMPs were monitored atdifferent peptide concentrations. Kinetics
of dye leakage were compared far both native melittin and its mutant

antimicrobial activity of AMPs. Wﬁt.ﬁs’dydhshﬂl‘ghm&dﬁ:ofﬂddﬁmnﬂh}v
Melittin is a well known AMP that exhibits both antimicrobial drophobidty on pore fe ion efficiency, and provide insights for the
tmtymduncty lﬂ-bemrq:redﬂddnhwuommmn demdmvdsynﬂnmedm
Sisrupted cell . by adopéing idal pare’ -
dnlmumofly&ofhﬂtfnu:mulwwﬂtht ph 2M ials and method:
lipid heads [10]. Previously, we designed of melittin in
mmnmd:d’fedofmd-xemdh icity an the 2 1. Matrial
l activity of melittin [11]. One mutant (117 K) replaced the

17th isoleucine with lysine to increase the charge and decrease the
hydraphobicity, he ather (G1I) replacd fhe 1 st glycine with ko
leucine to i the hydrophobicity. The results indicated that, al-
though the bial activity & d pared to native me-
littin, both mutants exhibited significantly lower taxicity. TEM images
showed that these peptides disrupted the bacteria by farming a pare an
their o]l membrane [11].

Another example of classic AMP is cecropins. Cecropins are pasi-
tively charged a-helical AMPs that were originally isalated from insect,
the cecropia moths and a mammalian homalogue, Pl was
isalated from pig intstines [12]. Cecrapin P1 has 31 amino add re-
sidues (SWLSTAKKLENSAKKRLSEGIAIAIQGGPR) and is rich in lysine.
Imeaoeavpnmhdﬂypmtmmw“md

ia, while pin P1 is as active as insect ceco-
pmmut&nwnwbﬁhsmﬁw&imm&:w
sitive bacteria [17]. Previcusly, our study alko showed that E ali
0157:H7 EDL9313 is semsitive to both cecropin P1 and Cysteineter.
nmumdxﬁquvnl’l[lﬂ The carpet model is the mast cam-
lmn)yr P membr ption model © explain cecrapin P1
il activity, where the peptides disnpt the membrane by

mtwpﬂﬂhlm&g:ufndluhpdhhye-ﬂ ﬁmnngm

Melittin was purchased from Sigma Aldrich with 85% purity.
)hhmdmehﬁn(cvll ndll?l()m:ynhmuivnﬁ”ﬁpwﬂyby
Pi v N Cecropin P1 isalated from pig was
pudunlﬁun SigmaAldrich as lyophilized powder with 95% purity.
1,2 Dimyristayl- nﬂyoubzﬂwqtaylchdme (DMFC), Chalesterol,
and dihexadecyl hydrogen p h (DHP) with 99% purity were

purchased from Avanti Polar Lipids, Alabaster AL

22 Information on mdittin and its mutants, and cecropin PI1

The information an melittin, its mutant and cecropin P1 wsed in this
study are listed below (Table 1).

23 Liposome preparation

£ 5 Jated Fix dye
) is described elsewhere [ 24-26]. Bndly 100 pL of mixed lipid
stock sok g of DMPC, cholk l, and DHP in a molar
ratio of 5:4:1 [24] in chlarafarm was dried under N3 © farm a thin film
in a glass vial 1 ml of calcein (S0mM) in 0.02 M phosphate buffer at
ﬂlGhﬂdﬂﬂdlﬁo&edﬂlpﬁﬁhﬁemmvm

Protocal for prepar

extensive layer or carpet [13,15-17]. Cnaq)n?lhnno y y © 1 several and all d to stand for 30 min to farm large
lian cells and therefore can find p al applicati i‘ﬁd unilamellar vesicle psulating aleein. The vesicle suspension was
preservatian [18]. dmmm-pdyamﬁba(nu-moom)uqm
To further characterize the pare farmation activity of these pep extruder for fifteen times to form uniform unik The
tides, we emplayed fiv dye leakage fram kg in s nzdmﬁdhmwxmudbyhnmmmh
!uq Mﬁmﬂlfcmmnofpomnhuhhmﬂ cr.llmﬂnlr-tmd struments, Warasstershire, UK). The free calcein was washed by dialysis
P have been & gated by ch E through 2 membrane with a malecular weight cutaff of 10,000 (Spec-
flu sy, d circular dich [20], NMR spectroscopy trum Labaratories, Inc. Rancho Dominguez, CA, USA) ight. The

[5], X-ray crystallography [9], mdqnnzcy!almdnlm[ 1
fluarescence dye leakage fram lip is a wel blished

liposome was stored in a dark environment at —4°C to avaid photo-

fcuvmmmafudmhpmem:mdeﬁom
maodel lipid bilayer. Even though the model lipid bilayer is not a true
representation of bacterial cell membrane in that it lacked the com-
plexity of a real lipid bilayer, leaflet asymmetry, and membrane pro-
mﬁevﬂdqdﬁmnwkm«hkhbemsbmbyhﬁm
etal [22]. They found that AMP induced could
hrqrﬂmdnbd!dlmmldnlﬂdwbi.yem
provided a strong suppart far using model membranes to study the
mdmhrnmmmdmwbm-!m
Therefare, we d the sbility of melittinand

amp P

17

bleaching unt] further we.

24 Parescence meaasement

The fix of the released dye was d with a spec.
trofluarameter (Flex Station I, Malecular Device, USA) at an excitation
wavelength of 490nm and an emission wavelength of 520nm. All ex-
pﬂmﬁmmwaB'CM:uheﬂuphemm

far DMPC- chal il mi af chak
tion sbove 125 mol6 [29]. To compare the & i
cmwnmmhudbndonﬂ:mdwwedbebvr

ity of cal.
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7K

Leakage (%)

Time (s)

0 600 1200
Time (s)

Fig. 1. Gikeln lealage of (A) melizin and is mumnts and (B) cecropin P1 as2 funcion of tdme with different peptide i pid Glulun.'nnntndcwnlm
caleulased using equation: [, = (1—eV7 ), whes [ was the mavimum flucmscence intend 1y, { was the tme, + was the dm w0
reach equilibdum stase SEM (0 = 2), being very small, am not siown in the figure.

Calcein Leakage (%) = 100 x (F-Fo)/(Fr—F)

where F i the fin intensity achi Jafta ddition of peptide,
F; is the flu i i ith ik and Fris
ﬂz&ummqmmméhmxlo&ﬂlﬂm
pletely ruptures the liposame [30].

3. Results and discussions

2 1. Menbrane permeation induced by mdittin and its musmss and
cecropin P1
Calcein Jeakage fram lip treated by melittin and its as

different in P1 jons ( d as different pin P1
mlwdm)usbmnﬁgll(‘auqm?llyuhpmem-
pm&n:mmumdqm@&ndmnmmdummm
general, the fiv with time and it reaches
ﬂmmlmutvﬁunnﬁcaﬂquhmﬂ.'ﬂt&:mm

nmu-tyufamdhbehuubrhwumpnm mmnd

yas ation & Similar
Wah-bmrchddnbymud(lm“ﬂzy
d fi y at 10-20 min after mixing the peptides

with PC/PS SUV [12]. Pl:vnm!miuontemvnvonviy of ce.
mPlabMMmPllymhﬂa‘nmamM
is daose dependent like other amtit ial palypep (mag:

a function of time are shown in Fig. 1A. Flourescence intensity of cal-
mhumhmldmmmmmﬁmn
posed to different melitti (exp d as di me-
littin to lipid ratio). Results sh and its

d that bath melitti
mﬂammmwmnlwfnﬂlm
icles. The dye leakag: d when the

v-drmamt::lvﬂm'ﬂzemah;mbeﬁmd;!ld*h
ﬂﬁmp@tﬂu.ﬂﬂ!kﬂmdﬂmﬂnm&mm

d. The fix ched an equilibrium state after
mﬂmmmmbmmmnwwhsm
at higher peptide ion. Similar behavior of calcein leakage

fram PE/PG lipasame had been reparted before by Sam A et al who
showed that a synthesized AMP (SAMP3) could aause concentration
dependent dye leakage with ime evolution [31]. Accarding to Fig. 1A,
it should also be nated that the shapes of fluarescence intensity were
ﬂmmbrﬂtm&.whd:udmedd-ﬁeudlnxe
and b y of peptides played imp Toles.
Cilnmkiedhln lipasame at different times during exp ©

insect ppios, and a ptins) [12]. Campared to melitti
(Fig. 1A) leakage intensity far cecropin P1 iluu:bhiﬂufcm
m:m&ﬂwm Far example, at P/L matio of 0.1,
leakage i ches 0.73 far opin P1, 038 for melittin, 035
fwthdo_'(.',bnnl:.

22 Dye kakagr properties for mdittin and its mutangs and cegropin P1

It could be observed that the slopes of fluarescence intensity vs ime
were different far all the peptides. The rate of pare formation could be
wﬂbydunmofmu (=) for the fiu

ch the equilibri: as explained in aaption to Fig. L.
Hmdeqmmsfwodnpqnchnmdmwnmhﬂelmdnped
fitted equation was the rate of pare farma tion. These inferred rates (1/7)
were mmpared far these peptides in Fig. 2A. Cecropin P1 had the
highest rate of pare farmation with a value of 0.2852 s~ fallowed by
melittin witha value of 0.0250 3~", G11 (0.0244 5™ ") and 117K (0.0229
5~'). The arder of inferred rates of pare formation far melittin and its
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was i with their antimicrobial activity (melittin >
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Table 2
Fited equation of 1/ ¢ as a funcdon of P/ rago and rase of dye bakage as
functon of cancentragon.

A yee™ B of dye beuloage (»1)
Finad equation » Fned apution »
Meliz y = 00250 4 Q0004 0901y = LOME S o
on y = 00244z « OLOW OWS  y= 7RIV 0.983
nrx y =002 4 0004  OWE  y= SIRELI 0.9
Corepin Pl y = Q28502 4 0002 OWS  y= Sx 105" o2

GII > 7K [11].
The lag time is determined as the time at which the fluarescnce
intensity started to increase (after peptide was added). The lag time for
ﬂuemdumm«lnﬁg 2B. The Iag time for melittin and its
d with an i in their ation Ty

y
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This resultis also consistent with the dye leaka ge measurement (Fig. 1A
and B) and rate of pare farmation (Fig. 2A)

Nucleation of pares an cell @uld be explained by dassic
nucleation theory [32]. Based on this theary, the formation of pores an
cell membrane is an active process: growth of the pare and closure of
the pare were controlled by the surface tension of cell membrane and
line tension associated with the rim of the pare [37]. Nucleation of
pores occwrs by penetration of peptides into the lipid bilayer. The
peptides to farm pores of different sizes. These pares grow by
addition of peptide that is already adsarbed onto the ©p surface of the
cell membrane by surface diffusion. Once the peptide reaches the per
Mdnmhupmltﬂlpmdtmnmﬁepm
sizz. Pores can ako di by ] of a peptide fram the pare.
Tran brane pares are "vimned.tl d b af
mnmdrwaldmmmdﬁmhpdhhyer_mﬁr
mation and dissociation of pores of certain size are randam. It is to be
nated that pares of size smaller than th il size grow by flu i

approaching zero at sufficiently high , the
results also indicated that melittin has the lowest l)xnme.idlmndby
Gl and 17 K, which i al with their anti bial activity
ni

Based an our observation (Fig. 2B), there are two distinct regimes of
calcein leakage. At lower opin P1 ions, the leakage in-
tensity increased gradually preceded by a very shart lag time. Lag time
far cecropin P1 was found to be much sharter and therefare hard ©
abserve. For cecropin P1, this lag time occured at P/L ratio lower than
0.0017. At higher ascropin P1 mm(l’ﬂ.mdo.mﬂ)md
higher), the leakage intensity exhibited a jump initially amy lag
time. Similar result has been reparted by Boman et al [12] that show
that cecropin P1 mam:nmmhsd&aﬁlllmdﬂe
absence of lag time campared to icrobial peptide PR-39 [12].

The initial ate of dye leakage was calculated from the slape of
hmr!‘ldﬂnﬂmﬂuznmtywum soon after lag time as a
fun af peptid, ation as shown in Fig. 2C for melittin, its
mts-dceuupul’l The results indicated that the rate of dye
leakage was pasitively carrelated with peptide concentration. The slape
of fitted line far melittin has the highest value (2 1883), fallowed by
that far G11(1.3403) and 117 K (1.2444). This trend was also consistent
with the antimicrobial activity of these peptides [11]. It is also nated

vh the pares of size greater than the critical size grow sponta.
necusly. The lag time refers to the time required far pore size to grow to
critial pare size by fluctuations. Cansequently, the initial slope of
fluarescence vs time after the lag time is 3 measure of rate of nucleation
of pores. This sequence of events is shown in Fig. A Evaluation of free
energy of formation by aggregates of melittin of different sizes ac-
counting for electrostatic, hydrophobic and bending interactions in-
dmemmgyhmﬁrpvm:hdpm[lll. Our eardier malecular
of melittin with cell b
mc (i) showed the ahbility of melittin to bind to the membrane (i)
evaluated the energy barrier far penetration of melittin into a pre-
existing pore [28] and (iii) showed the ability of peptide aggregate to
farm a water channel acrass the membrane [111.

33 TEM images of liposome

TM:mofban(mud)mdlmumdwﬂlm
or opin P1 ofhigh jans (5.99 % 10~ moV/1) are
mhﬁg.lhpme(mmhxaizd!ﬂ)mmmuqe
of 300nm to 1500 nm with most of the lipasome being of siz= around
mOm(Pig M).TDAlmtpdhpo:neumdmhmehﬁnm

that, at the same rate of dye leakage, melittin required highest peptid

cancentration, followed by G11 and 117 K. This could be explained by
the effect of charge and hydrophaobicity: higher charge and lower hy-
drophobidty (I17K) could pramate peptide binding onto the bilayer
surface, whereas higher hydraphobicity (G11) could pramate the in-
sertian of peptide int lipid bilayer [7,4]. Rar cecrapin P1, far peptide
cancentrations lower than melittin, Gl1, and 17K, the slope reaches
0.8446. For the same amount of peptide, rate of dye leakage due to

of sizes comp l ki (Fig. 4B). |n ad-
dlﬂumemahuehpmuofnmbnﬂb‘sz (see dark spots
in Fig. 4C as shown by armrow). Open structure indicat lipasome with
braken bilayer also observed as shown in Fig. 4D. Interestingly, melittin
farms large filamentous aggregates at such high concentrations as seen
by white spots in Fig. 4E. One can alo see some large liposome ag-
gregates as shown in Fig. 4E by armow. Gordan Grossman et al (2011)
ﬁomwmiuﬂﬁqedlmdmﬂtymm

cecrapin P1 activity & higher cmmpared to melittin and its with meli bywl"ayommqm[%l. & shows campletely
disrupted LUVs & ng that the addition of melittin actually broke
A B c
10000 1
* mdlittin -
ogll o .
“il7k o & ) /'.
- - 3 107 o
ecpl = . . = .
£ *e . g .
& * melittin
e * melittin 4 d
- 10 e ogli
=3\ 4 i & F ST ek
T ecpl & ecpl
1 10¢
0 0285 05 075 1 0.0001 0.01 1 1w 104 104 1
P/Lratio P/L ratio Coaceatration (moll)

Fig. 2. Dye leakage propesties of melizin and 15 munats and ceyopin P1. (A) dme constant comparison (B) lag time compadson (C) rase of dye leakage SEM

(n = 2), being very small, am not sown in the figure.

1
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Nucleation of pores = Growth of pores == Rupture of membrane . A
- Fa =
. ..-°Q. .f.'\- “ 150263 mebL
. o~ S0 | —IVEOmeL
= — ST e
o N s
I
20 f.‘
" [
o A
" 10
e 'i —
0,0 .o
Fig.3.5¢h of pore induced by pep- bl p—
Ihmqmmﬂ*dhu tmensity change with time. - s i —
4 MBS el j s
mLWL'ﬂ:ﬂw-mblnmxdmdwmfwmﬂu = =05 -
large “fused” vesides hat are ob des frozen after 20min et .

ﬁmmdmuamudzpqugmnpduﬁnha_d,eq
abserve a few larger LUVs that did not have a well defined farm like the
spheres as observed befare the melittin was added [34]. Similar results
were also reported by Wessman et al (2008) that shows ruptured li-
posomes and apen.-bilayer structures after 15 min of melittin addition. /
These shapes were frequently observed in st with clased li- 10 AN
posomes after melittin trestment as P/L ratio increased [25]. Both of 7 R
these results are in agreement with our study which showed various = =
sizes of lip and ill defined after 1h of melittin addi- i . 1.
tion. TEM images of lip d to high of ce- S (dam)
crapin P1 are shown in Fig. O-H.Unﬁenﬂiin,l.ydusm nsmmdlmw-&hun—muw
carrespond to smaller sized liposames (dark regions) are salubilized by = d Ip aly i) Black
2 large peptide aggregate (whits regions) as an be seen fram Fig. 1H ""‘”’M dal & B cseropin F1.
(!!anun).'l‘bsleummuﬂma‘tupd like mechanism for in-

o in P1 with lip at high tions. This is

290wl "
3 SO el
—12

Tatersity (%)
g2 ¥
r———

14

Fig.4. m-wdumwﬂ“uwnquussnw"-nn.mmu—-um—mmf'-uu-

© ariginal lip Q lip + melittin (smaller size lposome) D) liposame + melizin (open Trocture, broken hilayer) E) liposame + melittin
(lasge aggregtes) F) lip + opl (st ble o original lp size) G) lip + cpl (smaller sixe) H) liposame + cpl (solubllizadon of smaller
Mum-mmmdmmn&n_u-u--.m&m large aggregates). (For imerpeetarion of the
references to calour in this figure kegend, the reader Is refarred to the web wersion of this artide).
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cansistent with our earlier observation of antimicrobial action of ce-
crapin P1 against E.coli at high concentration [23]. Similar results have
alsobeenreparted by Chenetal. m]hxmdmnlwﬂ
E coli [36]. Small and medium size ki espand to small and
Mm:uﬁ:dmdmhmamdwhsennﬁs,«i&u
arrow)

24, Size distribution of Epasome

The size distributions of lip

Collots and Surjeces E: Blotuerfoces 173 (2019) 121-127

distribution indicated three peaks for both peptides. In both cases, TEM
Mqlbwuumﬁkpdddusmﬂlpﬂmmmbe
due to ched ki and braken &

hmn.lhel-gp*udumww—wdlnawu
of Hp Far opin P1, h , the large peak indicates ce-

cropin P1 aggregates with solubilized lipids thus suggesting carpet
mechanism.

shown in Fig. 5A and B resp
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4. Conclusions

This study char: ized the fiu dye leaked from lipasome
by native melittin and its two mutant variants (G1I and N17K), and
ceapin P1. The results indicated that all these peptides could induce

d dent d ge. The fi el
m:ﬂmmdpa!f:mhum-ﬂmddye
leakage, were consistent with the antimicrobial activity of these pep
tides. It is also propased that dye leakage experiment not only captured
the mucleation of pores, but also included the growth of pares.
Mo of size distribution of lip xpased to peptides of
different concentrations indicated that pore formation with accam-
panied stretching of lipasomes may have occurred at low concentra-
tions far both peptides. At much higher concentrations, however, size
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