UNIVERSIDADE FEDERAL DO R10 GRANDE DO SUL
EsCOLA DE ENGENHARIA
DEPARTAMENTO DE ENGENHARIA QUIMICA
PROGRAMA DE POS-GRADUACAO EM ENGENHARIA QUIMICA

EXPLORING THE EFFECTS OF EMERGING TECHNOLOGIES
ON FOOD PROCESSING THROUGH MOLECULAR
DYNAMICS SIMULATIONS

TESE DE DOUTORADO

WAGNER AUGUSTO MULLER

PORTO ALEGRE, RS
2023






UNIVERSIDADE FEDERAL DO R10 GRANDE DO SUL
EsCOLA DE ENGENHARIA
DEPARTAMENTO DE ENGENHARIA QUIMICA
PROGRAMA DE POS-GRADUACAO EM ENGENHARIA QUIMICA

EXPLORING THE EFFECTS OF EMERGING TECHNOLOGIES
ON FOOD PROCESSING THROUGH MOLECULAR
DYNAMICS SIMULATIONS

WAGNER AUGUSTO MULLER

Tese de doutorado apresentada ao Programa de
P6s-Graduagdo como requisito parcial para obtengdo
do titulo de Doutor em Engenharia.

Orientador:
Prof. André Rodrigues Muniz, Dr.

Prof.? Ligia Damasceno Ferreira Marczak, Dr.?

Coorientador:
Prof.? Jalia Ribeiro Sarkis, Dr.?

PORTO ALEGRE, RS
2023



Miller, W. A.

Exploring the Effects of Emerging Technologies on
Food Processing through Molecular Dynamics Simulations
/ Wagner Augusto Miller. --— 2023.

234 f.

Orientador: André Rodrigues Muniz, Dr.
Ligia Damasceno Ferreira Marczak, Dr.?2
Coorientador: Julia Ribeiro Sarkis, Dr.?@

Tese (doutorado) — Universidade Federal do Rio
Grande do Sul, Escola de Engenharia, Departamento de
Engenharia Quimica, Porto Alegre, BR-RS, 2023.

Campos Elétricos, Altas Pressdes, Ultrassom,
Biomembranas. I. Muniz, A. R., orient.
IT. Marczak, L. D. F., orient. III. Sarkis, J. R
coorient. IV. Titulo.

4




Acknowledgments

(in Portuguese)

A todos que colaboraram para a execugdo dessa tese. Em especial, a educacdo
publica, que me permitiu concretizar toda minha formac&o escolar e académica.

Aos meus orientadores, professores André, Ligia e Julia, cuja orientagdo e apoio
foram fundamentais em todas etapas do meu doutoramento. Seus conhecimentos,
paciéncia e dedicacdo foram fundamentais para o desenvolvimento desse trabalho.

Aos meus pais, Ilar e Isolde, pelo amor incondicional e apoio constante. Desde o
inicio, vocés foram fonte de inspiracdo e encorajamento, sempre me incentivando a
perseguir meus sonhos. Ao meu irmdo Vinicius, por toda amizade e por estar sempre
ao meu lado.

A minha namorada, Jaqueline, por seu amor, apoio, paciéncia e pelo privilégio de
dividir seus dias comigo. Sua presenca constante tornou essa jornada mais leve e o
seu encorajamento foi fundamental para superar os desafios que surgiram ao longo do
caminho.

Aos colegas do Nanomaterials and Process Simulation Group (NAPSIG) e Labo-
ratério de Tecnologia e Processamento de Alimentos (LATEPA), por todo auxilio e in-
tercAmbio de ideias.

Aos supercomputadores Cesup (UFRGS) e SDumont (LNCC), pelos recursos com-
putacionais necessdrios para elaboragdo desse trabalho.

O presente trabalho foi realizado com apoio da Coordenagdo de Aperfeicoamento
de Pessoal de Nivel Superior - Brasil (CAPES) - Cédigo de Financiamento 001 (Ntimero
dos processos: 88887.470200/2019-00 e 88887.696995 /2022-00)

(in English)

To Professor Lars Jeuken, for sharing his knowledge and allowing me to work with
his research group during my time in The Netherlands. To my friends of the Jeuken
group, which made my stay abroad more enjoyable.

1ii






Resumo

Simulagdes de dindmica molecular tém se revelado uma ferramenta de grande util-
idade na anélise mecanistica de diversos fendmenos em biomoléculas. Essa técnica é
particularmente promissora no estudo dos efeitos de tecnologias emergentes no pro-
cessamento de alimentos, embora sua aplicagdo nesse campo seja ainda recente. O
proposito dessa tese foi empregar tais simula¢des para a andlise de diferentes sistemas
relevantes a ciéncia de alimentos. No primeiro estudo, adotou-se uma abordagem
atomistica para analisar as altera¢Oes estruturais na ovalbumina em resposta a campos
elétricos. Verificou-se uma notével estabilizag¢do da estrutura secundaria, além de um
aumento no tamanho médio, momento de dipolo e drea superficial da proteina induzi-
dos pelos campos. Esses resultados contribuiram para a compreensao dos mecanismos
que alteram as propriedades tecnolégicas desta proteina quando submetidas a esses
processos. No segundo estudo, investigou-se a influéncia da temperatura e da pressdo
no fendmeno da eletroporacdo, empregando uma abordagem de modelagem em meso-
escala. Observou-se que a formagao e recuperacdo de poros em bicamadas lipidicas foi
catalisada em temperaturas elevadas e pressoes baixas. Esse comportamento cinético
influenciou a migragdo de ions na bicamada, e combinag¢des de baixas temperaturas e
com pressdes de 1000 atm demonstraram o melhor desempenho para a extracdo idnica.
No terceiro estudo, foram analisados os efeitos sinérgicos da aplicagdo combinada de
eletroporacdo e sonoporagdo em bicamadas lipidicas. Observou-se que a reduc¢do na
espessura da bicamada durante a passagem da onda ultrassonica pode catalisar a for-
macao de poros, embora esse efeito se manifeste principalmente em situa¢des em que o
campo elétrico, por si s6, ndo seria capaz de criar poros. A sinergia entre o processo de
cavitagdo e a eletroporagdo resultou no efeito de combinac¢do mais significativo, onde o
nanojato gerado contribuiu para guiar o processo de formagdo do poro induzido pelo
campo elétrico. Por fim, foi conduzida a andlise de vesiculas hibridas compostas por
polimeros e fosfolipideos. As simulagdes revelaram diversas possiveis conformagdes
de membrana dependendo da relacéo lipideo-polimero, bem como um aumento na es-
tabilidade da membrana em fra¢des poliméricas elevadas. Adicionalmente, a andlise
de um peptideo WALP inserido na bicamada demonstrou que apenas membranas com
até 50% de contetdo de polimero favoreceram aplicagdes biotecnolégicas. Em sin-
tese, os estudos demonstram o potencial das simulagdes de dinamica molecular em
desvendar os mecanismos subjacentes a processos bioquimicos complexos em tecnolo-
gias emergentes no processamento de alimentos.

Palavras-chave: Campos Elétricos, Altas Pressoes, Ultrassom, Biomembranas.






Abstract

Molecular dynamics simulations have proven to be an useful tool in the mecha-
nistic analysis of various phenomena in biomolecules. This technique is particularly
promising in the study of the effects of emerging technologies in food processing, al-
though their application in this field is still recent. The purpose of this thesis was to
employ these simulations for the analysis of different systems relevant to food science.
In the first study, an atomistic approach was adopted to analyze the structural changes
in ovalbumin in response to electric fields. A notable stabilization of the secondary
structure was observed, along with an increase in the average size, dipole moment,
and surface area of the protein induced by the fields. These results contributed to the
understanding of the mechanisms that alter the technological properties of this pro-
tein when subjected to these processes. In the second study, the influence of temper-
ature and pressure on the electroporation phenomenon was investigated, employing
a mesoscale modeling approach. It was observed that the formation and recovery of
pores was catalyzed at high temperatures and low pressures. This kinetic behavior in-
fluenced the ion migration in the bilayer, and combinations of low temperatures with
pressure of 1000 atm demonstrated the best performance for ionic extraction. In the
third study, the synergistic effects of the combined application of electroporation and
sonoporation on lipid bilayers were analyzed. It was observed that the reduction in
bilayer thickness during the passage of an ultrasonic wave could catalyze pore forma-
tion, although this effect mainly manifested in situations where the electric field alone
would not be able to create pores. The synergy between the cavitation process and
electroporation resulted in the most significant combined effect, where the generated
nanojet contributed to guiding the process of field-induced pore formation. Moreover,
a comprehensive analysis of hybrid vesicles formed by polymers and phospholipids
was conducted. The simulations revealed various possible membrane conformations
depending on the lipid-to-polymer ratio, and an increased bilayer stability at higher
polymeric fractions. Additionally, the analysis of a WALP peptide inserted in the bi-
layer demonstrated that only membranes with up to 50% polymer content favored
biotechnological applications. In summary, the studies demonstrate the potential of
molecular dynamics simulations in elucidating the underlying mechanisms of com-
plex biochemical processes in emerging technologies.

Palavras-chave: Electric Fields, High Hydrostatic Pressure, Ultrasound, Biomem-
branes.
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Chapter 1

Introduction

The production of safe and high-quality products is of utmost importance in the
food industry, and a key aspect to achieve this goal involves managing the growth
of harmful microorganisms in these matrices. Conventional processing for microbial
inactivation uses heat transfer by convective or conductive mechanisms, which dena-
tures proteins and enzymes required for the cell metabolism. However, this method
has some drawbacks, including the loss of thermosensitive compounds by volatiliza-
tion, long processing times for foods with non-ideal thermophysical properties, and
low energy efficiency. As a result, scientists and engineers have been exploring alterna-
tive processes, which created a new research field known as emerging technologies. Ini-
tially, these technologies were intended to replace or supplement conventional heating
methods. Nevertheless, their unique physical mechanisms have enabled the achieve-
ment of a wide range of objectives beyond just microbial inactivation (e.g., improving
mass transfer and enhancing sensory attributes). Some of these unit operations have
already been commercially introduced, while others are still in research/development

phase.

As the food industry continues to develop, it is important to explore how these
new and innovative methods impact different products. Although the application of
emerging technologies is a relatively new research field, significant effects on vari-
ous macro and micronutrients have already been reported after their application. The
structural changes include protein denaturation, the formation of pores in lipid bilay-
ers, phase separation, change in the degradation rates of vitamins/minerals, among
others. These phenomena are typically evaluated using experimental techniques like

X-ray crystallography, nuclear magnetic resonance (NMR), high-performance liquid

1



2 CHAPTER 1. INTRODUCTION

chromatography and fluorescence spectroscopy. However, these procedures have
some limitations, such as high equipment costs, low resolution, and the difficulty in
evaluating mechanisms, as structural parameters are obtained only at the beginning

and at the end of the process.

In recent decades, atomistic computational simulations have become an indis-
pensable tool for analyzing molecular systems, enabling advances in various fields
such as chemistry, physics, biology, and materials science. These simulations allow the
acquisition of macroscopic information using numerical techniques and statistical me-
chanics concepts, while not presenting the limitations of experimental methods. The
earlier reports of molecular simulations date back to the 1950s, when the first com-
puters capable of solving complex calculations were developed. Their application was
limited to the analysis of simple systems such as noble gases, diatomic molecules, and
crystalline solids. In the following years, the field expanded considerably with the de-
velopment of more sophisticated techniques, allowing the investigation of increasingly
complex molecules like polymers, proteins and lipids. Since then, molecular simula-
tions have constantly evolved due to the creation of more efficient algorithms and in-
creased processing capacity of modern computers. These advances helped to mitigate
the major limitation of these techniques related to the temporal and spatial scales that

can be accessed by such simulations.

The term molecular simulation covers a wide range of methods with distinct ap-
plications and theoretical backgrounds. The selection of a technique for a given prob-
lem should take into account the phenomenon being analyzed and its characteristic
temporal and spatial scales. Although widely used in several fields, these methods
have only recently been employed in food science. Applications include elucidating
the structures and functions of carbohydrates, proteins, and lipids relevant to the food
industry. Molecular simulations also enable the understanding of the interactions be-
tween different biomolecules and the investigation of atomic properties dependence
on process variables such as temperature and pressure. Recently, these methods have
also been applied to analyze the molecular effects of emerging technologies in nutri-

ents.



1.1. OBJECTIVES 3

1.1 Objectives

The objective of this thesis is to employ molecular dynamics simulations to
study the effects of emerging technologies on different molecules and systems. As
the application of computational methods in food science is a developing area and has
become increasingly valuable for evaluating and explaining relevant phenomena, this
thesis aims to contribute to this field by providing insights into the molecular effects
related to the application of some emerging technologies. The specific objectives are

divided in four topics:

e analyze changes caused by the application of continuous and alternating
electric fields on the structural, solubility, and electrical properties of oval-

bumin;

e investigate the influence of pressure and temperature on the electroporation

of a lipid bilayer;

e examine the relation between electric fields and ultrasonic waves when con-
currently applied to lipid bilayers, focusing on understanding the synergy

between these two processes;

e evaluate physicochemical, mechanical, and biochemical properties of lipid-
polymer hybrid vesicles to optimize these membranes for their biotechno-

logical applications.

The present work is structured as follows: Chapter 2 provides a literature review
of the theoretical aspects relevant to the subsequent studies. It covers concepts related
to emerging technologies, their processing effects, the biochemistry of the molecules
under investigation, and the principles of molecular dynamics simulations. In Chap-
ter 3, titled "Molecular dynamics study of the effects of static and oscillating electric
tields in ovalbumin", the impact of continuous and alternating electric fields on oval-
bumin is examined using classical molecular dynamics simulations. Chapter 4, titled
"Molecular dynamics insights on temperature and pressure effects on electroporation”,

explores the effects of temperature and pressure on the electroporation phenomenon.
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In Chapter 5, titled "Computational analysis of the simultaneous application of ultra-
sonic waves and electric fields in a lipid bilayer", the synergy between ultrasonic waves
and electric fields is analyzed along with their effects on lipid bilayers. Chapter 6, enti-
tled "Unraveling the Phase Behavior, Mechanical Stability, and Protein Reconstitution
Properties of Polymer-Lipid Hybrid Vesicles", investigates the structural and biochem-
ical behavior of hybrid polymer-lipid vesicles. Finally, the concluding chapter presents
the key findings from these studies and outlines future prospects for research in this
field.



Chapter 2

Literature review

The purpose of this chapter is to present the fundamental concepts that pro-
vide the theoretical foundation of this thesis. Specific sections will address the ana-
lyzed emerging technologies and their processing effects, the simulation techniques

employed in the studies, and the biochemistry of relevant molecules.

2.1 Emerging technologies

Preservation processes are one of the most critical stages in the manufacture of
foods, as they are responsible for delaying or preventing the proliferation of pathogenic
and spoilage microorganisms. The two predominant preservation processes are pas-
teurization and sterilization, which are thermal operations distinguished by the ap-
plied temperature range. Generally, pasteurization involves lower temperatures (typ-
ically between 60 to 85°C), while sterilization involves temperatures above 100°C. As
a result, pasteurization does not completely inactivate all microorganisms in the food
matrix, and an additional preservation technique, such as cold storage, is also neces-
sary. On the other hand, sterilization is employed when long-term shelf stability is

required without the need for refrigeration.

These two thermal processes are commonly known as conventional methods
due to their widespread application. In both, the product undergoes heating through
conductive and/or convective heat transfer. The processing time is therefore influ-
enced by the thermo-physical characteristics of the food. Consequently, products with

less favorable properties (e.g., low thermal conductivity) experience higher tempera-

5
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ture gradients, resulting in longer processing times (SINGH; DENNIS, 2014). This un-
desired characteristic leads to potential disadvantages, such as low energy efficiency
and loss of sensory and nutritional components by volatilization or thermal degrada-
tion (ATUONWU et al., 2019).

Given the growing level of consumer expectations, who are increasingly aware
of sensory and environmental aspects of products (CARACCIOLO et al.,, 2020;
BOWEN; GRYGORCZYK, 2021), alternative processing methods have been studied in
recent decades. The term emerging technologies refers to these unit operations, which in-
clude the application of ultrasound (CHEMAT et al., 2011), ultraviolet and infrared ra-
diation (DELORME et al., 2020), application of cold plasma (THIRUMDAS et al., 2014),
application of electric fields (E.A.; EISS, 2012), high pressure processing (ATUONWU
et al., 2019), and membrane separation processes (DHINESHKUMAR, 2017). These
technologies are at different development stages, depending on how long they have
been researched and the safety of their application. Some, such as ultrasound and ul-
traviolet radiation, are well-established and already used in commercial food process-
ing. Others, such as cold plasma and ultra shear technologies, are still under develop-
ment (GAVAHIAN et al., 2021). This section will focus on the emerging technologies
that were studied in the present thesis, which include the application of electric and
electromagnetic fields, high hydrostatic pressure, ultrasound, and microencapsulation

processes.

2.1.1 Electric and electromagnetic fields

The use of electric and electromagnetic fields in food processing has gained great
interest in recent years. Technologies based on electric fields apply a potential differ-
ence to the product through electrodes connected to a direct or alternating current
generator. In the case of alternating current, the process is dependent on the frequency
of the device. Technologies using alternating electric fields are generally considered
thermal because the field oscillation causes charged molecules to continuously change
direction in response to the field re-orientation. This behavior leads to atomic collisions
and heat generation. Alternating current technologies typically apply electric fields be-

low 1,000 V em ™!, with examples including ohmic heating and moderate electric field
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processing (SASTRY, 2008). According to Alkanan et al. (2021), the main applications
of these processes are in microbial inactivation and in the improvement of mass trans-

fer processes, such as fermentation, drying, and extraction.

The pulsed electric field (PEF) technology is a non-thermal method that applies
direct current. In PEF, pulses of high voltage (> 1,000 V cm ™) are used; as the duration
of the electric pulses is short (milliseconds to microseconds), heat generation by Joule
effect is minimized (E.A.; EISS, 2012). On the other hand, electrical effects are ampli-
tied due to the high voltages employed, favoring mass transfer phenomena based on
cell electroporation (PUERTOLAS et al., 2012), which will be discussed in Section 2.2.
It can be emphasized that further research is needed to fully understand the effects of
PEF on microorganisms. While satisfactory inactivation rates have been reported for
Gram-negative bacteria, Gram-positive bacteria, viruses, and yeasts (GARNER, 2019),
the inactivation of thermoresistant fungi and bacterial spores remains relatively unex-

plored.

Technologies based on electromagnetic fields differ by the properties of the in-
cident radiation. Figure 2.1 shows a representation of the classical electromagnetic
spectrum, where it is possible to identify the types of radiation used by different tech-

nologies spread across a wide range of frequencies/wavelengths.

INZAVAVATALT
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FIGURE 2.1. Electromagnetic spectrum.
Source: Inductiveload (2007)

According to Lima et al. (2018), processes using electromagnetic fields can be
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classified as ionizing or non-ionizing. Ionizing technologies, positioned on the right
side of the electromagnetic spectrum, have sufficient energy to break chemical bonds.
Examples of ionizing technologies include gamma and ultraviolet radiation. This cat-
egory is outside the scope of analysis of this thesis and will not be addressed hereafter;
a comprehensive review about such operations can be found in Andrews et al. (1998).
Non-ionizing electromagnetic technologies are positioned toward the left side of the
spectrum and are characterized by longer wavelengths and lower frequencies. The
energy of photons in this category is below 0.0016 eV, significantly lower than the en-
ergy of atomic bonds (=~ 1 eV). As a result, these processes are not able to break atomic
bonds, although they can alter the structure of several molecules (KIDDLE, 2006). Ex-

amples of such technologies include radiofrequency, microwave, and infrared heating.

The microwave radiation heats the product through the generation of an electric
tield by the electromagnetic waves. This field induces the rotation of water dipoles and
the displacement of ions, resulting in temperature increases caused by intermolecular
friction (MULLIN, 1995). The main applications of this technology are the pasteur-
ization, tempering, dehydration, baking, bleaching and frying of products (SWAMY;
MUTHUKUMARAPPAN, 2021). Radiofrequency operates on similar principles, al-
though with lower frequencies and energies, resulting in a decreased heating rate. At
the same time, this radiation is characterized by a longer wavelength (\), enhancing its
penetration in products, as radiations with low X are rapidly absorbed, restricting their
ability to reach deeper layers (RAMASWAMY; TANG, 2008). All the applications men-
tioned for the microwave technology can also be cited for radiofrequency, although
with lower intensity due to the decreased energy of this radiation. Radiofrequency
is commonly applied as a pretreatment to conventional thermal processing, helping
to mitigate its associated drawbacks. In addition, the radiofrequency application has
been effective in processes such as thawing, tempering, and pest infestation control (LI
et al., 2017; XU et al., 2019). On the other hand, infrared is characterized by higher en-
ergies but shorter wavelengths, and is mostly used for heating the surface of products
(KRISHNAMURTHY et al., 2008).
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2.1.2 High hydrostatic pressure

The high hydrostatic pressure (HHP) treatment is an emerging technology
which subjects the product to high mechanical forces. The pressure transmitting
medium (usually water) is pumped into a sealed vessel until the desired compression
is achieved, at which point filling is stopped (YAMAMOTO, 2017). Figure 2.2 shows a
schematic representation of this process. A considerable advantage of HHPs compared
to thermal processing is that, in ideal cases, no additional energy or mass is required
once the process starts. In contrast, the temperature gradients in thermal processing

imposes the continuous need for energy supply (KNORR et al., 2011).

FIGURE 2.2. Representation of the HHP process.

Source: Thyssenkrupp (2021)

While high-pressure processing is generally regarded as non-thermal, tempera-
ture and pressure are thermodynamic properties closely interconnected. Therefore, a
slight heating of the product during compression/expansion cycles is often observed.
This deviation from the isothermal case depends on the thermo-physical properties
of the product, although an increase of 3-9°C is typically visualized for every 100
MPa added in relation to the atmospheric condition. Due to the isostatic principle, all
molecules are compressed by a similar force, resulting in a highly homogeneous pro-
cessing. The main molecular effect of HHPs is the disruption of non-covalent bonds

(e.g., hydrophobic interactions and hydrogen bonds). Consequently, the loss of volatile
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components is reduced in comparison with conventional heating process (MASSOUD
et al., 2016). This is because thermosensitive compounds typically have low molecular

weight and covalent bonds, making them unaffected by HHP.

The major application of HHPs in the food industry is the inactivation of
pathogenic microorganisms using pressures in the range of 300-800 MPa (MUSSA,;
RAMASWAMY, 1997, HUANG et al., 2015; ALLISON; FOULADKHAH, 2018). High
pressures affect vegetative microorganisms by the unfolding of metabolic proteins and
the mechanical damage to the cytoplasmic membrane. However, HHP alone is not
effective for the inactivation of spores, and the combined application with heat or an-
other emerging technology is necessary when such microorganisms are considered
(SOKOLOWSKA et al., 2012; DARYAEI et al., 2016). The advantages of HHP pro-
cessing include high energy efficiency, reduced need for chemical preservatives, treat-
ment homogeneity, and reduced environmental impact, since the process only requires
water (which can be reused). The major disadvantages include the operating regime
(either batch or semicontinuous), low efficacy for spore inactivation, and potential un-
desired effects on the structure of certain products (e.g.,starch granules) (AGANOVIC
etal., 2021).

2.1.3 Ultrasound

In ultrasound processing, sound waves with a frequency higher than the human
hearing limit (20 kHz) are used to modify the properties of foods. These waves are
created by transducers that convert electrical into ultrasonic energy. This technology
offers versatility and finds various applications in altering the physicochemical (MUL-
LAKAEYV et al., 2015), mechanical (SHARMA et al., 2017) and biochemical (HUANG
et al., 2017) properties of products. By adjusting parameters of the applied wave, such

as frequency and amplitude, a broad spectrum of outcomes are obtained.

Ultrasound can be characterized in terms of its energy in two classes: high in-
tensity, with frequencies between 20 and 100 kHz and intensity greater than 1 W cm ™2,
and low intensity, with frequencies above 100 kHz and intensity below 1 W cm™2. This
classification is important as the application of waves with different intensities leads to

distinct outcomes. Low-intensity ultrasound (US) waves are generally used in chem-
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ical analyses and monitoring of food quality, and examples of application include the
determination of composition, structure, and physical state of products (CHAVEZ-
MARTINEZ et al., 2020). On the other hand, high-intensity US waves can modify the
structure of different molecules, and can be used to improve mass transfer and alter
the texture of products (KHAN et al., 2020). The difference between high and low in-
tensity US is evident in their effect on microorganisms: while low-intensity increases
microbial proliferation and the yield of synthesized compounds (PITT; ROSS, 2003),
high-intensity causes their inactivation (PIYASENA et al., 2003).

Considering the differences between high- and low-intensity ultrasound, it is
important to understand how the US process operates on a molecular level to explain
this distinct phenomena. In general, the passage of an acoustic wave creates areas of
compression and rarefaction in the medium, generating zones of high and low pres-
sure, respectively. These pressure variations create forces capable of moving small
molecules and ions, a process known as acoustic transmission. This is the main phys-
ical effect that occurs during the application of low-intensity US (WU, 2018), resulting

in the low shear forces of this category.

Above a certain frequency/energy threshold, empty spaces (cavities) are created
in the regions of low pressure. This occurs because liquids are not very compressible
and can not support large pressure variations. As a result, vapor bubbles are formed,
as illustrated in Figure 2.3. These bubbles can increase in size by absorbing volatile
gases, a process known as rectified diffusion (CRUM, 1984). As they grow, the bubbles
become unstable and collapse violently, creating zones of high temperature and pres-
sure (BUI et al., 2018) and intense shear forces. This phenomenon, known as cavitation,

is responsible for the more pronounced effects of high-intensity ultrasound.

214 Microencapsulation

The microencapsulation process aims to coat an active compound within an en-
capsulating agent, resulting in the formation of small spheres (1-500 ;sm) containing
the target molecules. These spheres protect the core material from adverse changes and
sensory alterations that are undesirable for consumers (MOHAMMADALINEJHAD;
KUREK, 2021). These spheres can be intentionally disrupted through specific stimuli
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FIGURE 2.3. Cavitation due to the application of ultrasonic waves.

(e.g., heat or pH changes), promoting the controlled release of the active compound
under specific conditions. This technique has applications in several fields such as
medicine, biochemistry, cosmetics and textile industry. In the food and pharmaceuti-
cal industry, this process is also widely used, although with some additional specifica-
tions. The encapsulating material must exhibit compatibility and non-reactivity with
the encapsulated substance, and pose desirable mechanical attributes such as flexibil-
ity, robustness, and stability (AMARAL et al., 2019).

Microencapsulation can be performed by various techniques, selected accord-
ing to the active compound and the desired properties of the final product. Common
techniques include spray drying, extrusion, and in situ polymerization. One of the
most prevalent approaches involves the use of liposomes, globular structures formed
by amphipathic phospholipids (further information on these molecules is provided in
Section 2.4.2). The biggest advantage of liposomes is their ability to encapsulate both
hydrophilic (internally) and hydrophobic (within the hydrophobic portion of the acyl
chain) materials, sometimes simultaneously (MIRAFZALI et al., 2014). Some applica-

tions of these structures are:

e Protection of the target molecule against degradation, hydrolysis, or
chemical reactions: an example is the preservation of [j-galactosidase,
which is added to milk for consumption by lactose-intolerant individu-
als. Direct supplementation of this enzyme in the beverage alters the flavor
of the product, which can be resolved through encapsulation (RAO et al.,
1994).
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e Microbial inactivation: encapsulation of antimicrobial agents can enhance
their effectiveness. For example, nisin, a peptide composed of 34 amino
acids, exhibits inhibitory effects against Gram-positive bacteria. However,
its efficacy is compromised due to inhibitors and unwanted interactions.
The use of liposomes to encapsulate nisin has proven to be a viable strategy
to preserve its antimicrobial activity(BOUALEM et al., 2013).

e Acceleration of cheese maturation: exogenous enzymes can be added to
cheese to accelerate the maturation process, but they negatively impact the
sensory attributes, and encapsulation of these enzymes helps to mitigate
these effects (ALKHALAF et al., 1988).

e Control of the Maillard reaction: the occurrence of the Maillard reac-
tion pose challenges in microwave processing (WANG et al., 2023), and
to address this, liposomes have been used to encapsulate the basic amino
acids. The reaction is triggered thermally in the desired condition, releas-
ing the amino acids and resulting in the desired color and aroma products
(HAYNES et al., US5089278A, 1989).

Although liposomes are widely used for microencapsulation, they have some
drawbacks, like the high cost and low physicochemical stability. As an alternative,
polymeric vesicles have gained recent attention due to their excellent encapsulation
performance and high mechanical robustness (LU et al., 2021). The main limitation
of polymeric membranes is their low biocompatibility, which affects the encapsulation
of certain compounds like proteins and peptides. To overcome this, hybrid vesicles
composed of lipids and polymers have been proposed in recent years, combining the
advantages of both constituents (WANG et al., 2018; MUKHERJEE et al., 2019). Further

details on these structures are discussed in Section 2.4.3.

2.2 Non-thermal effects

As discussed in the previous section, emerging technologies are viable alterna-

tives to complement or substitute conventional processing methods. However, since
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the physical principles of these technologies are fundamentally different from those of
conventional heating, different phenomena may occur during their application. These
phenomena are known as non-thermal effects and, in the context of this thesis, are
defined as the differences between a process guided by an emerging technology com-
pared to a process by conventional heating under similar conditions. In the sequence,
some relevant non-thermal phenomena will be addressed, with special emphasis on

those analyzed in this thesis.

Microbial inactivation is one of the most important applications of emerging
technologies, representing the initial impetus for their adoption in the food industry.
Considering the application of electric fields, it was initially believed that the benefits
of these processes came from the uniform temperature profile and the faster heating,
which are characteristics of the Joule effect. However, pioneering research conducted
in the 1990s (KIM et al., 1996; CHO et al., 1999) reported additional microbiological
inactivation rates during the application of electric fields compared to conventional
thermal processing. This phenomenon was initially attributed to the distinct heating
ramps between processes, affecting the adaptability of microorganisms and altering
their inactivation kinetics. However, subsequent studies reported higher inactivation
rates even when the heating profiles were similar. Nowadays, such effects have been
observed in several microorganisms, such as Gram-positive and Gram-negative bacte-
ria (HASHEMI et al., 2019), spores (MURASHITA et al., 2016), fungi (MULLER et al.,
2021) and yeasts (YILDIZ; BAYSAL, 2006).

In most of these studies, the acceleration of the inactivation rate is attributed
to the electroporation (or electropermeabilization) of the cells. This phenomenon oc-
curs due to the generation of a transmembrane potential by the electric field, which
creates a potential difference between the ions within the cell and those in the sur-
rounding medium. When this potential exceeds the bilayer critical rupture threshold,
pores are formed in the cytoplasmic membrane. Consequently, cellular content is re-
leased and external components ingress into the interior of the cell (CARTER; SHIEH,
2015). Some applications of electroporation include extraction processes, microbial in-
activation, electrofusion, and even cancer treatment (related to the death of cancerous

cells). A schematic representation of this phenomenon is provided in Figure 2.4.
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Electric field

FIGURE 2.4. Electroporation of an Escherichia coli cell, where (A) shows the cell before
field application, (B) the influence of the electric field (ion gradient according to the
external field), and (C) cell death resulting from exudation of cellular material.

According to Barba et al. (2020), electroporation can be classified as reversible or
irreversible, depending on process parameters (intensity and frequency of the applied
tield) and cell characteristics (size, shape, and orientation relative to the applied field).
If electroporation is reversible, the cell membrane undergoes temporary rupture but
returns to its original state once the external electric field is removed. Reversible elec-
troporation is employed to enhance mass transfer processes, such as dye extraction or
the insertion of desired compounds into the cells (MARTTNEZ et al., 2020; VAESSEN
et al., 2018). To inactivate microrganisms during reversible electroporation, additional
chemical or physical inactivation methods are required, such as introducing antimicro-
bial agents while the membrane pores are open. When electroporation causes perma-
nent damage to the cell membrane, the process is considered irreversible. This method

is mainly applied when the objective is to induce cell death (BARBA et al., 2020).

Non-thermal inactivation phenomena are also observed during the application
of high hydrostatic pressures. These are not yet completely understood as they exhibit
a lack of uniformity across the cells, resulting in sub-populations of the same species
displaying different degrees of resistance to the treatment (KNORR et al., 2011). The ef-
fects of applying high pressures on microorganisms are closely linked to phase changes
in the membrane, and a detailed description of the lipids phase behavior is provided
in Section 2.4.2. Additionally, the high mechanical stresses caused by the application
of high-pressures have several practical implications in microbial cells, notably:

e Unfolding of globular proteins, leading to alterations in enzymatic
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metabolic pathways;
e Damage to the cytoplasmic membrane;
e Disintegration of ribosomes into their subunits;

e Changes of intracellular pH.

Ultrasound can also induce the formation of pores on biomembranes, leading
to microbial inactivation. In this case, the pores result from the violent collapse of
the cavitation bubbles, which exerts a shock wave on the lipid bilayer. Ultrasound is
often enhanced by combining it with other technologies, such as high temperatures
(thermo-sonification) and high pressures (mano-sonification). Sound waves have also
been combined with electric fields, revealing a synergistic effect (i.e., the combined ef-
fects of these two technologies exceeds the sum of their individual impacts) (LARKIN
et al., 2005; HSIEH et al., 2018; MANZOOR et al., 2019; GOMEZ-GOMEZ et al., 2021;
NORTON, 2003; BEHRUZIAN et al., 2017; WIKTOR et al., 2018; KUMARI et al., 2017;
VANGA et al., 2021; GALVAN-D’ALESSANDRO; CARCIOCHI, 2018). 1t is theorized
that pore formation processes in both methods may somehow interact, with electropo-
ration and cavitation collectively contributing to these effects. However, this hypothe-
sis is based on experimental analysis, and further comprehensive studies are needed to
unveil its underlying mechanisms. This is the topic of the study presented in Chapter
5 of this thesis.

Another relevant non-thermal effect observed during the application of almost
all emerging thecnologies is the structural alteration of compounds. The current litera-
ture suggests that non-ionizing technologies have the capacity to modify the secondary
and tertiary structures of proteins without affecting the primary structure (i.e., without
breaking chemical bonds). This behavior leads to changes in solubility, emulsibility,
foaming capacity, and gel formation of various foods (HAN et al., 2018). A review con-
ducted by Han et al. (2018) on changes in the functional properties of molecules sub-
jected to electric fields found that these phenomena may be associated with the quan-
tity of hydrophobic amino acids present in proteins. However, the specific mechanisms
underlying these modifications remain poorly explored, requiring further experimen-

tal and simulation studies for their comprehensive evaluation and understanding.
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2.3 Molecular Dynamics Simulations

Molecular simulation is a term that refers to a series of computational tech-
niques used to understand and predict the properties, structures, and functions of
molecular systems, using deterministic or stochastic rules. In this context, one of
the most widespread techniques is the molecular dynamics (MD) method, which en-
ables the calculation of condensed matter properties, enhances the comprehension
of macroscopic phenomena and facilitates the discovery of new molecules/material-
s/processes. The main references for this section are Rapaport (2004) and Braun et al.

(2019), unless another study is referenced.

MD considers a system composed of N interacting atoms/particles that follow
the laws of classical mechanics, where the dynamics are described by the second law

of Newton:

l A,
2 Fuy=miy (2.1)
Jj=1

J#i

where ﬁ” is the force exerted by particle j on particle i, m; is the mass of particle ¢, v;

is the velocity vector (7

) and ¢ is the time. To apply Equation 2.1 to atomic systems, it
is necessary to model the intra- and intermolecular interactions with a force field /in-
teratomic potential, denoted as U(r). The force can then be obtained from the gradient

of the potential, as indicated in Equation 2.2:

F=-vVU (2.2)

Therefore, a total of IV second-order ordinary differential equations are numer-
ically integrated. The results of this integration are the atomic trajectories, i.e., the
position and velocity vectors of each particle as a function of time. This information
enable monitoring molecular-level changes and the calculation of macroscopic prop-
erties of the system using concepts of statistical mechanics. For example, the kinetic
energy can be determined from the atomic velocities by Equation 2.3. Then, the tem-
perature can be inferred using the kinetic energy and the number of degrees of freedom
of the system by application of the equipartition theorem, as shown in Equation 2.4.

To obtain the macrostate temperature, the temporal average of the kinetic energy must
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be obtained for a sufficiently long time interval. This is due to Boltzmann’s ergodic
hypothesis, which suggests that over a sufficiently long time period, the temporal av-
erage of a property becomes identical to the phase space average, i.e., the temporal

average is equal to the ensemble average.

N2
2
T=———Fin 24
Nporks ™ © 24)

In the equations above, Ej;, is the total kinetic energy, T is the tempera-
ture, Npor is the number of degrees of freedom, and kg is the Boltzmann constant
(1.38x107% m? kg s™2 K™!). Npor is calculated by the relation Npor = Nngim —
Naim — Neonstraints, Where ng, is the number of dimensions (2 for 2D and 3 for 3D) and
Neonstraints 15 the number of degrees of freedom of algorithms that constrain molecular

motion.

To perform MD simulations, it is necessary to fix state variables (which can be
extensive or intensive) to characterize the dynamics of the system. Examples include
the total energy £, temperature 7', pressure P, volume V, number of atoms N and
chemical potential yi. These variables can be interpreted as experimental controlled pa-
rameters that specify the conditions under which an experiment it executed (TUCKER-
MAN; MARTYNA, 1999). The set of possible microstates, considering the constraints
imposed by the constant variables, is called the ensemble. Some commonly used en-
sembles are the microcanonical (which maintains the number of atoms, volume, and
energy of the system constant - NVE), canonical (constant number of atoms, volume,
and temperature - NVT), grand-canonical (constant chemical potential,volume and
temperature - 4VT) and isobaric-isothermal (constant number of atoms, pressure and

temperature - NPT).

The direct integration of Newton’s second law leads to microstates of the mi-
crocanonical ensemble, representing isochoric and isolated systems. Additional algo-
rithms are required to control thermodynamic variables for simulations in other en-
sembles. In the case of temperature and pressure, these algorithms are called ther-
mostats and barostats, respectively. Thermostats regulate temperature by manipu-

lating the atomic velocities through various approaches, including velocity rescaling,
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stochastic collisions with a particle bath, or introducing additional degrees of freedom
to the Lagrangian of the system. On the other hand, barostats change the simulation
box dimensions to control pressure. The Nosé-Hoover thermostat and barostat are
briefly discussed in the sequence, but other methods area avaiable (e.g., thermostats
of Berendsen, Langevin and Andersen; barostats of Berendsen, Parrinello-Rahman
and Martyna-Tuckerman-Klein), which differ in how they change the system’s veloci-

ties/energy and volume/dimensions to control the variables of interest.

The Nosé-Hoover thermostat is based on the premise that temperature, being
proportional to the mean square velocity, can be controlled by manipulating the rate
at which time progresses in the system. To achieve this, a new degree of freedom s is
introduced to simulate an artificial interaction with an external thermal bath. This in-
teraction affects the time scale of the problem, as expressed in Equation 2.5. As a result,
this thermostat operates with two distinct time variables: the physical or real time (¢')
and the virtual or scaled time (¢). Additionally, this thermostat introduces a parameter
(), which is linked to the mass or inertia of the bath. Additional terms associated with
the variables s and () are incorporated into the Lagrangian of the system, as shown in
Equation 2.6:

dt' = sdt (2.5)

c—imiSW—U()ﬁQ@—w Tyln(s) (2.6)
- 2 T '

In Equation 2.6, the first two terms represent the kinetic and potential energies
of the system, while the additional terms represent the kinetic and potential energies
associated with the variable s. The Nosé-Hoover barostat extends this approach by in-
troducing an auxiliary variable responsible for adjusting the dimensions of the system,

similar to how the Nosé-Hoover thermostat changes velocities.

In physical systems, the number of atoms in 1 mole of matter is 6.02x10%*. Tradi-
tional MD simulations are limited to considerably smaller systems (between 10" — 10°
atoms). Consequently, the proportion of atoms interacting with the boundaries in a
real system is lower compared to an MD simulation box. To avoid the overestimation
of the boundary effects and emulate a bulk system, periodic boundary conditions are

typically employed, where the simulation box is considered to be infinitely replicated
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in all directions. On this approach, when an atom moves within the original box, its
periodic image simultaneously moves in all other replicated boxes. Therefore, if a par-
ticle leaves the simulation box at one of its boundaries, its periodic image enters with
the same velocity on the opposite face of the same box. The use of periodic boundary
conditions artificially creates an infinite system, allowing a more accurate estimation
of macroscopic properties of bulk systems from simulation boxes containing consider-

ably fewer atoms.

The limitations of MD are mainly related to the spatial and temporal scales in-
volved in the simulations. The number of atoms in a system can be increased, but
the computational cost increases along with it, limiting the size and duration of the
simulation. As previously discussed, the number of atoms analyzed in a typical MD
simulation is much lower than the number of atoms present in real systems, although
the use of periodic boundary conditions helps to mitigate this. Similarly, the time scale
is limited by the atom with the lowest vibrational frequency (usually hydrogen). This
results in time steps on the order of femtoseconds (10~'* s) and simulations that reach
a maximum of hundreds of nanoseconds. In addition, the dependence on empirical
interatomic potentials and the lack of explicit description of electronic effects can also

be considered limitations of this technique.

In the following sections, aspects related to interatomic potentials will be dis-
cussed. The division of these forces into non-bonded and bonded (used to model
the attraction/repulsion interactions between atoms and their chemical bonds, respec-
tively) will be considered. This categorization is an approximation for practical pur-
poses, as the Schrodinger equation, which governs atomic-scale phenomena, does not
make such distinctions. Lastly, mesoscale models and force fields frequently used in

MD simulations will be addressed, with emphasis on those used in the present thesis.

2.3.1 Non-bonded forces

Intermolecular (or non-bonded) forces act between atoms and molecules that are
not directly linked by a chemical bond. These forces can be electrostatic, van der Waals
attractions, or short-range repulsions. Each of these forces, along with their typical

representation in MD simulations, will be discussed below.
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Van der Waals forces (also called London dispersion forces) are attractive inter-
actions that occur due to the correlations between the instantaneous electron densities
around two atoms. According to quantum calculations of charge density in neutral
atoms, this force has the form u = cte x 7%, where 7 is the atomic distance. As the par-
ticles approach each other, a repulsive energy begins due to the overlap of the electron
clouds. There is no analytic function with a defined physical meaning to describe this
repulsive interaction, but generally, this force can be modeled by u = cte x ¥ =™, where
m is a number greater than 6. A common way to simulate attractive and repulsive
forces in MD is the Lennard-Jones potential, shown in Equation 2.7, which illustrates
the potential energy as a function of the distance between atoms for attraction and
repulsion forces, as well as for the resulting potential. The Lennard-Jones potential

considers the dependence u = cte x 7 ~'? for repulsion.

= [(%)"- (2] e

where ¢ is the potential well depth, and ¢ is the distance at which the potential energy
is zero (van der Waals radius). These parameters can be estimated using ab initio simu-
lations based on first-principles quantum calculations or by fitting experimental data,
such as the PvT equilibrium data, enthalpy of vaporization, and molecular volumes
(YIN; MACKERELL, 1998). The direct application of the Lennard-Jones potential is
restricted to nonpolar molecules or noble gases. For charged systems, the description

of electrostatic forces must also be considered.

\ = = Repulsive
- . = Attractive

Lennard-Jones

Interaction Energy

Distance

FIGURE 2.5. Representation of the attractive, repulsive and Lennard-Jones potentials.
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If the system can be modeled using classical electromagnetism, it is assumed
that the atoms possess either partial charges (due to polarization between atoms with
different electronegativities) or integral charges multiples of the fundamental electron
charge. Electrostatic forces decrease with the square of the distance, more slowly than
repulsive and attractive forces. This means that even distant molecules still have sig-
nificant electromagnetic interactions. Electrostatic interactions are usually modeled by
Coulomb’s law, presented in Equation 2.8:

_ CQin
T

Ec (2.8)

where ¢; and ¢; are the electric charges of atoms ¢ and j, and C is Coulomb’s constant
(8,988 x 10° . m.C~2).

2.3.2 Bonded forces

Bonded (or intramolecular) forces are related to chemical bonding and are re-
sponsible for creating and maintaining the structures of different molecules and solids.
In the context of MD, these forces capture the geometry and vibrational rigidity of par-
ticles and are mainly modeled by the bonding of two atoms, the resulting angle of
three bonded atoms, or by dihedrals, which are spatial arrangements of four sequen-
tial atoms. These forces are illustrated in 2.6.

(A) (B)

FIGURE 2.6. Representation of (a) covalent bonding and bond angles and (b) proper
dihedrals.

Source: Braun et al. (2019)

Bond forces, also known as 1-2 forces, occur between adjacent atoms and are as-

sociated with the force needed to stretch a chemical bond. These interactions are com-
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monly represented by a Taylor expansion around an equilibrium bond length, denoted
as ro. When the expansion is truncated at its second-order term, it yields a harmonic

potential, as depicted in Equation 2.9:
EB = kb(T - 7“0)2 (29)

where Ep is the bonding energy, r is the instantaneous distance between atoms, respec-
tively, and k; is a constant that represents the energy variation (per squared distance)
of the system for distances different from r,. The harmonic potential is a relatively sim-
ple and effective model used to describe small deformations. For more complex cases
(anharmonic interactions), other descriptive models are necessary, such as the Morse

or quartic potential.

Angle forces, often referred to as 1-3 forces, manifest between three atoms that
are separated by two bonds. These forces are related to the energy necessary to bend
the angle created by the three atoms. One of the most common angular potentials is
the harmonic potential with the addition of a Urey-Bradley term (which restricts the

motion of the bonds involved in the angle), as shown in Equation 2.10:
Ey = ke(g - 90)2 + kub(r - Tub)Q (210)

where Ej is the angular energy, 6 and 6, are the actual and equilibrium angles, respec-
tively, r,; is the Urey-Bradley equilibrium distance, and ky and k,; are the constants
that represent the energy variation with the change in angle and distance, respectively.
If the angular interactions can be described only by the harmonic potential, the Urey-

Bradley term can be omitted.

Dihedral terms (also called 1-4 or torsional forces) represent the torsional rota-
tions of 4 atoms around a central chemical bond. Unlike the bonded energies discussed
above, the torsional energy exhibit a periodic behavior with respect to the dihedral an-
gle (¢), meaning that if the bond undergoes a 360° rotation, the energy should return to
its original value. In addition, dihedral angles introduce a significant level of complex-
ity due to the energy landscape associated with their rotations, which displays multiple
local minima and maxima. This results in a non-linear relation between the dihedral
angle and the corresponding energy. Employing a Taylor expansion would assume lin-

earity between the dihedral deformation and its energy, disregarding potential energy
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barriers and the presence of multiple landscapes. Consequently, this approach would
fail to capture the correct dynamics of the molecule. To accurately calculate the energy
of dihedrals, a periodic potential is employed, typically derived from a Fourier series

expansion, as shown in Equation 2.11:

E, = Z Vacos(ng) (2.11)

n=1
where £ is the energy of the dihedral and ¢ is the dihedral angle. The variable n
represents the number of potential minima generated in a 360° rotation, with n =1
describing a rotation that is periodic by 360°, n = 2 by 180°, n = 3 by 120°, and so on. In
general, three terms are enough to model the most common torsional potentials. The
V,, constants determine the energy barrier for rotation around the central bond and,

depending on the situation, some of these constants may be zero.

If one of the central atoms in a dihedral is sp?>-hybridized, there is a significant
energy penalty associated with forcing it into a pyramidal configuration, as the four
atoms prefer to lie in a plane. Improper dihedrals are utilized to preserve this flat
arrangement between the four atoms. This term is commonly applied to maintain
the correct structure of aromatic rings and represents the force required to deviate the
atoms from their equilibrium conformation (x,). Similar to the previous cases, a simple
harmonic potential can be utilized to describe this interactions, as depicted in Equation
2.12:

Ey = ky(x — x0)* (2.12)

where F, and x are the energy and angle of the improper dihedral, respectively.

2.3.3 Force fields

A force field is a collection of functions (including parameters) and specific im-
plementation details that describe the interactions between particles, enabling the cal-
culation of the forces that act on the constituents of the system. These fields typically
include the terms discussed in Sections 2.3.1 and 2.3.2, as well as other mathematical
expressions for specific purposes, such as stabilizing hydrogen bonds. An example of

additional term is the CMAP correction in proteins, which models the dependence of
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the internal angles ¢ and ¢ of amino acids and results in improvements in the spa-
tial description of crystalline protein residues or in solutions. The empirical parame-
ters of force fields can be estimated from experimental data or first-principles calcula-
tions. The total energy is calculated by summing the intermolecular and intramolecu-

lar terms, as shown in Equation 2.13:

Etotal - Emte’rmolecular + Eint'ramolecular (213)

It is impossible to describe all the physical and chemical phenomena in natural pro-
cesses by a single potential (i.e., force fields have limited transferability). To expand
the applicability of the force field, additional terms must be incorporated to account
for distinct phenomena. Thus, force field developers usually have to balance the gen-
erality and computational cost of the proposed model for a given application. Under-
standing the limitations of the force field is vital for simulations, and the choice of the
potential for a particular application depends on the physical phenomenon analyzed
and on the available computational resources. In the sequence, the CHARMM and
Martini force fields, used in the simulations of this thesis, will be discussed in more

details.

One of the most widely used force fields is CHARMM (Chemistry at Harvard
Macromolecular Mechanics), which was also used in the all-atom simulations of this
thesis. In the context of molecular dynamics, the term CHARMM can refer to either the
empirical force field or to a molecular dynamics software, both initially proposed by
Brooks et al. (1983). The formulation of this force field takes into account the energies
previously discussed in sections 2.3.1 and 2.3.2, and the total energy is calculated as

shown in Equation 2.14:

N N
E=Y > (Euy+Ec)+ Y Ep+ > Eo+ Y Ey,+ > E (214

i=1 j=i+1 bonds angles dihedrals impropers
where £} ; is the energy of Lennard-Jones interactions (Eq. 2.7), E¢ is the energy of
electrostatic interactions (Eq. 2.8), Ep is the bond energy (Eq. 2.9), £y is the angular
energy (Eq. 2.10), E, is the dihedral energy (Eq. 2.11), and F, is the improper dihedral
energy (Eq. 2.12).

The CHARMM force field has undergone reparameterizations over the years

to increase its scope and improve the description of specific systems, as listed below.
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Reiher (1985) developed the CHARMM 19, which used the united-atom approach to
reduce the need for computational resources. In this context, light atoms such as hy-
drogen are joined with a neighboring atom of greater molecular mass. In its later ver-
sion (CHARMM 22, proposed by MacKerell et al. (1998)) the united-atom approach
was abandoned, and the force field started to model water molecules explicitly using
the TIP3P model. In addition, the binding and interaction parameters were optimized
using gas phase geometry, vibrational spectra, and energy surfaces of torsion, supple-

mented by ab initio simulations.

Later, this force field was extended to simulate lipids and nucleic acids
(CHARMM 27) by MacKerell et al. (2000). For proteins, the CHARMM 27 version
is considered to be the CHARMM 22 version with the addition of CMAP corrections
(CHARMM 22/CMAP), as proposed by MacKerell et al. (2004). The most recent ver-
sion of this force field is CHARMM 36, developed by Klauda et al. (2010). For proteins,
this version improves the description of helical structure equilibrium and secondary
structure unfolding. Improvements have also been implemented for the description of
nucleic acids, lipids, and carbohydrates. As this was the most recent version during the

development of this thesis, the CHARMM 36 force field was used in the simulations.

2.3.4 Mesoscale models

Due to the spatial and temporal limitations of all-atom classical molecular dy-
namics, a variety of phenomena that require a large number of atoms, or that occur
on timescales larger than microseconds, are inaccessible from a practical point of view.
Moreover, the disparity in the diffusion rates between solvent molecules and the dis-
persed compounds complicates the determination of an optimal time step. This occurs
since the solvent tends to move more quickly than the solutes, often leading to unnec-

essarily small time steps that do not align with the characteristic scales of the solute.

One strategy to address these limitations involves the use of mesoscale models,
where individual atoms are grouped into effective particles, as illustrated in Figure 2.7.
This technique, known as coarse-graining, uses effective potentials to describe interac-
tions among these particles, simplifying the sampling of the phase space and enabling

simulations in larger temporal and spatial scales. Within this framework, structural
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properties remain reliable even when employing time steps on the order of tens of
femtoseconds, in contrast to the O(fs) steps in all-atoms simulations (WINGER et al.,
2009). At the same time, the adoption of a mesoescale model results in a reduction in

the degrees of freedom associated with atomic motion.

(B)

g

FIGURE 2.7. (A) All-atom and (B) united-atom representation of a DPPC molecule.
Source: Adapted from Gkeka (2010)
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Currently, there are several methods and force fields for mesoscale analysis. The
Brownian method, for example, treats solvent particles as a continuous medium and
includes their interactions in the dynamics of the system through stochastic forces (HU-
BER; MCCAMMON, 2019). This is especially useful to describe the kinetic behavior of
gases, but can also be used for macromolecules. Dissipative particle dynamics (DPD)
follows a similar approach, also considering stochastic forces between solvent and so-
lute particles. However, DPD also includes terms related to the dissipation of particle
energy (ESPANOL; WARREN, 2017). It should be noted that these methods (Brow-
nian and DPD) have modifications in their formulation compared to the classical MD
method discussed in the last two subsections (mainly related to the way solute/solvent

interactions are computed and the inclusion of stochastic and dissipative terms).

Martini is one of the most applied force fields in coarse-grained simulations, and
employs potentials similar to those used in all-atom classical MD. Developed by Mar-
rink et al. (2007), this model was initially proposed for the analysis of lipids and DNA,
and later extended to proteins (Martini 2.0) by Monticelli et al. (2008). Currently, its pa-
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rameterization covers a series of biomolecules, including lipids, amino acids, sugars,
DNA, fullerenes, collagen, among others (SOUZA et al., 2021). The intermolecular in-
teraction potential was determined from the experimental partition coefficient between
the polar and apolar phases of a large number of compounds, while the intramolecular

potential was derived from all-atom simulations.

In general, the model uses a 4-1 strategy, approximating four heavy atoms (and
their associated hydrogen atoms) by one particle. For more complex cases, 3-1 and 2-1
strategies can also be applied. The force field employs four different types of parti-
cles (polar, apolar, neutral, and charged), each with subtypes that generate an accurate
representation of distinct atomic structures. These subtypes can be associated with the
hydrogen interactions (whether donor, acceptor, both, or none) or with the degree of
polarity (between 1 and 5, with 1 being low polarity and 5 high polarity) of the par-
ticles (MARRINK et al., 2007). The potential associated with this force field is similar
to the expressed in Equation 2.14, although the improper dihedral term is normally
used only to describe some amino acids. The value of € varies between 5.6 k] mol~*
for highly polar particles and 2.0 k] mol~" for interactions between apolar and polar
groups, resulting in an adequate description of hydrophobic effects. The o parameter

depends solely on the strategy used (whether 4-1, 3-1, or 2-1).

The classical Martini water model does not have charges and therefore can not
describe polarization effects. Although this approximation is suitable for several ap-
plications, some problems occur when modeling interfaces between water and other
phases or when charged particles are considered. To overcome such limitations, the
polarized water model was proposed by Yesylevskyy et al. (2010), which includes
a dipole formed by two particles with opposite charges attached to the main water
particle. This model meets basic description criteria, such as the reproduction of the
dielectric constant and density of water, and is also capable to describe phenomena

dependent on polarization effects, such as electroporation.

As previously discussed, mesoscale models have some limitations. In the spe-
cific case of the Martini potential, this force field was developed to describe fluid
phases and therefore can not describe the properties of crystalline solids. Additionally,

mesoscale models generally predict lower entropies when compared to real systems.
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In the Martini force field, this is compensated by enthalpy decreases, as the model was
parameterized using free energies. Therefore, the enthalpy/entropy balance is com-
promised. Finally, the need to fix the secondary structure of proteins a priori and the
difficulty in correctly representing polar compounds in apolar solvents are additional
limitations of this potential (ALESSANDRI et al., 2019).

2.4 Biochemistry of the relevant molecules

The objective of this section is to introduce the fundamental biochemical con-
cepts concerning the molecules analyzed in the context of this thesis. The base ref-
erences of this section are Belitz et al. (2009) and Damodaran e Parkin (2017), unless

another study is referenced.

2.4.1 Proteins

Proteins are complex polymers and one of the most important and diverse
classes of organic macromolecules. They are essential for several biological processes
such as catalyzing biochemical reactions, transporting nutrients, converting chemical
energy into work, producing antibodies, and maintaining the structure of skin, hair,
and nails. All proteins, with their wide range of applications and sizes, are generated
by the combination of 21 different essential amino acids, which have a generic structure
shown in Figure 2.8. This generic amino acid is formed by a central carbon covalently
bonded to an amine group (basic), a carboxyl group (acid), a hydrogen atom and a R
radical (side chain). The R group distinguishes the 21 amino acids from one another,
providing them with unique characteristics like size, molecular weight, polarity, and
solubility. Table 2.1 presents the list of amino acids along with their molar mass, sol-
ubility in water (g L™!), polarity, and electric charge. The resulting electric charge of
basic and acidic polar amino acids is pH-dependent. Atlow pHs, basic residues tend to
accept a HT ion, becoming positively charged, whereas acidic residues tend to remain
neutral. Conversely, at high pHs, basic residues tend to be uncharged, while acidic

residues tend to exhibit a negative charge.
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FIGURE 2.8. Generic structure of an amino acid.

TABLE 2.1. Characterization of amino acids regarding some physicochemical proper-

ties.
Aminoacid Molecular mass Solubility ~ Polarity Charge
Alanine (Ala) 89,1 167,2 Nonpolar Neutral
Arginine (Arg) 174,2 855,2 Polar Neutral /Positive
Asparagine (Asn) 132,1 28,5 Polar Neutral
Aspartic acid (Asp) 133,1 5,0 Polar =~ Neutral/Negative
Cysteine (Cys) 121,1 280 Polar Neutral
Glutamine (GIn) 146,1 41.5 Polar Neutral
Glutamic acid (Glu) 147,1 8,5 Polar Neutral/Negative
Glycine (Gly) 751 2499 Nonpolar Neutral
Histidine (His) 155,2 429 Polar Neutral /Positive
Isoleucine (Ile) 131,2 34,5 Nonpolar Neutral
Leucine (Leu) 131,2 21,7 Nonpolar Neutral
Lysine (Lys) 146,2 739,0 Polar Neutral /Positive
Methionine (Met) 149,2 56,2 Nonpolar Neutral
Phenylalanine (Phe) 165,2 27,6 Nonpolar Neutral
Proline (Pro) 115,1 365,0 Nonpolar Neutral
Selenocysteine (SeCys) 167,1 400,0 Nonpolar Neutral
Serine (Ser) 105,1 422,0 Polar Neutral
Threonine (Thr) 119,1 96,2 Polar Neutral
Tryptophan (Trp) 204,2 13,6 Apolar Neutral
Tyrosine (Tyr) 181,2 04 Polar Neutral
Valine (Val) 1171 58,1 Apolar Neutral

Proteins have four levels of structural organization, known as primary, sec-

ondary, tertiary, and quaternary structures. e primary structure is forme e
dary, tertiary, and quat y struct The pri y struct is f d by th

linear sequence of amino acids linked by peptide bonds. These bonds occur between

the carboxyl radical of a generic residue i and the amino radical of the residue i + 1,
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with the release of a water molecule. The peptide bond between two amino acids is
simple (CO—NH), but has a partial double bond character due to resonance effects
between the electrons of the oxygen and nitrogen atoms. This can be experimentally
observed by the length of this bond, which is an intermediate between a single and a
double bond.

The presence of partial double bond character in protein structures leads to sev-
eral consequences. These include the formation of hydrogen bonds between adjacent
amino acids and the potential for cis and trans configurations, although the trans is
more prevalent due to its higher thermodynamic stability. The partial double bond
character also restricts the rotation of the carboxyl and amino groups, causing each
segment of 6 atoms (C,—CO—-NH-C,) to be aligned in a planar form. This behavior
limits the number of three-dimensional conformations that can be adopted, since only
N-C, and C_,—C bonds have rotational degrees of freedom. The angles formed by
such bonds are known as ¢ and 1), which also have restrictions due to steric effects
between the amino acids side chains. The Ramachandran plot, discussed in Chapter
3, considers this limited number of possible conformations to propose a systematic

validation of protein structures obtained from both experiments and simulations.

The secondary structure refers to the spatial arrangement of a peptide chain fil-
ament, where some consecutive residues have similar values for the ¢ and v angles.
These highly ordered conformations occur due to short-range non-covalent interac-
tions, resulting in a reduction in local free energy. When the ¢ and v angles of two
amino acids differ and there is no ordered arrangement, the structure is called ape-
riodic or randomic. Helical and sheet-like structures are the two most frequent sec-

ondary structures, presented in Figure 2.9 and briefly discussed below.

Helical structures in proteins emerge when the torsion angles of two consecutive
amino acids adopt similar values. The most prevalent and well-known helical struc-
ture is the a-helix, characterized by approximately 3.6 amino acids per turn and an
axial extension of approximately 1.5 A. In an a-helix, hydrogen bonds form between
the carbonyl oxygen atom of one amino acid residue and the amide hydrogen atom
of the fourth amino acid residue ahead in the sequence. While the a-helix is the most

common, there are also other possible helical arrangements. Two examples are the 7-
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FIGURE 2.9. a-helical and g-sheet secondary structures.
Source: OpenStax (2015)

helix and the 3;y-helix, which exhibit different axial distances and numbers of residues

per turn.

The most common sheet-like structures are the 5 sheets, caused by adjacent lin-
ear 3 strands forming hydrogen bonds. Therefore, unlike helical structures, where
hydrogen bonds form within the segment, in 5 sheets, hydrogen bonds occur between
segments, as shown in Figure 2.9. Depending on the orientation of the N—C bond,
parallel or anti-parallel sheets can be observed, with the latter being more thermody-
namically stable. Proteins featuring -type structures exhibit high stability, and those
with a substantial proportion of residues organized in this manner tend to have higher

denaturation temperatures compared to proteins rich in other secondary structures.

The tertiary structure defines the equilibrium spatial configuration when the pri-
mary chain, with its secondary local conformations, folds into a three-dimensional
arrangement. From a thermodynamic point of view, the folding of a protein into a
tertiary structure is the result of the optimization of several non-covalent interactions,
such as van der Waals and electrostatic forces and hydrogen bonds. These interactions

overcome the entropic effects that destabilize the protein, leading to a ordered structure
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and a reduction in the surface area of the molecule. On the other hand, the quaternary
structure occurs when more than one protein are involved in a peptide chain. These
complexes (also called oligomers) are extremely important in various biochemical pro-

cesses, and many biologically important proteins are dimers or trimers.

One of the most relevant protein examples in the field of food science is oval-
bumin (OVA), the subject of the molecular dynamics simulations presented in Chapter
3 of this thesis. This protein is the main macronutrient of albumin, constituting be-
tween 45 to 55% of its total protein content. Thus, understanding the physicochemical
properties of this compound is essential to the field of egg-based product processing
(TAKAHASHI et al., 2010). In addition, this biomolecule constitutes the largest pro-
tein fraction of the egg and is widely used industrially as an emulsifier and foam/gel
former(GUO et al., 2008). Ovalbumin is composed of 385 amino acids, where approx-
imately 49% are in a-helix conformations, 27% in (-type conformations, and 24% in
irregular conformations. Figure 2.10 shows a representation of this protein colored

according to its different secondary structures.

FIGURE 2.10. Ovalbumin colored according to its secondary structure, where
pink/yellow /blue/light blue domains correspond to a-helices/3-sheet/3;(-helices/
disordered conformations, respectively.

Ovalbumin is a globular protein (i.e., has an elliptical shape resulting from the
folding of the peptide chain), with an average diameter of 5.5 nm. This molecule is also
a phosphoglycoprotein (i.e., has a phosphate group attached to a serine residue) and
presents glycidic groups attached to other residues in the chain. Its molecular weight is

approximately 45.2 kDa and its isoelectric point is 4.9. About half of its amino acids are
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hydrophobic, while 30% are negatively charged acidic (PHILLIPS; WILLIAMS, 2011).
Therefore, ovalbumin may be particularly sensitive to the application of electric fields.
Finally, this protein is not stable at high temperatures, and such conditions result in the
denaturation of its secondary and tertiary structures. This process begins at approx-
imately 66°C, although previous changes such as the denaturation of a-helices may

occur even at lower temperatures (LLAVE et al., 2018).

As discussed in section 2.2, the application of emerging technologies can cause
significant structural modifications in proteins. Typically, these alterations are evalu-
ated by experimental techniques such as X-ray crystallography, NMR, and fluorescence
spectroscopy. However, these methods often necessitate sophisticated equipment, and
the structural parameters obtained are typically limited to the initial and final stages of
experiments, hindering a comprehensive understanding of mechanisms. In this con-
text, MD is a useful tool for analyzing conformational changes without the limitations
of experimental methods. Astrakas et al. (2011) analyzed the effects of the application
of direct current electric fields on a small peptide using MD simulations. The authors
simulated the system for 10 ns at a temperature of 300 K and observed a decrease in the
number of hydrogen bonds after electrical treatment at high fields (upon 0.5 V nm™1).
This resulted in the unfolding of the protein and the loss of beta conformations. In a
subsequent study, Astrakas et al. (2012) analyzed the same peptide under the effects
of an alternating electric field. At high frequencies, the peptide remained in its native
conformation, whereas low frequencies induced the destabilization of the secondary
structure. These results suggest that the effects of electric fields on biological molecules

depend on both the intensity and frequency of the applied field.

Singh et al. (2013a) investigated the effect of direct current electric fields on
gliadin, which is the water-soluble fraction of gluten protein, using the CHARMM
27 force field. The authors observed non-thermal effects only in the secondary struc-
ture. Singh et al. (2013b) analyzed three different electric fields (0.002, 0.004, and 3 V
nm ') to evaluate conformational changes in soy protein at 300 K. The authors did not
observe any effects when the two smaller electric fields were applied. However, the
largest electric field resulted in changes in the solubility parameters and in the sec-

ondary structure of the protein.
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Wang et al. (2014) examined the effects of continuous electric fields on bovine
insulin. The results showed that the structure remained intact for fields smaller than
0.15 V nm™*, but changes in the secondary structure were observed for fields equal
to or greater than 0.25 V nm~!. Furthermore, the authors demonstrated a cumulative
effect of stress on the protein due to long exposure to the field. Meanwhile, Vagadia et
al. (2016) investigated the influence of alternating electric fields (0.5 V nm™' and 2.45
GHz) on the stability of the trypsin inhibitor soy protein at four different temperatures
(300, 343, 373, and 394 K). The frequency used was chosen as it is typical for microwave
applications in food. The authors found that the protein structure remained stable for
most of the time, with just occasional rearrangements. Additionally, the study showed
that residues with aromatic rings are particularly important in stabilizing the tertiary

structure of the analyzed protein.

2.4.2 Lipids

Lipids are a group of macromolecules with diverse functions and structures, all
of which are soluble in organic solvents. They can be classified based on their physical
state at room temperature (fats if they are solids or oils if they are liquids) and their
polarity. The main constituents of lipids are fatty acids, i.e., aliphatic chains linked to a
carboxylic acid group, usually with 12 or 24 carbon atoms. Fatty acids can be classified
as saturated (only single bonds) or unsaturated (containing double bonds). Generally,
unsaturated fatty acids have non-linear structures that hinder their ability to form a
compact structure. Due to weaker van der Waals interactions, they also have a lower

melting point in comparison with saturated fatty acids.

One of the most relevant classes of lipids are phospholipids. These molecules
are amphipathic, i.e., they consist of a hydrophilic portion (usually a phosphate group
linked to another polar group or an alcohol derivative(LONDON, 2013)) and a hy-
drophobic portion (fatty acid chains). This unique structure enables phospholipids to
self-assemble in contact with polar solvents, keeping the hydrophilic portion in contact
with the solvent, and the hydrophobic portion aggregated to minimize contact with the
surrounding medium. Depending on the characteristics of the lipids (e.g., length of

the hydrophobic chain), different structures can arise from this self-assembly process,
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such as micelles, monolayers, or tubular shapes. Among the possible conformations,
the most common is the formation of lipid bilayers, which are biological membranes
formed by two layers of phospholipids arranged in the same plane but in opposite
direction. These structures have great relevance in biological processes, as they are
responsible for the formation of cell walls. There is a variety of lipids that form bilay-
ers (e.g., DPPC, DOPC, DMPC), and Figure 2.11 shows a scheme of this conformation,

along with the resulting cell wall.

~~—— Phospholipid Bilayer ——

Tf"’fu Uu:%m"‘

Hydrophoblc

FIGURE 2.11. Representation of the cell wall/lipid bilayer.
Source: Adapted from Allott e Mindorff (2014)

Membranes are formed by a mixture of different phospholipids, which play a
crucial role in determining the permeability characteristics of the cell. The compo-
sition of this mixture is relevant for several biochemical processes, including the in-
activation of microorganisms (CASTRO et al., 1993), extraction of cellular compounds
(POSTMA et al., 2016), and genetic modification of cells (LANGTON, 2020). One of the
most extensively studied phospholipids is dipalmitoylphosphatidylcholine (DPPC),
which consists of two groups of palmitic acid C;4 linked to a phosphatidylcholine
group, as shown in Figure 2.7. Several studies have shown that the bilayers formed by
DPPC exhibit a rich and complex phase behavior, and Figure 2.12 shows the pressure-

temperature diagram for this molecule.

According to Wong et al. (1988), DPPC molecules are in a liquid phase at high
temperatures and low pressures, also known as the L, phase, where the acyl chains

are highly disordered. At lower temperatures or higher pressures, different gel phases
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FIGURE 2.12. Pressure-Temperature diagram for a DPPC bilayer.

Source: Adapted from Daniel et al. (2006)

are observed. At ambient pressure, the first gel phase is the Py phase (or gel 1). In
this phase, the fluctuations in acyl groups decrease considerably and the chains adopt
a hexagonal arrangement. In the gel 2 phase (or Lg), the acyl groups are completely
extended, and the bilayer is unidimensionally oriented. At pressures above 2000 bar,
new states are observed, characterized by decreases in membrane thickness due to the

interdigitation caused by pressure forces.

Lipid bilayers have a regular organization, with a well-defined distribution of
lipids along their extension. Therefore, coarse-graining force fields have been widely
used to model these structures. Among these techniques, the Martini model stands
out, which has been widely used to study the dynamics of lipid bilayers under dif-
ferent conditions. In Chapter 4, this model was used to evaluate the dependence of
the electroporation process on pressure and temperature. Thus, studies that analyzed
the dynamics of bilayers under high pressures or the effect of electroporation using

coarse-graining techniques will be reviewed next.

In a study conducted by Lai et al. (2012), several physical parameters of DPPC
membranes were investigated as a function of temperature and pressure, such as phase
transition temperature, bilayer thickness, lateral diffusion coefficient, and order pa-
rameter. The results showed that high pressures caused fewer structural changes com-
pared to high temperatures, suggesting that the effects of pressure on the membrane

are less significant. Furthermore, it was observed that the relationship between the
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peak of the lateral pressure profile and the degree of acyl chain interdigitation was not
influenced by pressure, oppositely to what occurred with temperature. This indicates
that the effects of high pressures cannot simply be reproduced by decreasing the tem-
perature, suggesting that these processes can be used together to obtain bilayers with

distinct properties.

Zhou e Liu (2019) analyzed the phenomenon of electroporation using the Mar-
tini force field and showed that although the process is well-known, the involved
mechanisms still need more detailed analysis. The study employed the ionic imbal-
ance method in two bilayers separated by solvent layers: in one solvent region, 178
sodium ions were positioned, while in the other, 356 chlorine ions and 178 sodium
ions were inserted. Thus, the resulting system was electrically neutral, although with
a transmembrane potential due to the difference in charges between both sides of the
bilayer. The electroporation process occurred naturally for 100 ns, starting with the for-
mation of pores on the surface of the bilayer. These pores increased in size and, after
a characteristic time scale, remained stable. As the transmembrane potential tended to
zero, the pores were closed due to the spontaneous resealing process of the structure.
The study highlights the importance of simulations for electroporation analysis and
shows that an appropriate description of this phenomenon can be obtained using the

Martini force field.

MD simulations of lipid bilayers can also offer valuable insights into the syn-
ergistic effects that arise when two emerging technologies are combined. Such phe-
nomenon was studied in Chapter 5 of this thesis, where the simultaneous use of ultra-
sound waves and electric fields was investigated. These technologies were specifically
selected due to their previously reported synergistic effects. For instance, (GOMEZ-
GOMEZ et al., 2021) demonstrated a -1.3 log inactivation when PEF was applied to
inactivate Aspergillus niger in a water-oil emulsion, while a -4.3 log reduction was ob-
served with the application of high power ultrasound alone. However, when these two
technologies were applied sequentially, a reduction of -6.6 log on the microbial count
was achieved. This shows that the processes are interacting to amplify their individual
effects, as the combined result surpasses the sum of the individual processes. Similar
results were also obtained in other studies on microbial inactivation or compounds ex-
traction featuring these two technologies (NORTON, 2003; BEHRUZIAN et al., 2017;
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WIKTOR et al., 2018; HSIEH et al., 2018; MANZOOR et al., 2019; VANGA et al., 2021).

To simulate ultrasound in MD simulations, two distinct methods can be em-
ployed: the momentum mirror approach or the modification of the simulation barostat
(MAN et al., 2021). In this thesis, the momentum mirror approach was used due to its
established ability to accurately reproduce the effects of ultrasound, both in the pres-
ence (CHOUBEY et al., 2011) and absence (KOSHIYAMA et al., 2006; VEDADI et al.,
2010) of cavitation. Numerous studies have examined the ultrasound phenomenon us-
ing this technique, exploring variations in factors such as the bilayer composition (WEI
et al., 2021), acoustic wave velocity (VEDADI et al., 2010), cavitation bubble radius
(SANTO; BERKOWITZ, 2014b), and position (SANTO; BERKOWITZ, 2014a). Within
this thesis, the US process was analyzed alongside the application of electric fields,

aiming to unravel the underlying mechanisms driving the reported synergistic effects.

2.4.3 Hybrid membranes

The rapid deterioration of purely lipid membranes (liposomes, represented in
Figure 2.13.A), is an undesirable factor in many practical applications. This degrada-
tion occurs due to the oxidation of unsaturated acyl chains of tge lipids and the forma-
tion of transient pores on the surface of the membrane, which increase the permeabil-
ity of the vesicle and lead to loss of mechanical stability (GRIT, CROMMELIN, 1993;
CHEMIN et al., 2012). This behavior is undesirable in biochemical applications, where
durability and robustness are critical aspects. To solve this issue, alternative vesi-
cles composed of polymers with amphipathic character (polymersomes, represented
in Figure 2.13.B), have been analyzed since the early 2000s. The vesicles formed by the
copolymers exhibit enhanced robustness and versatility, due to the various types of
polymers that can be used in their formulation (ZHAO, 2017; LIU et al., 2020). How-
ever, with some notable exceptions (e.g., (STOENESCU et al., 2004, KUMAR et al,,
2012; HABEL et al., 2015)), the reconstitution of proteins in these membranes is not ef-
ticient. Lipids that are biocompatible with proteins have been selected over many years
of evolution, which has not occurred with polymers. Therefore, protein modifications
by genetic engineering or in the environment of the polymer vesicle are necessary to

achieve the desired function.



40 CHAPTER 2. LITERATURE REVIEW

"

FIGURE 2.13. Structure of pure and hybrid membranes: (A) lipidic; (B) polymeric; (C)
homogeneous hybrid; (D) heterogeneous hybrid.

Source: Rideau et al. (2018).

In the last decade, the use of hybrid membranes (which combine polymers and
phospholipids) has been considered an effective approach that allows the combina-
tion of the desired characteristics of both constituents: the chemical versatility and
robustness of polymers, along with the biocompatibility and biofunctionality of lipids.
Depending on the distribution of the constituents, the resulting membrane can be
organized heterogeneously, with areas of high concentration of lipids/polymers, or
homogeneously, with uniform distribution of the constituents, as illustrated in Fig-
ures 2.13.C and .D, respectively. The properties of such membranes will be analyzed
through molecular dynamics simulations in Chapter 6 of this thesis to clarify some
phenomena recently reported in these nanostructures. In this context, the remaining
of this section will present a more detailed discussion on the phenomena that will be

analyzed.

In a recent study, Seneviratne et al. (2023) analyzed the resulting structures
formed by the combination of poly(1,2-butadiene)-b-polyethylene glycol (PBD-b-PEO)
and palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) using cryoelectron to-
mography and small-angle X-ray scattering. While the electron density profiles for
liposomes were previously known, resulting in a bilayer thickness of 36 A, this study
marked the first measurement of polymer vesicles (polymersomes) profiles, indicating
a thickness of 108 A. This suggests that polymeric membranes tend to be approxi-
mately three times thicker than lipid membranes. The analysis of hybrid vesicles re-

vealed an interesting behavior: electron profiles for all hybrid compositions resembled
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either pure liposomes (thin structure) or polymersomes (thick structure). This obser-
vation is particularly intriguing given that fluorescence experiments demonstrated the
formation of well-mixed, homogeneous vesicles for all analyzed compositions. The
authors concluded that the analysis of electron density profiles alone is insufficient to
determine how and why polymers and lipids organize themselves to form such struc-

tures.

In the study by Khan et al. (2016), the reconstitution of the cytochrome bo; was
investigated in the same system described in the previous paragraph (POPC/PBD,,-
b-PEO14). The results indicated that the protein exhibited higher initial activity when
reconstituted in pure liposomes. Vesicles with a composition of 75% lipids and 25%
polymers showed 95% of this maximum activity, while vesicles with 50:50, 25:75, and
0:100 presented, respectively, 82, 35, and 5 %. Notably, the decrease in activity was
more pronounced for vesicles with 50:50 and 75:25 compositions. Additionally, the
authors assessed how this activity was preserved over time. After 21 days, almost all
of the protein activity was lost in the pure liposome, while membranes with a higher
polymer content retained some of their activity even after 500 days. Considering both
the initial activity and long-term durability, hybrid membranes with equal proportions
of both molecules (50:50) yielded the most promising results. Similar findings were
also reported by Catania et al. (2022) and Otrin et al. (2017).

Regarding mechanical properties, the study by Seneviratne et al. (2020) showed
that hybrid vesicles are more resistant to rupture than pure phospholipid vesicles.
Moreover, some recent studies indicated that these membranes may have regions with
lower surface tension, making them more favorable for the reconstitution of proteins.
For example, Catania et al. (2022) showed that nanodiscs formed by hybrid vesicles of-
fer a favorable environment for the reconstitution of cytochrome bos, without the need
for detergent addition to insert the protein into the membrane. On the other hand, lipid
membranes required the addition of a surfactant. Similar results were also reported by
Jacobs et al. (2019). Although these studies have pointed to superior mechanical prop-
erties in hybrid vesicles, a better understanding of the mechanisms leading to these

results is still necessary.

Given the disparity between the properties of copolymers and lipids, it is sur-
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prising that their combination results in mixed vesicles with superior performance
when compared to pure biological or polymeric membranes. As a result, the study
of the behavior of the mixture between lipids and polymers in hybrid vesicles has
been at the forefront of the characterization of these materials. However, these studies
are still in the early stages of development, and there are still a series of questions to
be answered to understand the interactions in these structures (BEALES et al., 2017).
In particular, there is a need to optimize the environment of the hybrid vesicle for its
various applications, which can be achieved through a detailed understanding of the
coupling between membrane composition and its properties. MD can serve as a valu-
able tool to the analysis of this phenomena. Recently, all-atom MD simulations were
performed to investigate HVs composed of DOPC and PBD-b-PEO, with polymer frac-
tions of 10 and 20 mol% (STEINKUHLER et al., 2022). These simulations offered valu-
able insights into the molecular structure of these vesicles. However, atomistic sim-
ulations face limitations in their ability to analyze systems with more than hundreds
of thousands of atoms over long time scales as required for these membranes. With
this in mind, chapter 6 analyzed the same system but proposing a parameterization to

perform simulations in the mesoscale.



Chapter 3

Molecular dynamics study of the effects
of static and oscillating electric fields in
ovalbumin

The findings from the Molecular dynamics study of the effects of static and oscil-
lating electric fields in ovalbumin are presented in this chapter. It examined the struc-
tural changes caused by continuous and alternating electric fields in the ovalbumin
molecule using classical molecular dynamics. The assessed metrics were correlated
with phenomena previously reported in this protein regarding the application of elec-
tric fields. This study has been published in the journal Innovative Food Science & Em-
merging Technologies (DOL: <https://doi.org/10.1016/j.ifset.2021.102911>).

Abstract: Understand the conformational changes caused by emerging technologies in
nutrients is important to assess the total impact of these processes in foodstuff. In this
study, molecular dynamics simulations were used to analyze the effects of static and
oscillating electric fields in ovalbumin at different temperatures. The results indicate
that the protein secondary structure is more thermally stable under electric processing.
While molecular size, dipole moment and surface area increased, number of hydrogen
bonds decreased with field application. The results agree with experimental observa-
tions and were used to discuss the mechanisms of some already reported non-thermal
effects of ovalbumin. This paper helps to shed some light on the influence of elec-
tric fields in proteins structures and may contribute to the creation of peptides with

improved technological properties by alternative processing.
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Industrial relevance text: Molecular dynamics simulations were used to study the con-
formational changes caused by continuous and oscillating electric fields in ovalbumin
at four temperatures (300, 320, 340 and 360 K), representative of different food pro-
cessing scenarios. The present results can be used to understand the consequences of
electric field treatments in a large protein and may help to improve functional prop-
erties of this molecule. The analyzed variables at molecular level can be correlated to
experimental observations, helping to explain some of the mechanisms responsible for

non-thermal effects in ovalbumin.

Keywords: Molecular simulations; Proteins; Non-thermal effects; Eggs processing.

3.1 Introduction

Electromagnetic and electric field treatments are promising alternatives to con-
ventional heating process of foodstuff, reducing losses of desirable compounds and
decreasing processing time, while improving energy efficacy (PEREIRA; VICENTE,
2010; RODRIGUEZ-GONZALEZ et al., 2015; HAN et al., 2018). Several technologies
can be categorized in this group, which differ on the strength of the applied field,
wavelength and frequency (e.g., gamma rays, pulsed electric fields (PEF), microwaves
and radio frequency assisted processing). Conventional heating process (CHP) is ca-
pable of altering the structure of biomolecules by heat driven mechanisms; however,
the application of electric fields (EF) may cause additional structural changes, which
are usually referred in the literature as non-thermal effects (RODRIGUES et al., 2020;
VANGA et al., 2021; BALDI et al., 2021).

Proteins are one of the most complex and important macronutrients and spe-
cial attention must be given to these molecules once they play diverse roles in food
systems. They are highly affected by EF application: Qian et al. (2016) revealed a de-
crease in the a-helix conversion to random coils under application of PEF in egg white
protein; Qin et al. (2016) observed an increased denaturation of the secondary struc-
ture of soybean protein isolate under the application of microwaves; Guo et al. (2017)

showed that the -sheet content in soy protein isolate increased under the applica-
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tion of radio frequency processing. Recently, a review of the EF-induced non-thermal
effects in proteins was presented by Han et al. (2018). Ovalbumin (OVA) is an impor-
tant food protein since its peptide chain has an ideal amino acid balance, representing
more than 50% of the total proteic content of egg albumen and, therefore, being of
crucial importance in eggs processing (TAKAHASHI et al., 2010). In addition, this
protein is industrially used to form foams, gels and emulsions upon heating (GUO et
al., 2008). Concerning its chemical characterization, OVA is a phosphorylated globular
glycoprotein and a member of the serpin superfamily, with an average diameter of 5.5
nm, a molecular weight of 45 kDa and an isoelectric point of 4.5 (TING et al., 2013;
GUHA et al., 2019). Around 50% of its total amino acids are hydrophobic, and 30% are
acidic and negatively charged (PHILLIPS; WILLIAMS, 2011). Therefore, this protein
can be especially sensible to the application of EF. In fact, several studies have already
shown non-thermal effects in OVA under the presence of EF, such as increments in
foaming and emulsifying capacity; these effects, however, are not fully understood yet
(ALLEONI, 2006; ZHAO; YANG, 2010; MONFORT et al., 2012; YOGESH, 2015; HU et
al., 2019).

A variety of experimental techniques has been typically employed to analyze
the influence of EF in the atomic structure of proteins. According to Ravi et al. (2005),
they can be categorized as high resolution techniques (e.g., X-ray crystallography and
NMR) or low resolution techniques (circular dichroism, Raman and fluorescence spec-
troscopy, Raman optical activity and Fourier transform infrared spectroscopy). In gen-
eral, these procedures are expensive and time-demanding, and the molecular struc-
tures are only analyzed at the beginning and at the end of the experiment, limiting the
proper investigation of non-thermal mechanisms (VAGADIA et al., 2016). Molecular
dynamics (MD) simulation is a computational technique which can be used to obtain
detailed information of several interesting phenomena at molecular level, in particu-
lar those not easily accessible by conventional experimental techniques (RAPAPORT,
2004). A drawback of MD is the limited time and length scales achieved in the simula-
tions (up to millions of atoms and nanoseconds), due to its computational cost (CHEN
et al., 2018). Despite of its limitations, MD has been successfully used to study the dy-
namics of proteins and other macromolecules of biological interest. Studies analyzing
the effects of emerging technologies in macronutrients by MD are still scarce in liter-
ature (CHEN et al., 2018). A series of studies (ASTRAKAS et al., 2011; SINGH et al.,
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2013a; VANGA et al., 2015; VAGADIA et al., 2016; PRUSA; CIFRA, 2019; MARRA-
CINO et al., 2019; TODOROVA et al., 2020) have investigated the EF-induced effects
in proteins by MD. However, these studies are usually restricted to small peptides,

while the study of larger biomolecules of practical interest still needs to be properly
addressed.

The objective of this study was to analyze the effects of electric driven tech-
nologies on the structure of ovalbumin using MD simulations, aiming to improve the
knowledge on the effects of EF on biomolecules relevant to food science. More specif-
ically, independent MD simulations of the protein under direct or alternating current
tields and in the absence of a field were carried out. A comparative analysis of the
secondary structure and structural rearrangements observed in each scenario is made,
leading to a better understanding of the EF effects at the molecular level. The results
were correlated with experimental observations from previous studies related to the
application of EF in ovalbumin, aiming to shed some light on the mechanisms involved

in the reported phenomena.

3.2 Computational Methodology

3.2.1 System setup

The analyzed system consists of an ovalbumin molecule positioned at the cen-
ter of a simulation box filled with water, as illustrated in Figure 3.1. The protein ini-
tial structure was obtained from the Protein Data Bank (PDB) with entry code 10VA.
The structure, determined by Stein et al. (1991) using X-ray diffraction, exhibits 12 «-
helices, 15 3-sheet structures, and some smaller or irregular structures. To ensure con-
sistency with the atomic nomenclature used in the current version of the CHARMM
force field, a pre-processing step was performed using the CHARMM-GUI software,
developed by Jo et al. (2008). This software is continuously updated and can be ac-

cessed at <https://www.charmm-gui.org>.

The system was created using the FORTRAN90 code ch2lmp, which is avail-
able alongside LAMMPS. This code generated the necessary input files for the sim-
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FIGURE 3.1. Simulation box containing ovalbumin in water.

ulations. In addition to the protein coordinates, the program required a structural
.psf file containing the molecule topological information, which was generated us-
ing the Visual Molecular Dynamics (VMD) software. Furthermore, a separate file
containing the force field parameters, obtained from the official CHARMM website

<https:/ /www.charmm.org>, was also necessary.

The protein was inserted into a simulation box measuring 11.5 x 11.5 x 11.5

3 and was solvated with 46901 TIP3P water molecules. Interatomic interactions

were described by the CHARMM 36 force field. This potential represents the latest

nm

version of the generic CHARMM force field and accurately describes dihedrals and
hydrogen interactions in proteins (BEST et al., 2012). As OVA has a resultant negative
charge, 12 sodium ions were introduced in the system to make it neutral, as described
in previous works (ASTRAKAS et al., 2011; SINGH et al., 2013a; WANG et al., 2014).

3.2.2 MD simulations

The SHAKE constraint algorithm, developed by Ryckaert et al. (1977) to describe
the Newtonian dynamics in rigid bodies, was employed to restrict the bonds and an-
gles of TIP3P water molecules, as well as the bonds involving heavy atoms and hy-
drogen. To determine an appropriate simulation time step, the component with the
smallest vibrational frequency in the system must be considered, which typically cor-

responds to the smallest atom (i.e., hydrogen). The SHAKE algorithm allows the use of
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larger time steps, specifically 2 fs, by restricting the motion of hydrogen atoms. With-
out the algorithm, it would be necessary to use time steps below 1 fs. Long-range elec-
trostatic interactions were evaluated using the particle-particle particle-mesh (PPPM)
method. Cut-off radii of 1.2 nm were used for both Lennard-Jones and long-range

electrostatic interactions.

The open-source Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS), originally proposed by Plimpton (1995) and freely distributed at <http:
/ /lammps.sandia.gov>, was used in all simulations. Initially, the whole system was
relaxed by running a simulation at 0.1 K for 40 ps. This initial relaxation aimed to re-
duce the risk of numerical divergence in early time steps when the system is far from
its minimum energy state. The protein was then maintained constrained, while ve-
locities were randomly assigned to the remaining system according to the Boltzmann
distribution at temperatures of 300, 320, 340 and 360 K. These conditions were chosen
to represent different food processing scenarios: while 340 and 360 K are representative
of conventional pasteurization processes, lower temperatures (300 and 320 K) can be
used for non-thermal pasteurization in electrically powered technologies. Two subse-
quent equilibration runs (300 ps each) were performed under the canonical (NVT) and
isobaric-isothermal (NPT, P = 1 atm) ensembles. The Nosé-Hoover method was used
for temperature and pressure control in all simulations, with barostat and thermostat

damping parameters of 500 and 100 fs, respectively.

After the initial equilibration, the protein molecule was released and runs for
data collection were performed. Three scenarios (under electric field absence (CHP),
and under direct current (DC) and alternating current (AC) electric fields) were an-
alyzed at each temperature for 5 ns. To avoid false conclusions in MD simulations
of proteins, Knapp et al. (2018) suggests the use of replicated simulations to compute
the equilibrium properties. Therefore, three independent simulations were performed,
and the measured metrics were averaged throughout the trajectories. Extended simu-
lations spanning up to 10 ns were also conducted to assess stability of the results over
longer time periods. The results, presented in Figure 3.2, demonstrate that the trends

in the measured properties remain consistent over this extended time scale.
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FIGURE 3.2. OVA (A) radius of gyration, (B) RMSD, (C) dipole moment and (D) SASA
for 10 ns simulations at 360 K.

The simulations conducted here included the application of both direct current
and alternating electric fields, along with a control simulation without an electric field
for reference. Due to the MD limited time scale, the fields applied in the simulations are
larger than the ones used in experiments (SAM et al., 2019). Therefore, a field strength
of 0.5 V/nm was applied for all cases. The application of electric fields at the atomic
scale introduces an additional force on each atom with an electric charge, as described

by Equation 3.1:

where ﬁE r and E are the electric force and field vectors, respectively. In the alternating
tield simulations, a frequency of 2.5 GHz was used to replicate microwave processing
conditions, as suggested by Vagadia et al. (2016). In this scenario, an instantaneous
electric field is employed, defined by the maximum field and frequency, as shown in
3.2

E(t) = E, cos(wt) (3.2)

where Ej, is the maximum field (0.5 V nm') and w the frequency (2.5 GHz). The electric

tield was applied along the z-axis of the simulation box, although preliminary tests
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indicated that the qualitative trends remained consistent when the field was applied

along the y and 2 axes, as shown in Figure 3.3.
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FIGURE 3.3. OVA (A) radius of gyration, (B) RMSD, (C) dipole moment and (D) SASA
for different field directions at 360 K.

3.2.3 Structure validation

As discussed in Section 2.4.1, peptide chains exhibit a partial double bond char-
acter, resulting in local planar arrangements for each six-atom segment. Consequently,
only the N—C_, and C,—C bonds possess angular degrees of freedom, known as ¢ and
¢ angles, respectively. Ramachandran et al. (1963) demonstrated that some combina-
tions of these angles can lead to steric clashes (collisions between the side chains of

consecutive amino acids), making such conformations highly improbable. By exam-
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ining the -1 plot for each residue in a given protein, it becomes possible to identify
which amino acids display such unfavorable conformations. The ¢-i plot, called Ra-

machandran plot, can therefore serve as a validation tool for the simulated structures.

When this analysis was first suggested, the resolution level of experimental ap-
paratus did not allow for the determination of protein structures at atomic resolution.
Four decades later, hundreds of thousands of structures are stored in the PDB, and
Hovmoller et al. (2002) observed deviations from the original allowed angles for some
amino acids. More specifically, proline, glycine, valine, and isoleucine residues began
to be analyzed separately due to their unique conformational characteristics. To eval-
uate the predicted structure of the ovalbumin and verify the favorable positioning of
amino acids, the Ramachandran plots of the molecules obtained after each simulation
were analyzed using the MolProbity software (WILLIAMS et al., 2017).

3.2.4 Structural analysis

A series of analyses were performed to assess changes in the protein structure.
Similar metrics can be measured experimentally using techniques such as NMR and X-
ray crystallography. The trajectory files were saved every 4 ps, resulting in 1250 frames.
The main analyses performed and their objectives are outlined below. ANOVA and
Tukey tests (p < 0,05) were used to assess the statistical dependence of the measured

variables on temperature and treatment.

The radius of gyration R, measures the distance from the center of mass of
the molecule to a point with the same inertia as the actual mass distribution of the
molecule, assuming uniform mass distribution. This metric provides insights into pro-
tein compactness and unfolding, making it useful for studying molecular stretching or
compression. Mathematically, R, is calculated by the square root of the sum of the dis-
tances between each atom and the center of mass of the molecule, as shown in Equation
3.3:

N
1 . o
RQ = N Z |T(Z) - /rcom|2 (33)
=1

where 7(i) and 7, are the coordinates of atom i and its center of mass, respectively,

and N is the number of atoms.
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The root mean square deviation (RMSD) quantifies the average distance be-
tween atoms of two superimposed molecules. In proteins, it is common to consider
only the overlap of heavy constituents of the peptide chain, as hydrogen atoms are
usually restricted by algorithms like SHAKE or RATTLE. RMSD is calculated using
Equation 3.4:

N
1 I
RMSD = N;V@)—TREF\? (3.4)

where 7rpr are the atomic coordinates in the reference molecule. Translation and ro-
tation algorithms are commonly employed to minimize the RMSD value, aiming to
quantify only the structural changes not related to the movement of the molecule in
the simulation box.. In this study, the Kabsch algorithm was employed using internal

functions of the VMD software.

The dipole moment measures molecular polarity, with higher values indicating
greater polarity and null values indicating nonpolar compounds. This metric is useful
to quantify the electrostatic aspects of proteins and influences several properties of the
molecule, such as solubility (CARDOSO et al., 2020), melting and boiling points and
its reactivity (SIEBLER et al., 2015). The dipole moment vector for a discrete charge
distribution is calculated by multiplying each atomic charge by its position vector, as
shown in Equation 3.5

N
d=">"q(i)(i) (3.5)

i=1
where d is the dipole moment and ¢(7) is the charge of atom i. The scalar dipole mo-
ment is obtained by employing the relation d? = d;z + df + df. The vector components

were calculated using the function compute dipole of LAMMPS.

Determining the secondary structure of a protein is vital for understanding its
technological properties. The Define Secondary Structure of Proteins (DSSP) program
is the most widely used approach to delineate these conformations, which relies on
hydrogen bond patterns to identify the most probable secondary structure for each
amino acid. In this study, the STRIDE algorithm was used, which not only considers
hydrogen bonds patterns, but also evaluates angles and dihedrals of residues, thus

providing an enhanced assessment of the secondary structure. In cases where the two
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algorithms diverged, STRIDE exhibited superior predictive accuracy in 70% of cases
(MARTIN et al., 2005).

The solvent-accessible surface area (SASA) quantifies the molecular surface
available for interactions with the solvent and other molecules, influencing proper-
ties such as gel formation, foaming, and emulsification. The SASA, also known as the
Lee-Richards area in honor of the pioneering work that defined it (LEE; RICHARDS,
1971), is calculated using Equation 3.6:

SASA = Z \/722 (AZ+A’Z) (3.6)

where R represents the van der Waals radius, L, represents the length of an arc of size i,

Z; represents the perpendicular distance of section i from the center of the sphere, AZ
represents the space between sections, and A’Z is either AZ/2 or R — Z; (whichever is
smaller). According to similar studies, the solvent radius was considered to be 1.4 A
(VANGA et al., 2015).

Hydrogen bonds (H-bonds) are very important in protein dynamics since they
play a central role in stabilizing the secondary structure. In addition, H-bonds losses
are related to protein unfolding and destabilization. A H-bond forms when a hydrogen
atom (donor) interacts with a highly electronegative atom (acceptor), such as fluorine,
oxygen, or nitrogen. In this study, a disruptive distance of 3.5 A and an angular cutoff
of 30° between donor and acceptor atoms were adopted, as suggested in previous stud-
ies (ASTRAKAS et al., 2011; SINGH et al., 2013a; WANG et al., 2014). The evaluation

of hydrogen bonds was performed using internal functions of the VMD software.

3.3 Results and Discussion

3.3.1 Validation

The final structures were validated using the Ramachandran plot, as suggested
by Vagadia et al. (2016). The Ramachandran plot typically divides conformations into
three distinct regions: energy favored (with recurrent structures like a-helix, S-strands

and turns), energy allowed, and outliers (energy disfavored conformations with steric
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interference). Notably, nearly three-quarters of possible ¢-i) angle conformations are
disfavored, as two atoms cannot occupy the same position simultaneously (ROBIN-
SON et al., 2014). Figure 3.4 displays the Ramachandran analysis of the native OVA
structure obtained from the PDB. The light blue boundaries delimit the Ramachandran
tavored regions (RFR), while the dark blue limits delimit the Ramachandran allowed
regions (RAR); any residues falling outside these zones are considered outliers. It can
be seen that one amino acid (Arginine (68)) appears as an outlier. Table 3.1 summarizes
this analysis for each combination of process and temperature. The total proportion of
outliers remained below 2.5% in all scenarios, falling within the acceptable range ob-
served in MD and experimental studies (VAGADIA et al., 2016, PRIAMBODO et al.,
2019; SOBOLEYV et al., 2020). This suggests that the obtained structures had proper

spatial arrangements considering both ¢ and ¢ angles.

180

Psi
[—]

FIGURE 3.4. Ramachandran plot of the initial configuration obtained from the PDB
(10VA).

In general, proteins subjected to EF treatments presented higher outliers counts
due to possible side-chain reorientation, leading to additional steric interference. The
number of outliers is also influenced by interactions between the amino acids and the
solvent (TIMASHEFF, 1970). Increased solvent-accessible surface areas of hydropho-
bic residues in the presence of the EF (as addressed further) may also collaborate to

increase the outliers counting in such conditions. Moreover, results show that Serine
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TABLE 3.1. Ramachandran analysis of the final structures obtained in the simulations.

Residues in Residues in Outliers

Process RER (%) RAR (%) (%) Outliers residues
300K/CHP 95.88 4.12 0 -
320K/CHP 93.08 6.12 0.80 Val(79); Asn(159); Ser(313)
340K/CHP 94.94 4.79 0.27 Gly(128)
360K/CHP 91.21 7.97 0.82 Arg(58); Arg(126); Ser(320)
Ser(164); Ser(165); Trp(184);
300K/DC  86.29 11.79 1.92 Asp(190); Ser(250);
Leu(252);Ser(309)
Arg(58); Asn (154); Asn(159);
320K/DC  88.46 9.89 1.65 Ser(309); Ser(320); Ser(384)
Cys(73); Asp(190); GIn(191);
340K/DC  86.96 10.84 2.20 Phe(217); Pro(246); Lys(277);
Ser(308); Glu(319)
Lys(16); Tyr(125);  Lys(206);
360K/DC  89.56 7.97 2.47 Val(249); Ser(250); Ser(316);
Ala(345); Asn(374); Ser(384)
Asp(47); Glu(70); Asn(159);
300K/AC  88.29 10.34 1.37 Ser(307); Ser(309)
Ser(2); Pro(93); Ser(236); 1le(259);
320K/AC 91.21 7.14 1.65 Ser(308); Ser(384)
340K/AC  85.28 139 0.82 Thr(136); Thr(193); Leu(321)
360K/AC  86.96 11.39 1.65 Pro(93); - Glu(109);  Tle(113);

Val(249); Ser(309); Ala(384)

was the most frequent residue in the outliers section. Prior studies have noted that
specific amino acids are more commonly associated with steric interference: Vagadia
et al. (2016) reported that phenylalanine was highly associated with this phenomenon,
possibly due to its aromatic ring, while Chen e He (2020), in an experimental study,
observed that serine, phenylalanine, and leucine were the most frequent amino acids

in outlier zones.

3.3.2 Stride analysis

The STRIDE analysis of OVA under the studied conditions is presented in Figure
3.5. The analysis shows that, in the absence of an EF, a partial conversion of a-helices
into turns and 3;-helices is observed at 320 K; at 340 and 360 K, all a-helices were con-

verted, indicating the onset of the denaturation process. 3;-helices are commonly con-
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sidered as intermediate conformations, and are frequently present in the early stages
of the denaturation process (DAGGETT; LEVITT, 1992). Moreover, these predictions
align with the results of Llave et al. (2018); the authors found an experimental value
for OVA minimum denaturation temperature of 339.8 K using differential scanning

calorimetry.

Caption:
[ a-helix [ Extended f M@ Turn [] Coil M 3;, — helix M 7-helix

FIGURE 3.5. Stride analysis of OVA. The = axis represents the simulation time and
the y axis represents the amino acid residues present in the molecule, sequentially; the
colors correspond to the most probable secondary structure of the residue in a given
time according to the caption shown at the bottom.

Liu et al. (2018) analyzed the interaction of OVA and curcumin by MD and also
observed a decrease in a-helices followed by an increase in coil configurations; neg-

ligible or no modification was observed in the  structures. Similarly to the present
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results, the a-helix content had a smaller decrease at lower temperatures, and more
significant changes were observed at 343 K. However, the a-helix content reported by
these authors was higher than those observed in the present simulations, which may be
attributed either to differences in the number of solvent molecules or to the algorithm
used to access the secondary structures (some analysis may consider 3,p-helices as a-
helices due to the similarity of these two secondary structures, as reported by Zhang e
Sagui (2015)).

Under lower temperatures, the STRIDE analysis of OVA under CHP was similar
to those obtained with the application of DC and AC. Interestingly, the denaturation
of a-helices tended to occur more slowly under the presence of an EF at higher tem-
peratures. The only residues that showed a relevant a to 3;-helix conversion were
the amino acids sequences 67-71 and 344-373 at 360 K. This conversion was more sig-
nificant under the application of AC when compared to DC, mostly when the instan-
taneous EF approached to zero. Additionally, a small conversion of the extended /3
structure of amino acids 190-205 into random coils was observed in the DC treatment
at 360 K.

These results may indicate that the secondary structure of OVA is more stable
under the application of heat combined with an EF in comparison to CHP. Qian et al.
(2016) analyzed experimentally the effects of PEF in ovalbumin secondary structure
using infra-red spectroscopy under several conditions (voltage varying from 0 to 35
kV, frequency varying from 50 to 1000 Hz and pulse width varying from 3 to 15 us),
and also reported stabler a-helices under the EF influence. In addition, the number of
random coils was higher in the control treatment (CHP). These results corroborate the
present findings, although the relative differences observed in the experimental study
were not as high as the ones presented here. These discrepancies might be expected
considering that the experiment was performed under lower temperatures and fields
strengths, and with multiple proteins (in this case, it can be hypothesized that protein-
protein interactions can play a role in the secondary arrangements, as addressed by

Taechalertpaisarn et al. (2019)).

The limited time scale of the MD simulations may hide partial transforma-

tions of a-helix over longer time periods. Samaranayake e Sastry (2021) studied the
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pectin methylesterase dynamics under a 50 kV ecm™ field in longer time-scales (up
to 1 ps) and reported an interesting phenomenon: initially, the secondary structure
was more stable under field application, probably due to the higher diffusion rates
of water molecules compared to the protein, which allowed the formation of more
intra-molecular bonds and stabilization of the structure. For longer periods, this pat-
tern changed once the enzyme started to unfold and the intermolecular bonds between
protein and water decreased, destabilizing the secondary structure. In fact, Yang et al.
(2017) analyzed the secondary structure of OVA using far-UV circular dichroism and
found that the helix content increased when a 35 kV cm™! EF was applied for 60 us; an
opposite trend was seen for longer pulse times (120 ps and 180 us). This suggests that
the phenomenon described by Samaranayake e Sastry (2021) may occur with longer

treatments, although stabilization may occur with shorter electrical pulses.

Salt bridge interactions were also investigated to analyze changes in the sec-
ondary structure. Salt bridges are non-covalent bonds between two ionized residues
resulting from the combination of hydrogen bonding and electrostatic interactions, and
they play a crucial role in structural stability (HENDSCH; TIDOR, 1994). As suggested
by Thomas e Elcock (2004), a cut-off distance of 4 A was employed and the results at
360 K are showed in Figure 3.6. No significant differences were observed in the total
number of bridges (17.4+2.7, 17.5£1.9 and 17.9+2.1 for CHP, DC and AC simulations,
respectively). In addition, the frequency spectrum (Fig 3.6.B) showed that the bridges
were almost identically distributed regardless of the treatment. Ghosh et al. (2003)
noted that the glutamic/acid-lysine interactions are particularly relevant for the stabi-
lization of the a-helices, and therefore they are plotted separately in Fig. 3.6.C. A slight
decrease in the number of Glu-Lys bridges in CHP was observed (6.1+1.7, compared to
7.6+1.3 and 7.8+1.3 for DC and AC, respectively). There are two concentration peaks
located at 2.8 and 3.7 A in the corresponding frequency spectrum (Figure 3.6.D). The
tirst peak is relatively smaller in the CHP simulation, related to the aforementioned de-
crease in Glu-Lys bridges, which could be responsible for the stronger destabilization

of the helices in this scenario.

In conclusion, the application of an EF enhances the stability of the secondary
structure of OVA under pasteurization conditions (7" > 333 K). These results agree

with previous experimental studies and computational simulations, and are of great
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FIGURE 3.6. OVA (A) total salt bridges at 360 K, (B) histogram of distances between
bridge atoms, (C) Glu-Lys bridges at 360 K and (D) histogram of distances between
Glu-Lys bridges. The shaded areas in (B) and (D) correspond to the bridge formation
zones.

relevance for the understanding of egg processing. Given the strong correlation be-
tween secondary structure and protein functionality, thermal denaturation by CHP (as
reported by Oliveira et al. (2020), for example) may be minimized or even avoided with

the application of electrically driven treatments.

3.3.3 Radius of Gyration

3.7 shows the OVA R, as a function of temperature and applied treatment, and
Table 3.2 shows the average values and results of the statistical analysis. It can be
seen that the results were temperature independent for the same treatment, suggesting
either that the protein is stable under these conditions or that the analyzed time scale
is not long enough to access other states. In CHP, thermal unfolding is expected after
339.8 K, resulting in higher R, values. This phenomenon was not visualized probably

due to the limited time scale of simulations, although the STRIDE analysis showed a
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decrease in a-helices content, related to the early stages of denaturation.
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FIGURE 3.7. OVA radius of gyration under (A) CHP, (B) DC and (C) AC processing.
For the sake of clarity, a continuous yellow line was added in (C) to represent the
instantaneous applied EF, according to the secondary y axis.

The R, increased from about 22.2 to 22.5 A when a DC was applied, indicating
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TABLE 3.2. OVA radius of gyration (A) as function of the applied process and temper-
ature. Results with the same superscript are not significantly different from each other
(p > 0,05).

Temperature CHP DC AC

300 K 22.13+0.02*  22.45+0.02¢  22.1840.05 +*¢
320K 22.15+0.01%%  22.494+0.02¢  22.18+0.05 %"
340 K 22.17+0.02+%  22.474+0.06¢  22.24+0.06 *°
360 K 22.18+0.01%>¢ 22.52+0.05¢  22.274+0.05 ©

a increase in the molecule size under EF application. As OVA has a resultant nega-
tive charge, the molecule is expected to stretch along the direction of the applied field
(FERNANDEZ-DIAZ et al., 2000; WU et al., 2014), which was confirmed in the sim-
ulations (as discussed latter in Section 3.3.6). In fact, several experimental and MD
studies showed that folding/unfolding processes differ between thermal and electri-
cally treated proteins (ASTRAKAS et al., 2011; SINGH et al., 2013a; VANGA et al., 2015;
HAN et al., 2018); depending on the charge distribution of the molecule, this may lead
to an increase or a decrease in the denaturation rate. Therefore, while the secondary
structure remains more stable in the presence of an EF, the tertiary structure tends to
undergo faster modifications in such conditions. The increased unfolding rate of OVA
under the presence of electric fields has been already reported and it is important in
many technological applications, mostly in gelling properties. Yang et al. (2017) found
by UV absorption spectroscopy that the application of 35 kV cm™! for 60 us or 25 kV
cm~! for 180 ps leaded to partial unfolding of OVA, similarly to what was observed in

the present study under higher fields and shorter time periods.

Concerning the application of AC, an interesting phenomenon was observed.
At the initial stages of the simulation, the radius of gyration tended to ascend simi-
larly to the DC condition; when the field reached approximately 0.3 V/nm, the protein
returned to its original state, until the cycle achieved 0.3 V/nm again and the protein
restarted to unfold. This behavior was repeated in both simulated cycles, suggesting
that the unfolding process might be reversible or slower under AC compared to DC. In
fact, the average R, in the AC case was similar to that of the CHP at all temperatures.
Barsotti et al. (2001) indicated that the application of exponentially decaying electric
pulses of 31.5 kV em ™" and 1 Hz lead to partial OVA unfolding. However, these alter-

ations were temporary and the protein folded back to its original configuration after 30
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TABLE 3.3. OVA root mean square displacement (A) as function of the applied process
and temperature. Results with the same superscript are not significantly different from
each other (p > 0,05).

Temperature CHP DC AC

300 K 1.73£0.02¢ 2554+0.17¢  2.16+0.22 ¢4
320K 1.82+0.06 2.80+0.03 =/ 2.18+0.05 ¢
340 K 1.88+0.04 @< 296+0.117  2514+0.13°¢
360 K 2.05+0.14 >4 35540119  2.93+0.03

min, indicating reversible processing damage. The obtained results corroborate these
observations, considering that the protein returned to its original R, when the AC elec-
tric field approached zero. The use of DC or higher electric fields and lower frequencies
could lead to irreversible damage, as already showed by spectroscopic analysis in Yang
et al. (2017) and Fernandez-Diaz et al. (2000).

3.3.4 Root mean square displacement

Figure 3.8 shows the RMSD plots of OVA as a function of temperature for the
studied processes, and Table 3.3 shows the average values and results of the statistical
analysis. RMSD was temperature independent at 300, 320 and 340 K under CHP, while
small increases were observed for the DC and AC treatments within this temperature
range. A larger increase in RMSD was observed at 360 K, especially in the DC simula-
tions. As previously discussed, thermal unfolding is capable of altering the molecular
structure and it is expected to occur under higher temperatures. Even though a tem-
perature dependence of the radius of gyration was not observed, which would indicate
denaturation at 360 K, the increase in the RM .S D may be related to the early stages of

the unfolding process.

Small discrepancies with respect to PDB original structure were observed in
all scenarios (below 4.2 A). More significant differences were visualized when the
molecule was subjected to electric fields (both AC and DC), and therefore is possi-
ble to observe that the results are dependent on the applied treatment, with higher
RM S D values associated to EF processes. This behavior is in agreement with previous
simulations and indicates internal rearrangements under field presence (ASTRAKAS
et al., 2011; VANGA et al,, 2015; VAGADIA et al., 2016). The results obtained upon



(o)}
|68}

3.3. RESULTS AND DISCUSSION

5 0.8
= s
,-\4' § 4 .8.
5 -~ =
2 : 2 >
a3 2 a3 &
E E%’ =
2§ 3 2 2
= =
= =]
S’ 1 S
5

= =1
2 4 2
= =,
"S« 1)
g g3 g
= Z =

22
2 &> 2
= =
& g

Time (ns) Time (ns)

FIGURE 3.8. OVA root mean square displacement at (A) 300, (B) 320, (C) 340 and (D)
360 K. For the sake of clarity, a continuous yellow line was added to represent the
instantaneous applied EF, according to the secondary y axis.

application of DC field agree with the R, analysis of Section 3.3.3, considering that
the stretching process naturally leads to structural deviations in relation to the native
molecule. For the AC simulation, the increases in RMSD at 360 K in comparison with
340 K was not followed by increments in the radius of gyration, probably because the
spatial rearrangements occurred within the inner parts of the molecule, not affecting
its average size. A slight tendency of decreasing RMSD was observed when the field
approached zero, but its value started to increase again when the field was closer to its

maximum and minimum peaks.

3.3.5 Hydrogen bonds

Hydrogen bonds (H-bonds) are very important in protein dynamics since they
play a central role in stabilizing the secondary structure. In addition, H-bonds losses
are strongly related to protein unfolding and destabilization. Figure 3.9 shows the av-
erage number of the protein intramolecular H-bonds and the standard deviation for

each simulation. The results were process independent at lower temperatures, while
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a decrease in the number of bonds was observed for electric driven treatments at 340
and 360 K. As discussed previously, the proteins 1, and RM SD increased under EF
application and high temperatures, which may be related to the decrease on H-bonds.
In addition, higher temperatures increase the molecules kinetic energy, enhancing vi-

brational and rotational movements that cause bonds disruption (OHTAKI, 2003).
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FIGURE 3.9. Average number of intramolecular hydrogen bonds of OVA in each an-
alyzed scenario. Results with the same letter are not significantly different from each
other (p > 0,05).

Suresh et al. (2006) stated that an increase in H-bonds with EF application may
be expected as a result of electrostatic interactions that approximate potential donor
and acceptor atoms. For OVA, a reverse effect was observed. Higher applied electric
tields resulted in a further reduction in the number of bonds, as illustrated in Figure
3.10. This behavior agrees with other studies regarding EF effects in proteins (AS-
TRAKAS et al.,, 2011; SINGH et al., 2013a; WANG et al., 2014). Despite the decrease
in H-bonds under EF treatments, the a-helix content was more stable in this process.
A similar behavior was also reported for egg white protein using UV spectroscopy by
Qian et al. (2016). Moreover, the number of intermolecular H-bonds is similar between
the different processes (see Figure 3.11). This suggests that, in the case of ovalbumin,

the impact of the EF on H-bonds is intramolecular.
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3.3.6 Dipole moment

The dipole moment of the protein structure is useful to quantify its electrostatic
aspects, influencing several properties of the system, such as solubility (CARDOSO et
al., 2020), melting and boiling points and its reactivity (SIEBLER et al., 2015). Figure
3.12 shows the scalar total dipole moment of OVA as a function of temperature and
applied EF. Higher dipole moments were observed within electric driven treatments at

360 K, probably caused by the increase in the molecular vibration amplitudes in such
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conditions (DAVYDOV, 1996).

The dipole moment is considerably higher under DC treatment in comparison
with CHP. Figure 3.13 shows a charged colored representation of OVA at 360 K in the
absence of EF and under DC application. The protein stretching in the direction of the
applied field (previously discussed in Section 3.3.3) can be visualized, and the max-
imum distance between the residues at the edges increased from 72.90 to 78.42 A in
CHP and DC, respectively. This contributes to the increase in the dipole moment as
expressed in Eq. 3.5. In addition, electrically charged amino acids are more affected
by the presence of external fields and the figure shows a tendency of these residues
to concentrate in the molecule extremities. This side-chains re-alignment in the field
direction is expected and confirmed in the simulations. The experimental results of
Qian et al. (2016) using far-UV circular dichroism spectroscopy also indicated molecu-
lar dipole moment changes when EF was applied. In addition, similar MD studies also
reported increases in the total dipole moment of proteins (SINGH et al., 2013a; JIANG
et al., 2019).

Concerning the AC simulation, a re-orientation of the dipole moment depend-
ing on the EF intensity was observed: when the field modulus was high (in ridges or
valleys of the sinusoidal function), a higher dipole moment was observed; as the mod-
ulus of the field approached zero, the dipole moment dropped closer to its original
value (CHP condition). This behavior may be related to process reversibility, as previ-
ously discussed. These results also agree with the findings of the prior sections. As the
overall molecule size increases (as suggested by the radius of gyration), the charges
distances in relation to the molecule center of mass also tend to increase, enhancing
the dipole moment as expressed in Eq. 3.5. Moreover, similarly to the RAMSD, a de-
pendence of the dipole moment with the momentary EF was observed in the AC case,

which is related to the stretching and folding of the molecule under this scenario.

Additionally, the interaction between the ovalbumin and the EF led to a dis-
placement of the molecule, as can be seen in Figure 3.14. Under field absence, the
center of mass of the protein remained almost stationary. Under DC conditions, a lin-
ear movement towards the —z direction of the simulation box was observed, consistent

with the net negative charge of the protein. In contrast, under AC conditions, the dis-
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FIGURE 3.12. OVA total dipole moment under (A) CHP, (B) DC and (C) AC processing.
For the sake of clarity, a continuous yellow line was added in (C) to represent the
instantaneous applied EF, according to the secondary y axis.
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FIGURE 3.13. Snapshot of OVA at 360 K and (A) 0 Vnm~! and (B) 0.5 V nm~! DC.

The white, green, blue and red colors correspond to non-polar, polar, basic and acidic
residues, respectively.

placement was dependent on the instantaneous EF.
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FIGURE 3.14. OVA center of mass displacement at 360 K for all applied processes.

3.3.7 Solvent accessible surface area

SASA is the protein surface area available to establish contact with solvents
and/or other molecules, and it is related to several functional properties (e.g. emulsify-

ing and gelling capacity). Figure 3.15 shows the SASA evolution of OVA in all analyzed
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TABLE 3.4. OVA solvent accessible surface area (A?) as function of the applied process
and temperature. Results with the same superscript are not significantly different from
each other (p > 0,05).

Temperature CHP DC AC

300 K 179694210 »* 17851+ 145%° 179164172 P
320K 17780+116 % 181164125 ¢ 179474154 *be
340 K 179224106 »* 181044318 *¢ 184304309 ¢
360 K 17965+121 »*  18928+354 ¢  18617+13 ¢

scenarios, and Table 3.4 shows the averages and statistical analysis of the data. The re-
sults were temperature independent within the analyzed time scale under CHP, and an
average value of 17909 A2 was found. An increase in SASA was observed as tempera-
ture increases in the DC and AC simulations. Overall, its possible to conclude that EF
application in OVA increases the surface area and that this effect is more pronounced at
higher temperatures. Vanga et al. (2015) stated that, due to its specifics spatial arrange-
ments and to the presence of H-bonds, a-helices are probably the secondary structure
that affect SASA the most. This statement is in agreement with Vagadia et al. (2016),
who showed that the soybean trypsin inhibitor protein, which does not have a-helices
in its structure, is highly stable under EF application. For OVA, when an EF was ap-
plied, the helices residues tended to orientate themselves in the direction of the field,

causing a resulting stress in the whole protein and an increasing its surface area.

Additional information of the SASA considering hydrophilic and hydrophobic
residues is shown in Figure 3.16 at 360 K. In common situations, hydrophobic residues
tend to conform internally in the protein, as interactions with water are mostly of re-
pulsive nature. In the absence of EF, an average area of 13700 A? is observed for po-
lar residues, whereas for apolar residues, smaller areas (~ 4400 A?) were found. A
significant increase in the apolar SASA is found when an EF is applied. However,
the application of an EF significantly increased the SASA of apolar residues, as the
protein structure stretched, exposing non-polar residues to the surrounding medium.
This alteration in solute-solvent interactions could lead to distinct functional proper-
ties (which will be addressed in Section 3.3.8). Increases in the surface hydrophobic
area of OVA under the influence of PEF were observed experimentally by Yang et al.
(2017) using fluorescence spectroscopy after 180 us - 25kV em™! or 60 us - 35 kV em™

treatments. These results may also explain the reduction in egg white protein solubility
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FIGURE 3.15. OVA solvent accessible surface area under (A) CHP, (B) DC and (C)
AC processing. For the sake of clarity, a continuous yellow line was added in (C) to
represent the instantaneous applied EF, according to the secondary y axis.
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in water after PEF, as reported by Wu et al. (2015).
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FIGURE 3.16. OVA solvent accessible surface area for apolar and polar residues.

3.3.8 Relationship of the results with experimental studies

As shown in the previous sections, several structural properties of OVA are af-
fected by EF application, indicating that this molecule is highly susceptible to non-
thermal effects. A review of EF-induced non-thermal effects in egg-based products
was performed by Yogesh (2015). The present simulations can help to shed some light
in the mechanisms involved in these modifications. According to the simulations, the

main effects of applying EF in ovalbumin are:
e stabilization of the secondary structure;
e increase in Ry, RM SD and total dipole moment;

e decrease in the number of H-bonds at high temperatures;
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e increase in the SASA of apolar residues.

Egg viscosity is a transport property modified by EF application: Monfort et al.
(2012) showed an increase in average viscosity when a 25 kV/cm PEF treatment was
applied, and Bozkurt e Icier (2011) reported a difference in the temperature depen-
dence of this variable using a 20 V/cm ohmic heating process. Molecules with larger
number of H-bonds usually lead to more viscous fluids, as the intermolecular forces
are stronger under such conditions, causing more resistance to fluid flow (FANG et
al., 2019). In the simulations, a small decrease in the number of H-bonds was visu-
alized under EF treatments, which contradicts the expected behavior. However, this
transport property can also be affected by the relation between intermolecular fric-
tion and molecule shape; larger molecules are associated with more viscous solutions
(NGUYEN et al., 2007) due to increases in intermolecular forces. Zidar et al. (2020) ex-
perimentally studied how to control the viscosity of proteins formulations and found
that the major contributions are caused by London dispersion forces and electrostatic
interactions. The authors proposed a mechanism to electrostatically enhance viscos-
ity, based on the orientation of proteins under shearing conditions; the most negative
pole of a given protein would tend to face the most positive pole of the neighboring
molecule, resulting in molecular assembling and increased viscosity. As observed in
the present simulations, the OVA dipole moment is higher under EF application, which
is related to increases in electrostatic interactions, corroborating the aforementioned
mechanism. In addition, increases in SASA and R, for electric driven treatments in-
dicate that the overall molecular size is larger under such conditions, which enhances

intermocular friction and, consequently, the viscosity.

The mechanism proposed by Zidar et al. (2020) (that aggregation may happen
due to electrostatic interactions among proteins) is corroborated by the experiments
of Zhao e Yang (2010), who also reported higher OVA aggregation under EF treat-
ments using high-performance chromatography. The present results agree with this
mechanism, since: (i) the molecule tended to unfold under the influence of an external
tield, and increases in the dipole moment showed that the most affected areas are the
charged amino acids; (ii) as these residues are more concentrated in the extremities due
to EF induced re-orientation, the dipole-dipole forces among adjacent proteins may

lead to higher aggregation. In addition, it may be hypothesized a second mechanism
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considering the solvent repulsive forces: as hydrophobic SASA increases, a rise in the
van der Waals interactions among apolar residues of two proteins is favored, which is
followed by a solvent-solute repulsion. Roth et al. (1996) indicated that London forces
can highly contribute to the dynamics of protein aggregation. Therefore, it is possible
to state that the higher aggregation degree of OVA is probably primarily caused by the
electrostatic forces, but may also be influenced by the increases in apolar SASA. It is
important to point out that this is a hypothesis, and further research is needed for its

validation.

Concerning proteins technological properties, increases in foaming and emulsi-
tying capacity and stability were correlated with the application of PEF in liquid whole
eggs (MONFORT et al., 2012). According to Zayas (1997b), the foaming process can be
summarized in three stages: (i) proteins diffuse to the air/water interface, concentrate
and reduce surface tension; (ii) proteins unfold at the interface, orientating the hy-
drophilic and hydrophobic residues at the aqueous and non-aqueous phases, respec-
tively; (iii) proteins interact to form a stable film around the bubbles, with partial de-
naturation. The function of polypeptides in foams is to decrease the superficial tension,
to increase viscous and elastic properties of the liquid phase and to form strong films.
In this context, OVA denaturation observed in the present simulations may increase
liquid whole egg viscosity under EF application, which can improve foam formation
(ALLEONI, 2006). In addition, the partial unfolding observed can also accelerate and
improve the second stage of foam formation. Moreover, the increase in apolar interac-
tions is strongly related to the foaming capacity of the product, due to decreases in the

surface activity, which are also enhanced under applied EF.

Similarly, increases in the emulsyfing capacity and stability of egg white or
whole eggs under EF treatments were also reported by several authors (TU et al., 2013;
HU et al., 2019; MONFORT et al., 2012). Proteins with higher apolar area are better
surface active agents and more efficient emulsifiers. The simulations showed partial
unfolding of OVA under small time scales and at low temperatures when an EF is
applied, which could improve emulsifier capacity even at mild heat treatments. This
behavior was observed experimentally by Zayas (1997a) under the application of heat
in time scales higher than those studied in the present work. In addition, Mine et al.

(1991) stated that a higher emulsifier ability is observed under low pHs, which was
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explained by increases in the hidrophobic surface area caused by acidic environments.
This enhancement in surface area can also be caused by the molecule stretch under the

application of EE.

3.4 Conclusion

The purpose of the present study was to analyze the conformational changes of
ovalbumin under the influence of electric fields by molecular dynamics simulations,
improving the current understanding of the protein dynamics during EF processing of
foodstuff. The results showed that electrically driven treatments at high temperatures
led to a higher stabilization of the secondary structure compared to conventional tem-
perature driven processing. Application of an EF leads to an increase in the molecule
overall size, dipole moment and solvent accessible surface area, and a decrease in hy-
drogen bonds. These results agree with several experimental studies performed in
similar systems, and help explain some observed phenomena in EF processing of food-
stuff containing OVA, such as the enhancement of the protein stability, and changes on
viscosity and emulsifying capacity. This study makes a contribution towards a better
understanding of non-thermal effects in proteins and may motivate further theoretical

and experimental studies on the field.



Chapter 4

Molecular dynamics insights on
temperature and pressure effects on
electroporation

The findings from the study titled Molecular Dynamics Insights on Temperature
and Pressure Effects on Electroporation are presented and discussed in this chapter. In
this study, the electroporation phenomenon of a lipid bilayer was examined at vari-
ous temperatures and pressures, aiming to analyze the influence of these variables on
kinetic parameters and the migration flow of chemical species across the bilayer. The
results contribute to a deeper comprehension of electroporation in diverse thermody-
namic scenarios and may aid in selecting processing conditions for a wide range of
applications of this technique. This study has been published in the journal Biochim-
ica et Biophysica Acta (BBA) - Biomembranes (DOI: <https://doi.org/10.1016/j.bbamem.
2022.184049>).

Abstract: Electroporation is a cell-level phenomenon caused by an ionic imbalance in
the membrane, being of great relevance in various fields of knowledge. A dependence
of the pore formation kinetics on the environmental conditions (temperature and pres-
sure) of the cell membrane has already been reported, but further clarification regard-
ing how these variables affect the pore formation/resealing dynamics and the trans-
port of molecules through the membrane is still lacking. The objective of the present
study was to investigate the temperature (288-348 K) and pressure (1-5000 atm) effects

on the electroporation kinetics using coarse-grained molecular dynamics simulations.

75
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Results shown that the time for pore formation and resealing increased with pressure
and decreased with temperature, whereas the maximum pore radius increased with
temperature and decreased with pressure. This behavior influenced the ion migration
through the bilayer, and the higher ionic mobility was obtained in the 288 K /1000 atm
simulations, i.e., a combination of low temperature and (not excessively) high pressure.
These results were used to discuss some experimental observations regarding the ex-
traction of intracellular compounds applying this technique. This study contributes to
a better understanding of electroporation under different thermodynamic conditions
and to an optimal selection of processing parameters in practical applications which

exploit this phenomenon.

Keywords: DPPC; Lipid Bilayer; Electric Field; High Pressure.

41 Introduction

Lipid bilayers are biological structures formed by amphiphilic lipids (i.e., com-
posed by a hydrophilic phosphate head and a hydrophobic side-chain) that exhibit di-
verse phases influenced by external factors like temperature and pressure (TADA et al.,
2009), pH (PETELSKA; FIGASZEWSKI, 2000) and degree of hydration (ULRICH et al.,
1994). At low temperatures, the Gel I or Lg phase is found, characterized by palmitic
acid groups mostly elongated and highly ordered. As temperature increases, the side-
chains become more disordered, and gauche conformations start to form (WONG et
al., 1988). This leads to an intermediate phase known as Gel I, rippled gel phase or
Py. The Lg — Pg conversion is called pre-transition. When the bilayer reaches the
main transition temperature (7,), a liquid crystalline phase (L,) is formed, which is
characterized by an increased number of gauche conformations and high entropy in
the hydrophobic fatty acid chains. The Ps — L, conversion is known as the main
transition. Bilayers formed by saturated lipids (e.g. DPPC, DPCO, DPPG) exhibit ad-
ditional gel phases at pressures above 3,000 atm (MACDONALD, 1984; WONG et al.,
1988; DRISCOLL et al., 1991; CZESLIK et al., 1998).
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The main function of lipid bilayers is to regulate the passage of compounds into
and out of the cells. Permeability control is desirable in many industrial and biological
applications, and mass transfer can be enhanced in these systems by electroporation
(GOLBERG; RUBINSKY, 2013). For this purpose , a transmembrane electrical gradi-
ent is used to form pores on the bilayer surface, provided that the electric field energy
is higher than the critical free energy required for structural rearrangements (JOSHI;
SCHOENBACH, 2000). Electroporation is used in various fields of knowledge, such
as the transfer of drugs and genes into living cells (SHI et al., 2018; JACOBS et al,,
2020), microbial inactivation in foods (BARBA et al., 2020), and cell electrofusion pro-
cesses (USAJ; KANDUSER, 2012). Recently, this technology has also been used in can-
cer research and showed promising results related to the death of carcinogenic cells
(HANSON et al., 2021; BURBACH et al., 2021; WEI et al., 2021). Furthermore, ac-
cording to Aycock e Davalos (2019), this phenomenon can be divided into two classes,
distinguished by the extent of the damage imposed to the bilayer: (i) reversible electro-
poration (pores revert to their original conformation after the electric potential ceases),

and (ii) irreversible electroporation (the damage imposed to the cell is permanent).

Electroporation is a pressure and temperature dependent process (HEINZ;
KNORR, 2000; ZARATE-RODRIGUEZ et al, 2000; ALVAREZ; HEINZ, 2007;
CARULLO et al., 2018; BENSALEM et al., 2020). This dependence is probably related
to phase transitions in the bilayer, although the mechanisms are still unclear. Molecu-
lar dynamics (MD) simulations are useful tools for analyzing conformational changes
in biomolecules and have been widely applied to elucidate alterations at the molecular
level that are not readily accessible in experiments. Previous MD studies investigating
the behavior of lipid bilayers under high pressure have shown that their properties
and structures are correctly reproduced (JIJANG et al., 2004; CHEN et al., 2011; LAI et
al., 2012; DING et al., 2017). The electroporation phenomenon in these biological struc-
tures has also been replicated successfully at atmospheric pressure using both all-atom
and coarse-grained models (TAREK, 2005; ZHOU; LIU, 2019).

The present study aims to analyze the influence of pressure (P) and temperature
(T) in the electroporation of a dipalmitoylphosphatidylcholine (DPPC) bilayer using
coarse-grained MD simulations with the Martini force field. A comprehensive anal-

ysis of this process is provided, discussing the pore formation and resealing kinetics
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under varied 7" and P conditions, and its effect on the ion migration rates through-
out the bilayer. The results contribute to a better understanding of this phenomenon
under different thermodynamic scenarios and can help to elucidate which are the opti-
mal temperature and pressure conditions to be used when applying this technique for

practical purposes.

4.2 Computational Methodology

4.2.1 System creation and equilibration

In this chapter simulations were conducted using the open-source software
GROningen MAchine for Chemical Simulations 5.1 (Gromacs 5.1). Initially, 512
DPPC molecules were randomly placed within a simulation box with dimensions of
13 x 13 x 13 nm?, as shown in Figure 4.1.A. The initial DPPC structure was obtained
directly from the Martini website (<http://cgmartini.nl/index.php>). Since the phe-
nomenon analyzed in the present study is the electroporation, the electrostatic inter-
actions must be described as accurately as possible. Therefore, the polarizable water
model was employed (YESYLEVSKYY et al., 2010). Figure 4.2 provides a comparison
of the DPPC bilayer lateral area using the polarizable water and the original water
models of Martini 2 and Martini 3. This comparison demonstrates the accurate repre-

sentation of experimental data when employing the polarizable water model.

Initially, 512 DPPC phospholipids and 10,477 coarse-grained polarizable water
beads were randomly placed inside a 13 x 13 x 13 nm? simulation cell, resulting in
82 real water molecules per lipid (fully hydrated conditions). The system was then
energy-minimized using a steepest descent algorithm, followed directly by 100 ns equi-
libration runs at different temperatures (7') and pressures (P) in the isobaric-isothermal
ensemble (NPT, T" = 288, 308, 328 and 348 K; P = 1, 500, 1000 and 5000 atm) with
isotropic pressure coupling. The Berendsen thermostat and Parinello-Rahman baro-
stat were utilized with coupling constants of 1 and 12 ps, respectively. Electrostatic
interactions were computed using the PPPM method, and cutoff radii of 1.2 nm were
employed for long-range and van der Waals interactions, consistent with the original

Martini specifications (MARRINK et al., 2007). The 16 combinations of temperature
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FIGURE 4.1. Molecular representation of (A) the initial randomized system, (B) the
formed bilayer and (C) the system created to study the electroporation phenomenon.

and pressure were analyzed, and lipid bilayers spontaneously formed under all con-
ditions, as depicted in Figure 4.1.B. The organized structures obtained after the ini-
tial equilibration were under stress due to the isotropic coupling scheme. Therefore,
independent pressure coupling along the plane of the bilayer and its perpendicular

direction (semi-isotropic scheme) was applied in the subsequent simulations.

As the bilayers were spontaneously formed, a slightly different number of DPPC
molecules could be observed in each leaflet. To assure that the same number of lipids
are present in each side, after 100 ns they were redistributed using a Matlab code to
place (as 512 phospholipids were considered, this procedure resulted in 256 molecules

in each side). Thereafter, at least 5 iis runs were performed in each 7" — P combina-
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FIGURE 4.2. Influence of the water model (Martini 2, Martini 3, and polarizable water)
on the lateral area of a DPPC lipid bilayer.

tion; since longer time scales are required to bring the system to equilibrium at lower
temperatures and higher pressures, 20 ;s were used in such cases (WANG et al., 2016).
The absence of changes in structural properties for at least 2 us was considered as a

convergence criterion and as an indication of the absence of metastable states.

4.2.2 Bilayer analysis

To validate the behavior of the simulated bilayers, the structures were charac-
terized by their lateral area, thickness, lateral diffusion coefficient, deuterium order
parameter, specific mass profile, and pressure distribution profile. The lateral area
of the lipid bilayer is a parameter which indicates the lipid packing density. It can
be determined experimentally through techniques like X-ray scattering and neutron
diffraction. In MD simulations, the lateral area is obtained using Equation 4.1:
L,L,

ATP) =5 T

(4.1)

where A is the lateral area, L, and L, are the equilibrated simulation box dimensions in
the z and y directions, respectively, and Npppc is the total number of DPPC molecules.
The factor of two accounts for the equal number of molecules at both leaflets of the
bilayer. The lateral diffusion coefficient was determined from the Mean Square Dis-

placement (MSD) of DPPC molecules according to the Einstein’s relation. While this
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method is limited to homogeneous media, numerous studies have reported good re-
sults when applied to lipid membranes (GUO et al., 2017; AGHAZADEH et al., 2020;
HADRIOUI et al., 2020)

Density profiles provide valuable insights into the interaction, distribution and
concentration of the components. Additionally, these profiles can be compared with
experimental data obtained by different techniques (e.g., Nagle e Tristram-Nagle
(2000), Kucerka et al. (2011) and Moradi et al. (2019)). In this study, density profiles
were obtained by discretizing the simulation box into 200 equally sized slices oriented
to the normal of the bilayer plane. The density was computed in each section based
on the spatial distribution of each component of interest. Additionally, the thickness of
the membrane was determined by the distance between the phosphate groups density

peaks, as shown in Figure 4.3.
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FIGURE 4.3. Density profiles and its relation with the bilayer thickness.

The aforementioned discretization procedure was also used to analyze the pres-
sure profile, which represents the stress distribution along the lipid bilayer. Biological
membranes emerge due to the interplay of several forces, including repulsive lipid-
lipid and cohesive hydrophobic interactions (MARSH, 2013). Thus, the stress tensor is
distributed non-uniformly along the membrane. The pressure profile (7) is calculated
by the difference between the normal and lateral components of the stress tensor, as

shown in Equations 4.2 to 4.4:

T(T,P) =7, — T (4.2)
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T, — 5(7'“; +Tyy) (43)

TN = Tas (4.4)

Phase transitions in the system can be analyzed using metrics like radial dis-
tribution functions or order parameters, the latter being more commonly applied in
membranes. The deuterium order parameter (S.4) of lipids indicates the orientation of
the acyl acid chain to the normal plane of the bilayer. In the liquid phase, lipids un-
dergo a range of random movements, including rotations around chemical bonds and
gauche conformations (time magnitude of ps), axial diffusion and oscillations (ns) and
lateral diffusion (us) (VERMEER et al., 2007). The majority of these movements primar-
ily impact the lateral carbon chains, and therefore, this parameter has been computed

specifically for these groups. The calculation of S, is performed by Eq 4.5:

1
S.q(T, P) = §(3 c08? Oprger — 1) (4.5)

The parameter 0,4, is the angle between the direction in which the molecules
are aligned (given by the solution of the tensor order parameter) and the distance vec-
tor of acyl group particles. As this study employed a coarse-grained approach, it was
assumed that the molecules where aligned according to the normal plane of the bilayer
(z axis). The value of S, varies between 1 (indicating perfect ordering relative to the

normal) and -1/2 (indicating perfect ordering relative to the perpendicular direction).

4.2.3 Electroporation simulations

After the preparation and equilibration of the systems, electroporation simula-
tions were conducted for all combinations of pressure and temperature discussed in
Section 4.2.1. The equilibrated systems were duplicated along the z-axis, resulting in
supercells featuring two bilayers separated by solvent zones (labeled as regions I and
II), as shown in Figure 4.1.C. This approach can be considered as an approximation of
the the internal and external environment of a cell, as depicted in Figure 4.4. Electro-
poration can be induced to the system in two ways: (i) by applying a generic electric

tield, similar to that described by Equation 3.1, or (ii) by inducing an ionic imbalance in
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the bilayer. In the present study, the second approach was chosen due to its closer re-
semblance to the phenomenon occurring in real cells (LIN; ALEXANDER-KATZ, 2016;
IKEDA et al., 2021).
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FIGURE 4.4. Simulation box containing two lipid bilayers in water.

In this setup, 178 sodium ions were distributed in both aqueous regions, while
356 chloride ions were placed only in region II, resulting in an ionic concentration of
0.15 M (ZHOU; LIU, 2019). Although the system was electrically neutral, the ionic im-
balance causes a transmembrane potential, spontaneously generating an electric field
across the simulation box. The resulting initial field had an average magnitude of 25
V/nm, although some variations were observed depending on the applied temper-
ature and pressure. Due to the applied model (featuring two bilayers) and the use
of periodic boundary conditions, two independent analyzes were performed in each
run (one for each bilayer), and the results are averaged out. An initial 10 ns run was
conducted to bring the system to equilibrium under ionized conditions, taking into ac-
count just short-range electrostatic interactions, therefore not allowing the formation
of pores. After, long-range interactions were introduced, and the electroporation sim-
ulations were carried out for at least 100 ns. In the cases where the pore did not close,
additional 10 ps runs were performed to check whether the pore was stable for longer
time periods. The simulations were performed at least in triplicate, and the computed

metrics (described below) were averaged out throughout the trajectory, as suggested
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before (KNAPP et al., 2018).

The double bilayer approach is based on a phenomenon that occurs in the cell
after the application of an external electric field (E,,:). At equilibrium, there is no ion
concentration gradient, but after the application of an E.,;, the ions become unevenly
distributed and attracted towards their opposite electric charge. This ultimately leads
to a local electric field caused by ionic imbalance (namely E;,,), which would persist
until a new equilibrium state is reached (regardless whether E.,, is removed or not).
Atomic force microscopy measurements showed that E,, is much higher than E.,,
therefore the influence of the external potential can be neglected after the ionic im-
balance is established (BI et al., 2018). Moreover, some authors (ZHOU; LIU, 2019;
KIRSCH; BOCKMANN, 2019) pointed out that this approach is more consistent with
the behavior of cell electroporation and emulates real physiological conditions more

closely than the direct application of an external field E.,;.

4.2.4 Electroporation analysis

The electroporation simulations were analyzed by measuring kinetic, electro-
static, and mass transfer aspects. Teissie et al. (2005) identified the presence of five

stages during the pore formation:
1. induction of the transmembrane potential;
2. pore formation and enlargement;
3. stabilization at maximum radius;
4. pore resealing;

5. memory effects (structural alterations occurring hours after closure).

Stages 1 and 5 were not captured in the simulations. The first stage was not
observed because the applied approach assumes that the ionic imbalance was already
established in the medium. The fifth stage is not visualized due to temporal restrictions

in MD simulations. To analyze the electroporation kinetics, the time of pore formation,
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FIGURE 4.5. Graphical representation of the pore radius as a function of time for the
analysis of (A) ryax, tm, and t,, and (B) ¢,.

stabilization, and closure, as well as the maximum radius achieved (r;4x), were ana-
lyzed. The formation time (¢,,) was defined as the time required for the defect to reach
rmax. This was evaluated by analyzing the time derivatives of the pore size (dr/dt):
when the pore was forming, the derivatives were positive (> 0). The stabilization time
(ts) was considered as the period where the pore remained stable at 73, 4x (dr/dt ~ 0).
The resealing time (¢,) was defined as the time required for the pore size to reach a con-
stant value after initiating the resealing process. During the resealing phase, the time
derivatives had negative values (< 0), but when the reseal was completed, dr/dt ~ 0.
At the end of the simulations, the membranes have either a pore size = 0 (complete
recovery) or # 0 (incomplete recovery). An illustration of the analyzed variables in the

pore radius x time plot is shown in Figure 4.5.

Ionic migration was evaluated using 3 metrics: the number of chlorine and
sodium ions in Region I (see Figure 4.1.C), and the time required for the concentration
gradient to decrease and cease the ion flow. To analyze these variables, post-processing
of the trajectories was performed using a Matlab 2012b code. Kinetic and ionic flow
analyses were subjected to ANOVA and Tukey tests (p < 0,05) to verify if the obtained

parameters were dependent on temperature and pressure.

The electrostatic aspects were evaluated by solving the Gauss equation of elec-

tromagnetism (Eq. 4.6), yielding electric field profiles at various time intervals:

v.E=2 (4.6)

€0
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where p represents the charge density and ¢ is the permittivity of vacuum. Since
an analytical solution for Eq. 4.6 is unavailable, the system was discretized into 200
compartments along the z direction. The total charges were then integrated within
each compartment to obtain p. One-dimensional profiles were generated for times
t = 0,00;0,05;0,10; 0,25; 0,50; 1,00; 5,00; 10,00 ns using the function gmx potential of Gro-
macs. Two-dimensional profiles were calculated by partitioning the box into 200 seg-
ments in the z direction and in 100 segments in the y direction. The charge density
of each element was calculated using the PMEPot tool of the VMD software, and its

integration was carried out using a custom Matlab code.

4.2.5 Comparison with all-atom simulations

All-atom (AA) simulations were conducted on a bilayer comprising 128 DPPC
molecules, employing the same hydration and ion concentration as in the original sys-
tem (82 water molecules/lipid and 0.15 M, respectively). These simulations aimed to
validate the observed behavior at the coarse-grained (CG) scale. The Slipids force field,
which has previously demonstrated accurate descriptions of membrane properties,
was employed (GROTE; LYUBARTSEV, 2020). The AA simulations were conducted
at 348 K due to the faster pore resealing at higher temperatures. Coarse-grained sim-
ulations for this reduced system were also conducted, and the results were compared.

All four pressures were examined.

4.3 Results and Discussion

4.3.1 DPPC bilayer characterization

Figure 4.6 shows the lateral area per lipid, membrane thickness, order parameter
and lateral diffusion coefficient of the formed bilayers as a function of temperature for
each applied pressure. The membranes are found in different phases according to T’
and P, which are characterized according to the similarity of their properties; these are
distinguished in Figure 4.6 using symbols with different colors. At low temperatures,

the gel Il Lg phase is observed, characterized by low lateral area, large thickness and
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high order parameter. The main transition occurs as temperature increases, and the
bilayer becomes less ordered and thinner (liquid crystalline (L,) phase). At 5000 atm,
all simulations showed a similar behavior, which is different from the aforementioned
phases, indicating the existence of a particular state at this pressure. The rippled gel
phase (Ps) is not visualized using the Martini CG force field, as shown before (WANG
et al., 2016). However, the temperature range in which this phase occurs is quite nar-
row (MACDONALD, 1984; WONG et al., 1988; DRISCOLL et al., 1991; CZESLIK et al.,
1998) and, therefore, a good description of the thermodynamic behavior of the DPPC

bilayer is reproduced despite of this limitation.

5.0 — -

E A) | E 07 E(B)

= =) -

~4.5 <

% © 06 [

= =

v [ ]

20T e o 7N S 05 F

= 2

= < ¢ L 4
3‘5 al ;J 0‘4 L L L3 1 311

280 300 320 340 360 360
T (K)

1.0 1E-06

- [ (C) Q

2 = 1E-07

208 F 14 £

= 06 E ; 1E-08

< =

2. = 1E-09

[ [ »n

S04 £ 1E-10

1 ot

00‘2 PR R T T S T PRI TR T T QlE_ll 11 P T T T T N 1

280 300 320 340 360 280 300 320 340 360
T (K) T (K)

=41 atm —=500 atm
43-1000 atm —>-5000 atm

FIGURE 4.6. (A) Thickness, (B) lateral area, (C) deuterium order parameter, and (D)
lateral diffusion coefficient of the DPPC bilayer as a function of temperature for each
applied pressure. For clarity, the symbols were colored according to the proposed
corresponding phase, where blue represents the Lg, green the L, and red the high
pressure (HP) phases.

Particular attention can be given to the deuterium order parameter (Figure

4.6.C), which is the best metric to characterize the different phases. Since the liquid
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crystalline and the Gel II states are characterized by a low and a high degree of order,
respectively, the L and L, phases are visualized in the upper (=~ 0,8) and lower (= 0,4)
parts of the plot. At 5000 atm, the order parameters are practically constant (=~ 0,82)
and similar to those observed for the L phase, indicating that the structures are orga-
nized in a high-pressure gel phase. Complete S4 profiles are provided in Figure A.1 of
the Appendix A.

At 1 atm, the main transition occurs at 314 K. According to Lai et al. (2012), the
relationship between the transition temperature 7,, with pressure can be calculated

using Eq. 4.7:

dl,,, (0T\ (%)T _ -1
= <8_P>A = (). = 0,022 K atm (4.7)

orT

where A is the lipid area. This equation predicts phase transitions at 325 K, 336 K,
and 424 K for 500 atm, 1000 atm, and 5000 atm, respectively. These estimations are in
good agreement with the aforementioned S, characterization, which suggests that the
transitions occurred between 298 K and 308 K at 1 atm, between 308 K and 328 K at
500 atm, and between 328 K and 348 K at 1000 atm. The transition temperature at 5000
atm is outside the limits of the simulations, corroborating that the structure is in a HP
gel phase, as suggested in previous studies (MACDONALD, 1984, WONG et al., 1988;
DRISCOLL et al., 1991; CZESLIK et al., 1998).

Nagle e Tristram-Nagle (2000) compiled data from several high resolution tech-
niques (e.g., X-ray and neutron diffraction) to provide the best estimates for structural
parameters of DPPC bilayers. According to these authors, bilayer thicknesses of 3.83
and 4.42 nm are expected for the L, and Lg phases, respectively. The simulations
slightly overestimate these experimental values by 0.1 to 6 %, as seen in Figure 4.6.A,
which is adequate considering similar studies (WANG et al., 2016; CHEN et al., 2011;
LAl etal., 2012). In the gel state, the palmitic acid chains are mainly stretched, while in
the L, phase they are disordered and tangled, resulting in a decreased length. At 5000
atm, a thickness of 3.9 nm is observed, which is expected since higher pressures tend
to increase the degree of interdigitation of the membrane. The length of the acyl chains
is smaller in HP phases in comparison to the Lg phase (CHEN et al., 2011), which is

also consistent with the present simulations.

Results for the bilayer area per lipid are presented in Figure 4.6.B. Experimental
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values of 47.9 A? (at 288 K) and 64.0 A2 (at 323 K) at ambient pressure were reported
in Nagle e Tristram-Nagle (2000). In addition, an area of 64.8 A? was measured at 333
K using small-angle neutron scattering (BALGAVY et al., 2001). These results are in
good agreement with the simulations — 47.7 A% at 288 K, 63.9 A2 at 328 K and 66.8 A2 at
348 K. The lateral area within the Lg phase is pressure and temperature independent
(=~ 47 A?). In contrast, this property increases with temperature and decreases with
pressure when the bilayer is in liquid crystalline state, as already reported in previous
studies (KUCERKA et al., 2011, WANG et al., 2016). After the main transition, the
DPPC bilayers decrease in thickness while increasing in lateral area, as a consequence
of the volume incompressibility of these structures (KIRSCH; BOCKMANN, 2019). At
5000 atm, a lateral area of 44.0 A? was found for all temperatures, which is similar to

the values in the Lg phase.

The calculation of the lateral diffusion coefficient was performed to verify if the
correct mass transfer behavior is reproduced. Overall, this coefficient is expected to
increase with temperature and decrease with pressure; this trend was properly repro-
duced in the simulations as shown in Figure 4.6.D. The main transition is followed
by a significant increase in the diffusion rate, which has already been reported before
(HARB et al., 2013; LEE et al., 1995). This behavior is expected since liquids have
higher molecular mobility compared to gels or solids. Moreover, the results at ambient
pressure agree well with the experimental curve obtained by Harb et al. (2013) using
the fluorescence after photobleaching technique. In addition, a value of 2,0 x 10~ cm?
s~! has been reported at 330 K (KARAKATSANIS; BAYERL, 1996), which is similar to

that obtained in the simulations at 328 K (1,78 x 10~" cm? s71).

The density and pressure profiles along the normal direction of the DPPC bi-
layer are depicted in Figure 4.7. The symmetry with respect to the center of the struc-
ture indicates an even distribution of lipids across both sides. Similar density profiles
were obtained at 288 K for 1, 500 and 1000 atm, which correspond to the pattern of the
Gel II phase, as shown by Kucerka et al. (2011) using X-ray scattering data. Peaks in
the profiles are primarily attributed to the concentration of phosphatidylcholine heads
and glycerol groups. Complete density profiles for each group under all temperature-
pressure combinations are presented in Figure 4.8. The decrease in density towards the

center is attributed to the soft repulsive forces of two palmitic acid side chains oriented
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in the same plane but in opposite directions. Notably, at 5000 atm, the profile displays
higher density due to bilayer compression and interdigitation under this condition.
This behavior was observed at all temperatures, aligning with earlier discussions re-
garding the existence of a distinctive phase at this pressure. In addition, the profile is
qualitatively similar to the one obtained by MD simulations to analyze the effects of
high surface tension (58 mN.m ') in DPPC bilayers (LAI et al., 2012). At 308 K, the
bilayers equilibrated at 500 and 1000 atm showed similar density profiles (as also seen
at 288 K); at 1 atm, a decrease in density and a smoother distribution was observed,
which is related to the phase change under these conditions. At 328 K and 1000 atm,
the density remained high, although the concentration peaks were less-defined. At 348
K, a similar behavior was found at 1, 500, and 1000 atm, suggesting that all bilayers are
in the L, phase. The liquid crystalline density distribution obtained using all-atom
simulations in Notman et al. (2007) is qualitatively and quantitatively similar to the

one observed in the present work.
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FIGURE 4.7. DPPC density profiles along the main axis at (A) 288 K, (B) 308 K, (C) 328
K and (D) 348 K. Pressure profiles at (E) 288 K, (F) 308 K, (G) 328 K and (H) 348 K.

The pressure profiles are also showed in Figure 4.7. All curves tend to zero at
the edges of the simulation box, indicating that the system is fully hydrated (PATRA,
2005). Similar qualitative behavior was observed in all simulations, i.e., the existence

of negative and positive peaks located in equivalent regions of each bilayer. The first
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negative peak is related to the hydrophilic core of the membrane, and its value indi-
cates that these groups are contracting the system. The first positive peak corresponds
to the glycerol groups, and the peaks in the center of the bilayer are due to the side-
chains. These positive peaks indicate that the glycerol and carbon chains are expanding
the system, in agreement with other results (LINDAHL; EDHOLM, 2000). As liquids

present a higher compressibility compared to gels, a significant smoothing in the pres-
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sure profile can be observed after the main transition (CHEN et al., 2011). The profiles
at 5000 atm are qualitatively similar, although both positive and negative peaks are
higher, indicating that the compression/expansion forces are stronger in this situation.
The obtained profiles are in good agreement with previous studies (PENG et al., 1995;
HARSB et al., 2013; LINDAHL; EDHOLM, 2000; PATRA, 2005; CHEN et al., 2011).

4.3.2 Electroporation simulations

Once the simulated systems properly described the structure and properties of
real lipid bilayers, they were used to perform the electroporation analysis as described
in Sec. 4.2.3. The results are presented below in three subsections, addressing the pore

formation kinetics, the transport of ions through the bilayer and electrostatic aspects.

4.3.2.1 Pore formation kinetics

Figure 4.9 shows the computed pore radius as a function of time under different
conditions (the time range is different in each plot due to the faster pore recovery at
higher temperatures). Although electroporation is generally considered a non-thermal
phenomenon (FESMIRE et al., 2020), a dependence of this process on temperature
and pressure has been reported in previous researches (PYATKOVSKYY et al., 2018;
FESMIRE et al., 2020; LEBAR et al., 2021; MURALIDHARAN et al., 2021), indicating
that the kinetics is indeed affected by 7" and P. An illustration of the dynamics of
pore formation is shown in Figure 4.10. At the beginning of the process, pores were
formed and the thickness of the membrane decreased (Fig. 4.10.B). During this phase,
several minor defects were observed in the bilayer, which eventually coalesced into
larger channels, allowing the migration of solvent and ions. Thereafter, the pore ra-
dius remained constant at a maximum value (r);4x) for a few picoseconds, indicating

a stabilization phase (Fig. 4.10.C).

After a significant decrease in the gradient of ion concentration, the pores started
to close, leading to the healing of the bilayer structure (Fig. 4.10.D). The healing of the
membranes can led to two different situations: the stabilization - reaching a perma-

nent characteristic pore size (Fig. 4.10.E) - or the complete restoration of the membrane
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FIGURE 4.9. Time evolution of pore radius at (A) 288 K, (B) 308 K, (C) 328 K and (D)
348 K.

(A)

FIGURE 4.10. Snapshots depicting the transformations observed in the system: (A)
Initial lipid bilayer, (B) pore formation, (C) pore stabilization, (D) pore resealing, (E)
stabilization of a pore with a characteristic radius and (F) complete pore recovery.

structure (Fig. 4.10.F). These behaviors indicate a tendency towards irreversible or re-
versible electroporation. As can be seen in Figure 4.9, a propensity to irreversibility
occurs at high pressures (1000 and 5000 atm), with a residual pore persisting until the
end of the simulations. This may be an interesting feature to be explored, for example,
in the food industry, where technologies using low electric fields (e.g., ohmic heating)

generally result in reversible electroporation. According to the present results, the pro-
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cess can become irreversible at high pressures, which can improve the inactivation rate
of microorganisms in such systems. Indeed, a synergistic effect of pulsed electric field
(PEF) application and high hydrostatic pressure (HHP) was observed in a study on
microbial inactivation (PYATKOVSKYY et al., 2018), suggesting that higher pressures

may indeed enhance irreversible electroporation.

The kinetic behavior described has been quantitatively and qualitatively re-
ported in other experimental and simulation studies (TEISSIE et al., 2005; KRAS-
SOWSKA; FILEV, 2007). According to the mechanism proposed by Teissie et al. (2005),
two stages were not observed in the simulations: the induction step (i.e., the establish-
ment of the transmembrane potential) and the memory effects (changes on the bilayer
structure after hours before the resealing stage). The induction step was not visualized
because the simulation setup for the analyzed system assumed that the ionic imbal-
ance had already occurred prior to the simulation start, while the memory effects were
not observed due to the limited simulation time scale. Table 4.1 shows some charac-
teristic parameters of the pore kinetics, and the results of the statistical analysis. The
plots of these variables as a function of temperature and pressure can be found in Fig-
ure 4.11. It can be emphasized that the mass diffusion rates predicted by the Martini
model are generally faster compared to all-atom data due to the smoothed free en-
ergy landscape typical of mesoscale models (YESYLEVSKYY et al., 2010; STACHURA;
KNELLER, 2013; ALESSANDRI et al., 2019). To obtain values consistent with those ob-
tained in AA MD simulations for lipid membranes, the characteristic times presented
in Table 4.1 should be corrected using a factor of 4, as suggested on the Martini website

and validated in Section 4.3.3.

The maximum pore radius 7,,,, is temperature dependent, especially in the gel
phases (larger pores are found at higher temperatures). After the main transition, a
temperature independent radius is observed. This behavior suggests that smaller de-
fects are created in the gel phases, gradually increasing until the phase transition, at
which point a stable maximum value is reached. The radius is also pressure depen-
dent, with lower pressures leading to larger pores (radii of 6.04, 5.85 and 5.76 A were
observed in the L, phase at 1, 500 and 1000 atm, respectively). At 5000 atm, a 7,4,
of about 3.60 A was observed, with a slight dependence on temperature. Stiffer mem-

branes can inhibit pore formation by electroporation, as reported by Sun et al. (2011),
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which agrees with the simulations once that the gel phases (characterized by a high
ordering of acyl groups) presented smaller pore radii. Furthermore, the value of 5.72
A at 1 atm/288 K is comparable to the results of Griese et al. (2002), who reported a
radius of 5.6 A using electro-optic and conductometric relaxation spectrometry at 293
K (deviation of 2.1 %), and to the results of Bockmann et al. (2008), who reported a

radius of 5 A using all-atom MD simulations.

In some cases, several smaller defects were formed instead of one large pore,
which did not merge into each other because of a typically large distance between
them. The results presented in Figure 4.9 and Table 4.1 consider a single effective ra-
dius containing all observed defects. This was performed by summing the area of all v
defects (N,), with subsequent application of the relation >"1% A,,,. = 77%. Krassowska
e Filev (2007) used a single-cell model at 1 atm /310 K to show that multiple pores with
a wide radius distribution spectrum were formed under this condition. Only a few

pores (2.2 %) were considered large (radius > 1 A), although they accounted for over
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TABLE 4.1. Characteristic parameters of pore formation kinetics for varied 7" and P

conditions.!

Condition Phase 74y (A) tm (ps) ts (ps) t, (ns)
288 K/1 atm Ly 5.7440.087 45.842.69" 821.3+4.5%  10.3+£1.1¢
308 K/1 atm L, 5.9840.08**  44.6+4.09" 241.74+14.09  6.74+2.4°¢
328 K/1 atm L, 6.05+0.08% 37.1+1.4" 197.54+5.7" 3.24+0.29h
348 K/1 atm L, 6.10+0.09¢ 29.6+£1.9° 173.8+13.0"  1.5+0.2°
288 K /500 atm Lg 5.56+0.12¢ 82.14+2.9%¢ 854.6+18.8¢ 35.3+2.8°
308 K/500 atm  Lg 5.754+0.09%¢  75.748.0%f  745.04+66.3%¢ 10.1£5.2¢
328 K/500 atm L, 5.884+0.10%¢  59.246.29 264.24+20.19  4.04+0.59
348 K/500 atm L, 5.814+0.06%¢  44.242.69"%  227.1423.29" 2.8+0.2"
288 K/1000 atm Lg 5.26+0.04f 90.8+6.3¢ 1398.84+171.8* 71.44+3.6°
308 K/1000 atm Lg 5.38+0.08f 67.9+6.3%f 1021.7458.3* 20.042.1¢
328 K/1000 atm  Lg 5.7440.02¢ 50.3+1.89" 696.44+24.6° 10.3+£0.8¢
348 K/1000 atm L, 5.764+0.05¢%  48.54+0.99" 341.3+5.7f 4.740.6%1
288 K/5000 atm HP 3.53+0.07" 220.0+21.0* NA NA

308 K/5000 atm HP 3.554+0.04"*  175.0£18.9®° NA NA

328 K/5000 atm HP 3.67+0.129"  161.7+9.7° NA NA

348 K/5000 atm HP 3.73+0.039 127.9+13.8¢ NA NA

U7 ax is the maximum pore radius, ¢, is the time to reach the maximum radius, ¢, is the time of
stabilization at r = ry;4x and ¢, is the resealing time. Results with the same superscript are not
significantly different from each other (p > 0,05). NA = Non Applicable.

95.3 % of the total pore area; the maximum individual pore radius observed by the
authors was 4.1 A. This behavior agrees with the simulated structures at 308 K/1 atm,

which featured pores with radii ranging from 1.0 to 3.5 A.

A significant decrease in the time required to reach the maximum radius (¢,,)
was found at 1 atm and 348 K. A qualitatively similar behavior was observed in all-
atom simulations (SUN et al., 2011), suggesting that the increased thermal agitation of
lipids at higher temperatures has catalyzed the formation of defects in the membrane
(i.e., the higher the temperature, the faster the pore formation). These authors found
that the formation time at 283, 298 and 310 K was approximately 40 ps, which agrees
well with the average results obtained within this temperature range (42.5 ps). It was
also observed that ¢,, decreased to 15 ps at 347 K, which differs from the present value
of 29.6 ps at 348 K, although the qualitative behavior was similar (decrease in ¢,,, at tem-
peratures near 350 K). At 500 atm, statistically equivalent values were observed within
the Ly phase, but a significant decrease in ¢,, was observed after the main transition; in
the L, phase, the results were temperature independent. At 1000 atm, the results were

statistically equivalent only at 328 and 348 K. At 5000 atm, a decrease with temperature
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was also observed, and ¢,, was considerably higher in this condition compared to the
Lg and L, phases. Lebar et al. (2021) stated that pores are more easily formed in dis-
ordered bilayers, which agrees with the present simulations where liquid crystalline

bilayers had lower values of ¢,, at all pressures analyzed.

Regarding the stabilization time (t;), the simulations showed that this variable
strongly depends on the bilayer phase: while the pore remained at its maximum value
for longer periods in the gel state, a significant decrease was observed after the main
transition temperature 7,,,. In the L, phase, ¢, decreases less with temperature (as
indicated by the statistically equivalent values at 308, 328 and 348 K and 1 atm and
at 328 and 348 K at 500 atm), in comparison with the significant reductions observed
within the Lg phase. Furthermore, it was not possible to calculate ¢, at 5000 atm, as the
pore maintained its maximum value throughout the simulation. This indicates that the
time scale analyzed is lower than the one required for membrane resealing under such
conditions, or that irreversibility is favored in high-pressure phases. Regarding the
resealing time (¢,), it is observed that higher temperatures lead to faster healing of the
porous structure. An opposite trend was observed when the pressure was increased. It
should be noted that this variable could not be measured at 5000 atm as well, since the
bilayers were not healed under these conditions. Moreover, at higher pressures and
lower temperatures, the pores did not heal completely, but stabilized at a characteristic
diameter. This was observed at 1000 atm /288 K (r = 3.5 A) and 1000 atm /308 K (r =
1.5 A).

Weaver e Chizmadzhev (1996) stated that planar lipid bilayers could be consid-
ered as metastable states since porous membranes have lower free energies. There-
fore, several properties of these structures can be estimated using the Gibbs approach,
which treats pore formation as a phase transition modeled as an exponential function
of the reciprocal temperature (property = Cjexp(Cy/T)). The present results align
well with this theory, as indicated by the plot of 1/t,, x 1/T provided in the Appendix
A. Additionally, plots for 1/t, x 1/T and 1/t; x 1/T" are also provided in the same
tigure. These results underscore how various aspects of electroporation can be under-
stood within the framework of classical kinetics of biomolecular reactions. Specifically,
increases in temperature and decreases in pressure tend to shorten the time for pore

formation, stabilization, and recovery. Several studies have used the Arrhenius law
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to describe the electroporation kinetics dependence with temperature (SHAFIEE et al.,
2009; GARCIA et al., 2011; AGNASS et al., 2020), which is consistent with the general

trends of the present simulations.

According to Chiapperino et al. (2019), the time dependence of the pore radius

can be calculated by Eq. 4.8:
dr D V2 F oz
dt kT \1+r,/(r+m)

where D is the diffusion coefficient for pore radius, T is the absolute temperature,

+48 (1)4 L oyt 2mef fr (4.8)
T T

k is the Boltzmann constant, V;, is the transmembrane potential, F},., is the max-
imum electric force per voltage squared, r, and r, are constants of advection ve-
locity, 3 is the steric repulsion energy, r, is the minimum radius of pores, 7 is the
edge energy and o, is the effective tension of the membrane, calculated by o.;; =
20" — (20" — 0¢) /(1 — A,/A)?, where 0y is the tension of the membrane without pores,
o' is the energy per area of the membrane/solvent interface, A, is the pore area and A
is the cell surface area. In the equation, the first term accounts for the electric force, the
second for the steric repulsion of the lipid heads, the third for the line tension acting on
the pore perimeter and the fourth for the surface tension of the cell membrane. From
the equation, it can be seen that pore formation is a complex process that depends on
the electrical and mechanical properties of the bilayer. This is in good agreement with
the simulations results where dependence on temperature and pressure was observed
for a fixed potential difference (i.e., the first term of the equation is maintained almost
constant, even though some variations in the resulting electric field were observed and
discussed in Section 4.3.2.3). The pressure effects in the bilayer recovery are related to
the increase in phospholipid molecules line and surface tension, while the temperature
effects are categorized in the overall constant (D/(kT")) and in the strength of the steric
repulsion of the lipid heads (which increase with temperature as showed by neutron

scattering experiments (PABST et al., 2002)).

Since a coarse-grained model was used, the results discussed must be under-
stood qualitatively (or semi-quantitatively) once the degrees of freedom of the atom-
istic details are omitted in this representation. However, several kinetic parameters
agree with previous experimental and all-atom studies. The next section will discuss
the effects of these kinetic characteristics on the ion migration, aiming to improve the

knowledge of how pore formation affects these process
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4.3.2.2 Ion migration

One of the most important applications of electroporation is enhancing mass
transfer operations, such as the extraction of intracellular compounds or the introduc-
tion of molecules into cells. This section focuses on ion migration across the membrane,
helping to explain the dependence of ion flux on the bilayer temperature and pressure.
Figure 4.12 shows the time evolution of the number of Na* and Cl~ ions in the simu-
lation box region that initially contained only C1~ (i.e., region I as depicted in Fig. 4.1).
Overall, it can be seen that indeed the number of Na™ ions was 0 at t = 0, and increased
to a maximum value in which it stabilized. The number of Cl~ ions was 178 at the be-
ginning and then decreased; this behavior is expected due to the initial simulation
setup, as described in Sec. 4.2.3. Simultaneous plots for Na™ and Cl~ ions at various
temperature-pressure combinations can be found in Figure A.3 of Appendix A. Table
4.2 shows some key parameters of ion migration computed from the aforementioned

curves, along with their statistical analysis.
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FIGURE 4.12. Number of sodium ions in the compartment I at (A) 288 K, (B) 308 K, (C)

328 K and (D) 348 K, and number of chloride ions in the compartment I at (E) 288 K,
(F) 308 K, (G) 328 K and (H) 348 K.

Overall, higher migration rates of ions towards region I were obtained at 1000
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TABLE 4.2. Characteristic parameters of ion migration.!

Condition Phase npy, ney teq (PS)

288 K/1 atm Lg 102+45%¢ 107+3%%¢ 4.134+0.33°
308 K/1 atm L, 984441 10545%¢ 2.4140.16%¢
328 K/1 atm L, 954371 101+-4¢ 1.89+0.15%¢
348 K/1 atm L, 96+1f 104424 1.384+0.31¢
288 K/500 atm  Lg 113420 103+3¢ 4.3640.50°
308 K/500 atm  Lg 103434 106+3%%¢ 2.97+0.23¢
328 K/500 atm L, 94447 10745%4¢ 2.3940.15%¢
348 K/500 atm L, 97+3¢f 10549%¢ 2.1240.28¢
288 K/1000 atm  Lg 136+10“ 135+8° NA

308 K/1000 atm Lg 108+2%¢ 11142¢ 5.24+0.50¢
328 K/1000 atm Lg 110+3° 112+1¢ 4.18+0.39°
348 K/1000 atm L, 96+4¢f 108434 2.754+0.47¢
288 K/5000 atm HP 1542! 168+1¢ NA

308 K/5000 atm HP 2031 167+4° NA

328 K/5000 atm HP 23419+ 167+1° NA

348 K/5000 atm HP 27449 162437 NA

1 nye and ne; are the number of sodium and chloride ions at equilibrium and ¢., is the time where the

ion migration stopped. Results with the same superscript are not significantly different from each other
(p > 0,05). NA = Non Applicable.

atm, suggesting that higher pressures triggered a stronger ion flux. This is especially
true for the Ly phase (in L, bilayers, the differences were smaller or even not signifi-
cant and in the HP phase the ion flux was almost null). Moreover, for the same pres-
sure and phase, the best results were observed at low temperatures, and the highest
ion migration was obtained at 288 K/1000 atm. Figure 4.9 shows that in this condi-
tion the pore was not closed within the simulated time scale, giving the ions a longer
time to distribute themselves more homogeneously between the 2 compartments. In
addition, the CI~ migration profile at 328 K/500 atm, 348 K/500 atm and 348 K/1000
atm showed a sharp decrease in the earlier time steps of the simulation, with a further
counter-diffusion to compensate the resulting concentration gradient. This behavior
was visualized when the simulations at these pressures led to the L, phase. Bi et al.
(2018) found that negative ions are more affected in the early stages of electropora-
tion, since the outermost part of the DPPC bilayer consists of the positively charged

head-group (C3sNT), which may explain why only Cl~ ions showed this behavior.

Notably, within the Lz phase, the number of Na* ions into region I was always

higher than 100. In the L, phase, an approximately constant number of ions was found,
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regardless of the temperature and pressure (~ 96 Na* and ~ 105 Cl7). Some studies
have analyzed electroporation guided extraction at different temperatures, mostly at
ambient pressure. Haberl-Megli¢ et al. (2016) analyzed the extraction of proteins from
Escherichia coli cells applying incubation temperatures from 277 to 318 K. A concentra-
tion of 26 ug 17! was found at 277 K, compared to 6.56 ug 1" at 318 K. Scherer et al.
(2019) found that the protein extraction from Chlorella vulgaris was twice as high in the
temperature range of 293-313 K compared to 323 K. The simulations showed that the
pore resealing kinetics is considerably slower in the L phase, which presented higher
values for ¢, t; and ¢, as seen in Table 4.2. This effect can result in longer times for the
extraction of intramolecular molecules, helping to explain the aforementioned exper-
imental results. On the other hand, Gianpiero et al. (2019) examined the extraction of
carotenoids from tomato wastes using a PEF pre-treatment at 293, 308 and 323 K and
found no significant differences between the different temperatures. This result sug-
gests that the temperature effects on the extraction of intracellular compounds occur
only under certain conditions. In this case, it can be hypothesized that the molecule
size could play an important role in the extraction: for larger molecules, the increase
in 7 4x observed in the L, phase may contribute for the extraction, compensating the

faster membrane resealing computed for these conditions.

Studies analyzing the practical effects of pressure during electroporation are still
scarce in the literature. The effect of the combination between PEF and mechanical
compression on the permeability and structure of the micro-algae Chlamydomonas rein-
hardtii has been analyzed using transmission electron microscopy (BENSALEM et al.,
2020). The authors showed that more dextran molecules were extracted when the sys-
tem was under compression. Pyatkovskyy et al. (2018) combined PEF (10-30 kV /cm)
and HHP (200 MPa/25°C and 400 MPa/35°C) for the inactivation of Listeria innocua in
water. The authors found a synergistic effect resulting from the combination of high
pressures with electric fields. Interestingly, the authors did not observe this effect when
the HHP was applied after the PEF treatment. The previously reported kinetic behav-
ior may help to explain this: once PEF is applied under atmospheric pressure, a faster
resealing of the membrane is observed, so the integrity of the bilayer might already be
restored when the HHP was applied, hindering the synergistic effects. Similarly, no
synergistic effect occurred when HHP (200 MPa) was applied, for 5 min or less, prior
to PEF (25 kV/cm, T = 22°C)(HEINZ; KNORR, 2000).
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These results suggest that ion flux is influenced by the membrane phase as well
as by temperature and pressure. At 5000 atm, a significantly slower migration occurred
and, as shown in the previous section, an almost constant pore radius of 3.5 A was ob-
served at 5000 atm in all temperatures, which was not closed within the simulated time
scale. This pore radius is much narrower than the radius observed at lower pressures,
which may indicate that a radius below a certain critical value does not cause mas-
sive ion flow in the bilayer. In addition, the slower ion flux may be caused by other
possibilities such as: (i) the time scale analyzed was not sufficient to observe complete
ion migration at 5000 atm; (ii) HP gels might be unfavorable for ion flux; or (iii) the
use of a coarse-grained model may not be appropriate for representing electropora-
tion in HP phases. A comparison with AA-MD results for a smaller system in Section
4.3.3 demonstrates that ion migration is indeed lower at 5000 atm. However, the AA
model predicts higher rates compared to the coarse-grained representation. Therefore,
HP gels are probably unfavorable for ion flux, although this effect is slightly overesti-

mated by the Martini representation.

To check if the ion migration stops before the pore full recovery, the time at
which the ion transport stopped (t.,) can be compared with the kinetic parameters
reported in the previous section. According to the discussion in section 4.3.2.1, t.,
decreased with temperature and increased with pressure. A comparative analysis of
the results of Tables 4.1 and 4.2 show that the ion migration stops before the complete
recovery of the membrane (i.e., t.; < t,). This can be illustrated by analyzing the results
at 308 K/1000 atm, where a pore of 1.5 A persisted even after the simulations ended,
but the ion flux stopped after approximately 5.2 ps. This suggests that pore formation
is a necessary but not sufficient condition for ion migration, which is a critical aspect to
be considered in industrial applications on which larger molecules (rather than single

ions) are extracted from cells.
4.3.2.3 Electrostatic aspects

Figure 4.13 shows the instantaneous electric field profiles in times up to 10 ns for
each combination of 7'/ P. Dimensionless coordinates were used in the z-axis (length);
this was done to improve the visualization of the profiles once the bilayer stretches

under the field application, which would affect the data representation. The initial
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profile is similar to that obtained by Muralidharan et al. (2021) using experimental
(fluorescence imaging) and numerical (heat and mass transfer models) techniques. At
t = 0, a consistent field distribution is found for all cases. As time progresses and
the ion concentration gradient decreases, the electric field decreases to practically zero.
This was not the case at 5000 atm pressure, where a remaining field of 4 V/nm was seen
at the end of the simulations. This phenomenon is attributed to the slower recovery
kinetics at this pressure, which resulted in a slower ion flux and, consequently, a slower

decrease in the electrostatic potential.

In the plots of Figure 4.13, despite the same initial ion concentration, the initial
electric field was slightly different in each bilayer phase. Figure 4.14 shows a two-
dimensional electric field distribution for each phase at t = 0. Overall, the gel states
yielded higher initial fields, as indicated by the darker shading of the profiles in Figure
4.14. It can be noticed on Eq. 4.6 that the field profile is essentially affected by the
system dimensions and p. As previously discussed, lipid bilayers in gel phases exhibit
a larger thickness and thus an increase in the z dimension of the simulation box is ob-
served. By increasing the length, the Equation 4.6 holds that the corresponding field
will be higher, provided that the charge density remains constant. The bilayer thick-
ness was approximately 3.9 and 4.7 A in the L, and L phases, respectively. Assuming
that the water is incompressible, the system z-axis is stretched by about 16.7%. Under
the same conditions, the field increased by about 19.4%, corroborating that the increase

in the bilayer thickness was responsible for the increase in the initial electric field.

At 5000 atm, the bilayer thickness was similar to the liquid crystalline state.
Thus, assuming that only thickness influences the electric field, a value similar to the
L, phase would be expected. Water increases its compressibility as pressure increases,
and at 5000 atm its density is considerably higher than in other conditions (at 288 K,
the specific mass of water is 999, 1021, 1041 and 1152 kg/m? at 1, 500, 1000 and 5000
atm, respectively). Therefore, a decrease in volume is expected, which increases the
charge density. In addition, higher electric fields were found in the same phase when
pressure was increased (as shown in Figure 4.15), confirming that water compressibil-
ity plays a role in the electrostatic aspects of electroporation. An increase in electric
tield effects at higher pressures has already been reported in some experimental stud-
ies in physics (JORNADA; ZAWISLAK, 1979; PARK et al., 2021), which is consistent

with the behavior reported in the present work for lipid bilayers.
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FIGURE 4.13. Time evolution of electric field profiles at (A) 288 K/1 atm, (B) 288 K/500
atm, (C) 288 K/1000 atm, (D) 288 K/5000 atm, (E) 308 K/1 atm, (F) 308 K/500 atm, (G)
308 K/1000 atm, (H) 308 K/5000 atm, (I) 328 K/1 atm, (J) 328 K/500 atm, (K) 328
K/1000 atm, (L) 328 K/5000 atm, (M) 348 K/1 atm, (N) 348 K/500 atm, (O) 348 K/1000
atm and (P) 348 K/5000 atm.

4.3.3 Comparison with all-atom simulations

Figure 4.16 illustrates the electroporation kinetics for both the AA representa-

tion and a corresponding Martini system with the same size and composition. The
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FIGURE 4.14. 2D electric field profiles (V nm™!) for the (A) L,, (B) Lz and (C) high
pressure phases.

traditional stages of electroporation, including pore formation, stabilization, and re-
sealing, are apparent in both representations, and the maximum pore sizes are also
quite similar. Moreover, the qualitative behavior is also the same (faster resealing at
low pressure and incomplete recovery of the pore at 5000 atm). However, there is a
notable difference in the time scale along the z-axis of the figure, with the AA simu-
lations showing slower formation and recovery. This is a well-documented artifact of
the Martini force field due to an effective acceleration factor in the diffusion dynam-
ics of Martini water compared to real water. To correct the characteristic time scales,
the Martini developers recommend in their website the use of a standard conversion
factor of 4 for kinetic processes occurring in lipid bilayers. Table 4.3 provides the com-
puted AA kinetic parameters alongside the CG ones with the correction factor applied,

demonstrating good agreement between atomistic and coarse-grained representations.
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TABLE 4.3. Characteristic parameters of pore formation of the AA and CG representa-
tion at 7' = 348K for varied P conditions.

MAX

Condition A) t, (ns)  t, (ns) t, (ns)
1 atm/CG 1.35 0.10 1.22 15.63
500 atm/CG 1.36 0.15 1.45 16.28
1000 atm/CG 1.35 0.17 1.68 26.02
5000 atm/CG 0.65 0.81 NA NA
1atm/AA 1.38 0.22 1.41 13.68
500 atm/AA 1.36 0.29 1.67 14.64
1000 atm/AA  1.34 0.31 1.79 29.70
5000 atm/AA  0.74 0.89 NA NA

Ly arax is the maximum pore radius, ¢, is the time to reach the maximum radius, ¢, is the time of
stabilization at r = rj;4x and ¢, is the resealing time. NA = Non Applicable.

—_
N

[aly
[\8}

Pore radius (A)
o o
EN oo

1.6
=1 atm
< ——500 atm
=121 ——1000 atm
= ] —5000 atm
=08
t o
® i
hall M\g\
A ]
0 r a »
0 2 4 6 8
Times (ns)

(=}

10

(B)

-1 atm
=500 atm
—1000 atm
——5000 atm

10

20 30 40
Times (ns)

FIGURE 4.16. Time evolution of pore radius at 348 K for the (A) AA representation and

(B) CG representation.

A comparison of ion migration for both representations is also shown in Figure
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4.17. For the pressures of 1, 500 and 1000 atm, the Martini simulations agreed well with
the AA parameters. At 5000 atm, a qualitatively similar description is observed (lower
number of migrating ions); however, the total number of ions that crossed the mem-
brane is higher in the atomistic representation. This deviation at 5000 atm might be due

to a deficiency of the Martini CG to describe properly the HP gel state, as previously

discussed.
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FIGURE 4.17. Number of sodium ions in the compartment I at 348 K using (A) AA
representation, (B) CG representation, and number of chloride ions in the compartment
I at (C) AA representation, (D) CG representation.

4.4 Conclusion

The aim of this study was to analyze the phenomenon of electroporation using
molecular dynamics simulations. The bilayers were correctly described by the Martini
force field and agreed with both experimental and all-atom studies. The pore forma-
tion kinetics was found to be affected by temperature and pressure, with lower temper-
atures and higher pressures leading to slower resealing of the membrane structure. In

the Ly gel state, this phenomenon resulted in an increase in ion migration. However,
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at the highest applied pressure, the formed gel phase exhibited limited ion transport
capabilities due to its highly compressed nature, restricting the movement of molecular
components. The results presented can help improve the performance of the electro-
poration in various applications of this technique, such as extraction of intracellular

compounds, inactivation of microorganisms and, recently, in cancer research.



Chapter 5

Computational analysis of the
simultaneous application of ultrasound
and electric fields in a lipid bilayer

The findings of the study Computational Analysis of Simultaneous Ultrasound and
Electric Field Application in a Lipid Bilayer are presented in this chapter. The research
utilized all-atom molecular dynamics simulations to investigate the synergistic effects
of these two processes. The outcomes contribute significantly to the comprehension
of their intricate interplay, particularly shedding light on the pivotal role played by
cavitation in driving these synergistic phenomena. Additionally, the study delves into
the underlying mechanisms governing the combined impact of ultrasound and elec-
tric fields on the lipid bilayer, offering valuable insights for potential applications in

various fields such as microbial inactivation and medical technology.

109






Chapter 6

Unraveling the Phase Behavior,
Mechanical Stability, and Protein
Reconstitution Properties of
Polymer-Lipid Hybrid Vesicles

The results of the study Unraveling the Phase Behavior, Mechanical Stability, and
Protein Reconstitution Properties of Polymer—Lipid Hybrid Vesicles are presented in this
chapter. This comprehensive study employed coarse-grained molecular dynamics
simulations to analyze several attributes encompassing physicochemical, mechanical,
and biochemical aspects of lipid/polymer hybrid vesicles. This investigation was
done in collaboration with the Macromolecular Biochemistry group at the Univer-
sity of Leiden, Netherlands, and also included experiments using the dynamic light
scattering and fluorescence spectroscopy techniques to further elucidate the vesicles’
characteristics. This study has been published in the journal Biomacromolecules (DOI:
<https://doi.org/10.1021 /acs.biomac.3c00498>).

Abstract: Hybrid vesicles consisting of natural phospholipids and synthetic am-
phiphilic copolymers have shown remarkable material properties and potential for
biotechnology, combining the robustness of polymers with the biocompatibility of
phospholipid membranes. To predict and optimize the mixing behavior of lipids
and copolymers, as well as understand the interaction between the hybrid mem-
brane and macromolecules like membrane proteins, a comprehensive understanding

at the molecular level is essential. This can be achieved by a combination of molecu-
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lar dynamics simulations and experiments. Here, simulations of POPC and PBDs,-b-
PEO,4 hybrid membranes are shown, uncovering different copolymer configurations
depending on the polymer-to-lipid ratio. High polymer concentrations created thicker
membranes with an extended polymer conformation, while high lipid content led to
the collapse of the polymer chain. High concentration of polymer further correlated
with a decreased area compression modulus and altered lateral pressure profiles, hy-
pothesized to result in the experimentally-observed improvement in membrane pro-
tein reconstitution and resistance towards destabilization by detergents. Finally, sim-
ulations of a WALP peptide embedded in the bilayer showed that only membranes
with up to 50% polymer content favored a transmembrane configuration. These sim-
ulations correlate with previous and new experimental results and provide a deeper

understanding of the properties of lipid-copolymer hybrid membranes.

Keywords: Polymersomes; Liposomes; Biomembranes; Molecular Dynamics; Martini.

6.1 Introduction

Phospholipids vesicles, or liposomes, have many biotechnological applications,
including in delivery of drugs and vaccines (SERCOMBE et al., 2015; REIMHULT;
VIRK, 2021), improvement of food quality (LIU et al., 2020), diagnostic imaging
(LAMICHHANE et al., 2018), biosensors (MAZUR et al., 2017) and as nanoreactors
(GUDLUR et al., 2015). A key drawback of these vesicles is their limited stability,
which is caused by various factors, including the formation of transient pores in the
lipid bilayer and oxidation of the acyl chains (GRIT; CROMMELIN, 1993). To address
this, polymersomes (formed by the spontaneous self-assembly of amphiphilic copoly-
mers) have been proposed as an alternative in recent decades (ZHAO, 2017; LIU et al.,
2020). Polymersomes are usually more resistant and exhibit a wider range of physic-
ochemical properties due to the diversity of polymers that can be used to form them.
However, besides some notable exceptions (STOENESCU et al., 2004; KUMAR et al.,
2012; HABEL et al., 2015), polymer bilayers are not suitable for the functional incorpo-
ration of membrane proteins (MUHAMMAD et al., 2011; KHAN et al., 2016), which
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evolved to be biocompatible with phospholipids and not with copolymers. Hence, ge-
netic modifications of the proteins or changes in the membrane structure are necessary

to make polymersomes a more viable option for biotechnological applications.

In the past decade, hybrid vesicles (HVs) composed of mixtures of phos-
pholipids and copolymers have been studied, aiming to combine the best proper-
ties of both components: the biocompatibility of liposomes and the robustness of
polymersomes (ZHU et al.,, 2017, WANG et al.,, 2018; LEONE et al., 2020). HVs
composed of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and poly(1,2-
butadiene)-b-poly(ethylene oxide) (PBDy-b-PEO,4) were found to efficiently incorpo-
rate cytochrome bo;, with a 50/50 mol% ratio providing the best cost-benefit scenario
considering the balance between long-term stability and initial activity of the pro-
tein (KHAN et al., 2016; SENEVIRATNE et al., 2018). Also, when reconstituting cy-
tochrome bo; from styrene-maleic-acid lipid particles (SMALPs), no surfactants were
required for hybrid vesicles, whereas pure liposomes necessitated the addition of a
detergent to effectively incorporate this protein (CATANIA et al., 2022). The addition
of PBDy,-b-PEO;, in a DOPC vesicle has been shown to also improve the efficiency
of protein folding and reconstitution into the membrane (JACOBS et al., 2019). En-
hanced protein activity in PDMS-¢-PEO and soy-PC HVs was also reported (OTRIN et
al., 2017). Therefore, despite the distinct structural characteristics of lipids and copoly-
mers, HVs have demonstrated various examples of equivalent/superior performance
when compared to pure liposomes and polymersomes, showcasing their unique ad-
vantages. These observations have led to an increased interest in the mixing behavior
of lipids and polymers (BEALES et al., 2017; REIMHULT; VIRK, 2021; SENEVIRATNE
et al.,, 2023), and a need to optimize the vesicle environment through a better under-
standing of the relationship between a hybrid membrane’s chemical composition and

its material properties.

Experimental techniques have been widely used to explore the physicochem-
ical properties of pure and hybrid membranes, but some phenomena are not easily
understood through experiments alone. Molecular dynamics (MD) simulations allow
for the analysis of atomistic trajectories, providing valuable insights that can comple-
ment experimental data and offer a deeper understanding of relevant phenomena at
the molecular level (RAPAPORT, 2004). Although the use of MD applied to hybrid
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vesicles holds great potential, the use of computational techniques in the study of these
membranes is still in its early stages of development. Recently, all-atom (AA) MD sim-
ulations were performed to investigate HVs composed of DOPC and PBD-b-PEO, with
polymer fractions of 10 and 20 mol% (STEINKUHLER et al., 2022). These simula-
tions offered valuable insights into the molecular structure of these vesicles. However,
atomistic simulations face limitations in their ability to analyze systems with more
than hundreds of thousands of atoms (a common occurrence in biochemistry (CHEN
et al., 2018)) over long time scales. To overcome this limitation, coarse-graining (CG)
techniques can be utilized to access longer time and length scales by simplifying some
of the atomistic degrees of freedom, which has not been employed in the context of

hybrid membranes up to now.

The objective of this study is to obtain a deeper understanding of the structure
and properties of hybrid vesicles, in particular POPC and PBD,,-b-PEO,4 HVs, by com-
bining experiments and mesoscale MD simulations. The POPC/PBD3,-b-PEO; 4 system
was chosen due to its extensive previous characterization using various experimental
techniques, such as small-angle X-ray scattering (SAXS) and cryo-electron tomography
(SENEVIRATNE et al., 2023), general polarisation measurements of Laurdan (SENEVI-
RATNE et al., 2022), confocal fluorescence microscopy (NAM et al., 2010) and flow cy-
tometry (LIM et al., 2013), which raised several questions regarding the observed phe-
nomena that can benefit from MD simulations. A coarse-graining method using the
Martini force field (FF) was employed following its widespread use for biomolecules.
As Martini currently lacks a parameterization for the analyzed copolymer, a model for
this molecule was first developed. Qualitative and quantitative metrics were evalu-
ated to study the fundamental interactions of lipids and copolymers within the HVs.
Furthermore, the incorporation of a WALP peptide in HVs was assessed to investigate
peptide/membrane interactions. Fluorescence experiments were performed to eval-
uate the leakage of hybrid vesicles in the presence of detergent, aiming to determine
if increasing the concentration of polymers enhances the stability of the membrane
when surfactants are added. The comparison between simulation and experimental
results allowed the examination of diverse phenomena in HVs, such as the presence
of different spatial configurations in homogeneous membranes (SENEVIRATNE et al.,
2023) and improved incorporation of membrane proteins into HVs (JACOBS et al.,
2019; CATANIA et al., 2022).
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6.2 Computational Methods

Because of the characteristic length scale of biological membranes, a CG ap-
proach was adopted to study the hybrid vesicles. The Martini 3 force field (SOUZA
et al., 2021) was applied due to its success in reproducing key aspects of POPC mem-
branes (JING et al., 2020; JUNQUEIRA et al., 2021). Additionally, the Martini 3 version
has demonstrated notable advancements in accurately describing the behavior of pep-
tides and transmembrane proteins within bilayers (SOUZA et al., 2021). A cutoff of 1.2
nm was employed for both electrostatic and nonbonded interactions. All simulations
were performed using the open-source Gromacs package (LINDAHL et al., 2021), with

periodic boundary conditions in all dimensions.

6.2.1 Parametrization of PBD-b-PEO

The Martini 3 force field lacks an established model for PBD and, consequently,
for the PBD-b-PEO copolymer. Although Grillo et al. (2017) previously analyzed a si-
milar system with this force field, they focused on the linear configuration of PBD,
while the present study examines the vinyl isomer. The selected isomeric conforma-
tion was parametrized following best practices outlined on the Martini website and in
relevant publications (MARRINK et al., 2007; SOUZA et al., 2021). The next sections

provide a detailed explanation of how the model was derived.

6.2.1.1 Beads choice and non-bonded parameters

In the CG scale, polymers are typically modeled using a single particle corre-
sponding to each monomer (GRILLO et al., 2017; LEE et al., 2009; ROSSI et al., 2011;
ROSSI et al., 2012; GRUNEWALD et al., 2018), and the initial proposed model followed
this approach. Martini particles typically use a 4-1 strategy (i.e., four heavy atoms and
their bonded hydrogen atoms are represented by a regular R bead). For increased
resolution, 3-1 small beads S and 2-1 tiny beads T can also be used. The C4 bead was

selected because it represents nonpolar chains with double bonds, while the SN3a bead
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was chosen because it represents ether groups. As PEO only has three heavy atoms, a

S bead was used to model this monomer.

Although this representation resulted in a satisfactory description of the PBD-b-
PEO all-atom (AA) structure, when polymers and phospholipids were mixed to form
hybrid bilayers, a phase separation was observed (Figure 6.1.A). This outcome con-
flicted with the expectation of homogeneous dispersion, as shown by Seneviratne et
al. (2022), indicating that the interactions between the molecules were not accurately
computed. To determine which part of the molecule needed to be better modeled, tests
were conducted by altering the Lennard-Jones parameters of the C4 and SN3a beads.
It was found that the C4 beads exerted a considerable repulsion on the acyl chains of

the phospholipids, which caused the observed separation.

To address this issue, a two-bead parameterization using Tiny Martini beads was
proposed for PBD. The main chain, which consists of two bonded carbon atoms, was
represented by the TC2 bead while the side chain, composed of two double bonded
carbons, was represented by TC4 (Polybutadiene - Model 2 in Figure 6.1.B). T beads
were used for this polymer since each particle contains only two heavy atoms. This
adjustment was capable of forming membranes without phase separation. Despite the
higher computational cost, this approach produced well-mixed hybrid bilayers (Figure
6.1.B). An illustration of the resulting PBD-b-PEO chain is illustrated in Figure 6.1.C,

along with the two models considered for representing the PBD monomer.

Martini beads can be further divided into attractive, normal and repulsive
beads, and all different conformations were tested. Electron density profiles were
compared with experimentally obtained ones by Seneviratne et al. (2023). The nor-
mal version of the SN3a, along with the repulsive versions of the TC2 and TC4 beads
(TC2r and TC4r) were used, which resulted in electron density profiles very similar to
the observed in experiments. The developed model also introduced a small amount
of hydrophilic PEO beads into the hydrophobic core. This contradicts experimental
findings (SRINIVAS et al., 2004), and a similar issue had been previously reported in
another study that used the Martini force field to model a linear conformation of the
PBD-b-PEO polymer (GRILLO et al., 2017). To address this issue, Grillo et al. (2017)
reduced the ¢ parameter describing the interactions between PBD and PEO beads by
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(A) $N3a
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Polybutadiene — Polyethylene
Model 1 glycol
(B) TC4r SN3a e
TC2r
Polybutadiene — Polyethylene
Model 2 glycol

FIGURE 6.1. Coarse-grained representation of the PBD-b-PEO polymer, where (A) and
(B) shown models I and II for the PBD molecule and (C) the molecule PBD5-b-PEQOs.

11.4 %. Following a similar approach, this parameter was decreased by ~ 9 %, result-
ing in epco,—gn3q. changing from 1.6 to 1.45 k] /mol and ercu,—sn3. changing from 1.75
to 1.6 kJ/mol. This small adjustment was sufficient to achieve proper separation of

hydrophobic and hydrophilic polymer regions.

6.2.1.2 Bonded parameters

The bonded parameters were derived by comparing the distributions of the
CG beads with those from all-atom (AA) simulations and further refined to repre-

sent experimental features visualized in experiments. PBD and PEO chains with 10
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monomers were analyzed to derive parameters for the pure polymers, while PBD;-
b-PEO; was used to derive parameters for the copolymer hydrophobic-hydrophilic
interface. The AA simulations were carried out in the NPT ensemble (T= 310 K, P
= 1 atm) with OPLS-AA FF force field, using the Nosé-Hoover barostat and thermo-
stat to control pressure and temperature, respectively. Each polymer chain was sol-
vated with 8000 TIP3P water molecules, using 1.4 nm cut-offs for both nonbonded
and electrostatic potentials, and PPPM for long-range electrostatic interactions. The
simulations included a 50 ns equilibration and a 100 ns data collection run. The
CG representations were generated from AA structures using the CG builder tool
<https:/ /jbarnoud.github.io/cgbuilder/>. For PEO, bonds, angles, and dihedrals
were parametrized, while only bonds and angles were used for PBD due to the lack
of a well-defined dihedral distribution for this monomer. PEO models have been pre-
viously developed for the Martini force field, and initial parameters for this molecule
were adopted from the literature (GRILLO et al., 2017; GRUNEWALD et al., 2022;
ROSSI et al., 2012) and refined based on the simulation results. To match the AA
bonded parameters with the CG representation, a combination of optimization algo-
rithms and trial and error was employed until the CG distributions were in close agree-

ment with those of the AA simulations.

The harmonic potential was used to model the bonds following the Martini
force-field formulation. Bond distributions of the simulated polymers are shown in
Figure 6.2, indicating good agreement between the CG and AA simulations. However,
the bonds between TC2r-TC2r and TC2r-SN3a beads showed a bimodal behavior in
the AA representation which was not captured by the CG model. As a result, the two
configurations were combined into one due to the simplified phase-space sampling
typical of mesoscale models. The use of non-charged Martini 3 beads in modeling can
lead to underestimation of structural properties when using bond distances directly
from atomistic simulations, as their attractive interactions are slightly underestimated
(GRUNEWALD et al., 2018). To address this issue, bond lengths can be adjusted for a
more accurate representation. One proposed solution is to slightly increase (= 15 %) the
atomically adjusted bond length of main chains (GRUNEWALD et al., 2018). Follow-
ing this suggestion, this correction was applied for SN3a-SN3a bonds and TC2r-TC2r
bonds.
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FIGURE 6.2. AA (red) and CG (blue) bond length distributions.

The angles were also modeled using a harmonic potential, and the results are
depicted in Figure 6.3, which shows close agreement with the atomistic reference data.
Five different types of angle were considered, including main chain angles (TC2r-TC2r-
TC2r, TC2r-TC2r-SN3a, TC2r-SN3a-SN3a, SN3a-SN3a-SN3a) and the main and side
chain of a PBD bead with its neighboring particle (TC4r;-TC2r;-TC2r,,). Again, an-
gular distribution that exhibited a bimodal behavior were combined into a single dis-
tribution in the CG scale. Simulations became unstable when the SN3a-SN3a-SN3a
angles approach 180° if only an harmonic potential is used, as also reported elsewhere
(ROSSI et al., 2012; GRUNEWALD et al., 2018). To correct this, the constrained bending
potential developed by Bulacu et al. (BULACU et al., 2013) was applied along with the
harmonic potential for this angle. With this correction, a timestep of 2 femtoseconds

could be used, whereas without it, only a step of 1 femtosecond could be applied.

0.06 0.06 ¢ 0.06
TC2r-TC2r-TC2r f TCA4r-TC2r-TC2r b SN3a-SN3a-SN3a
0.04 004 F 0.04
= = [ s !
0.02 f 0.02 f 0.02 f
0 . ot . ot
50 100 150 200 50 100 150 50 100 150
Angle (°) Angle (°) Angle (°)
0.06 ¢ 0.06 [
b TC2r-TC2r-SN3a F TC2r-SN3a-SN3a
004 F 0.04 f
= =
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Angle (°) Angle (°)
FIGURE 6.3. AA (red) and CG (blue) angle distribution.
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The dihedral distribution of PBD did not exhibit a well-defined behavior, and

therefore dihedral terms were not included for these beads. Regarding PEO, there are

some peculiarities in modeling this term, such as bimodalities, and for simplicity the
CG dihedral model implemented in the Poliply Python suite was used (GRUNEWALD
et al.,, 2022). A summary of all the bonded parameters is provided in Table 6.1.

TABLE 6.1. Bonded parameters for PBD-b-PEO copolymer.

Bonds parameters (E = ky(r — r9)?)

Bond type ro (nm)  ky (k] mol~! nm~2)
TC2r - TC2r 0.332 50,000
TC2r - TC4r 0.272 10,000
TC2r - SN3a 0.330 7,000
SN3a - SN3a 0.370 7,000
Angles parameters (Ey = ky(6 — 6y)?)
Angle type 0y (deg) kK, (k] mol~! rad?)
TC2r - TC2r - TC2r 170 150
TC4r - TC2r - TC2r 90 50
TC2r - TC2r - SN3a 146 100
TC2r - SN3a - SN3a 165 75
SN3a - SN3a - SN3a 135 50

(constrained bending potential)

Dihedral parameters (E; = k,,(1 + cos(m¢ + ¢y)))

Dihedral type

SN3a - SN3a - SN3a - SN3a

Po (deg) Kk, (k] mol™t) m
180 1.96 1
0 0.18 2
0 0.33 3
0 0.12 4

6.2.1.3 Validation of the proposed model

To validate the efficacy of the proposed parameterization, calculations of the ra-

dius of gyration (R,) and surface area of available solvent (SASA) for both the AA

and CG representations were conducted. The SASA was calculated based on the sys-

tem used for parameterization, as it represents the polymers fully immersed in water.
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Meanwhile, the R, was calculated through independent simulations of 30 polymer
chains in a simulation box to assess the ability of the proposed model to capture the
degree of packing of the bulk polymer. As both bonded and non-bonded parameters
can impact the R, and SASA, the presented results are based on the final set of param-

eters utilized in the simulations.

The radius of gyration is a measure of the overall size of the molecule as dis-
cussed in Section 3.2.4. Figure 6.4 illustrates the radius of gyration of the three poly-
mer chains systems studied during parameterization. The good agreement between
the distributions of the AA and CG trajectories suggests that the Martini parameteri-

zation proposed in this work accurately represents the overall size of the molecule.

(A)
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g
&1 [
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FIGURE 6.4. Radius of gyration of AA (blue) and CG (red) representations of (A)
PBDlo, (B) PEOlo, and (C) PBD5-b-PEO5.

SASA measures the area of a molecule available to establish contact with its sur-
rounding solvent or media as also discussed in Section 3.2.4. The SASA distributions
of the three polymers were evaluated for both their AA and CG representations (Figure
6.5). In general, the CG model underestimated the SASA values by about 5 %, which
is in good agreement with the trends reported by the Martini developers (SOUZA et
al., 2021). As this is a small deviation, the analysis of the radius of gyration (R,) and
SASA provides strong evidence that the CG model is a good representation of the AA

structure.
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SASA =104 + 0.5 nm?
SASA,, = 11.1 % 0.3 nm?

SASA = 9.8 + 0.6 nm?

SASA,,=10.5+0.6 nm?

SASAG = 10.0 + 0.6 nm?

SASA,,=10.8 + 0.3 nm?

FIGURE 6.5. Connolly surfaces of (A) PBD, (B) PEO, and (C) PBD-b-PEO, where the
blue and gray contours represent the estimated areas for the AA and CG models.

6.2.2 Initial system setup and analysis

Different systems were built by randomly placing Martini water beads and
POPC and/or PBDs,-b-PEO,, in a simulation box as showed in Figure 6.6. To ana-
lyze bilayers with different polymer/lipid ratios, the concentration of polymer was
systematically altered in increments of 25% from 0 to 100% (mol %). The initial struc-
ture of the POPC molecule was obtained directly from the Martini website (<http:
/ /cgmartini.nl/index.php>), while the initial structure of the polymer was obtained

according to the procedures described in the previous section.

To verify that the developed parameterization is capable of spontaneously form-
ing bilayers, 500 lipids and/or polymers were mixed with 10* water beads, corre-
sponding to a fully hydrated condition (> 40 real water molecules per lipid /copolymer
(ZHANG et al., 2022)). These systems were energy-minimized using the steepest de-
scent algorithm, followed by a 200 ns equilibration at 4 independent temperatures (290
to 350 K with increments of 20 K) in the isobaric isothermal ensemble (NPT, P = 1 atm)
with isotropic pressure coupling. A time step of 10 fs was applied during equilibration

to avoid instabilities during the initial stages of the simulations. Spontaneously self-
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assembled bilayers (as illustrated in Figure 6.6) were obtained at all temperatures and
polymer fractions. Due to the spontaneous formation of the bilayers, there was a slight
discrepancy in the number of POPC and/or PBD,-b-PEO;4 molecules on each leaflet
(< 3%). Since the observed difference was minor and probably caused by random
events during self-assembly, a Matlab 2012b code was applied to adjust the molec-
ular distribution and achieve a fully symmetric bilayer after the initial equilibration.
This approach was used to standardize the simulation results and ensure that the bi-
layer would not have any residual stress related to uneven distribution between leaflets
(CHAISSON et al., 2023).

FIGURE 6.6. System representation and workflow of the simulations: POPC and
PBDy,-b-PEO,4 were randomly distributed in a solvent medium and spontaneously
assembled into organized bilayers/vesicles.
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The formed bilayers were under non-zero stress due to the isotropic pressure
coupling scheme. To address this, semi-isotropic pressure coupling was applied in
the sequence with a further 100 ns equilibration. Runs for data collection were per-
formed for at least 10 us with a 20 fs time step, and absence of significant variations
in the properties for at least 3 ;s was considered as the convergence criterion. Parti-
cle trajectories were analyzed using the Visual Molecular Dynamics (VMD) software
(HUMPHREY et al., 1996), Gromacs built-in tools, Martini scripts available on its offi-
cial website and in-house codes. The systems were characterized in terms of membrane
thickness, lateral area, mass diffusivity, order parameter of the POPC acyl chains, elec-
tron density profiles, pressure profiles, Gaussian curvature modulus, bending modu-
lus and area compressibility modulus. In addition, the ability of the polymer model to
form whole vesicles under appropriate conditions was also evaluated. For this, 2000
POPC and/or polymer molecules were added along with 100,000 water molecules.
Formation of vesicles was observed for all combinations of composition/temperature,
similar to what is observed experimentally. The formation of a vesicle composed of

equal molar fractions of lipids and polymers is illustrated in Figure 6.7.

Time

v

FIGURE 6.7. Spontaneous self-assembly of hybrid vesicles.

6.2.3 Structural analysis

Several physical-chemical and mechanical properties were evaluated to analyze
the studied systems, aiming to compare their values with experimental results and as-
sess their structural properties. The lateral area, mass diffusivity, order parameter, and
pressure profile were measured following the methodology outlined in section 4.2.2,

and will not be detailed again. For the electron density profile, the number of electrons
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of each CG particle is considered for the measurement of the profiles, contrasting with
the mass in conventional density profiles. To analyze the degree of membrane interdig-
itation, the MembPlugin developed by Guixa-Gonzélez et al. (2014) was used. This tool
employs a correlation-based approach to evaluate the overlap of the mass distribution
of the two leaflets along the membrane normal. The fraction of overlap, denoted by the
symbol I, is computed using the equation I7 = 4 [ p,(2)ps(2)dz/ [[pa(2) + pu(2)]*dz,

where p, and p, represent the density profiles of the two leaflets

The distance between the peaks of the phosphate groups in the density profile
cannot be used to analyze the thickness of hybrid membranes, as this method would
not be applicable to membranes with a high concentration of polymers. Additionally,
the high flexibility of the polymer chains makes it difficult to select a single polymer
particle as an indicator of the bilayer thickness. Finally, it was observed that hybrid
membranes have high local thickness fluctuations, making the analysis even more dif-
ficult. The average thickness of the bilayer was obtained by subtracting the volume
occupied by the water from the total volume of the simulation box, and dividing the
result by the area of the box parallel to the bilayer plane (h = (Viox — Visater)/Azy), @s
done in Wang et al. (2016).

The area compressibility modulus is an elastic property that describes how eas-
ily the lateral area of a bilayer can be compressed or expanded in response to external
forces or tensions. To evaluate the area compressibility modulus, a lipid bilayer is con-
sidered to undergo infinitesimal deformations in its area due to tangential stresses and,

according to Doktorova et al. (2019), the elastic compression energy can be described

by:

1, (A— A)?

E=-Fk :
2T A, (6.1)

Where A is the deformed area and A is the equilibrium area. The area compressibility
constant, k4, is used to relate the energy with the deformation suffered by the lipid bi-
layer. Assuming that the compression energy is independent of the other energies that
describe membrane mechanics (such as curvature and flexion energies), k4 can be cal-
culated by evaluating only the area fluctuations caused by thermal effects. According

to the equipartition theorem, (E) = 1,1, and by equating the two energy expressions:



CHAPTER 6. UNRAVELING THE PHASE BEHAVIOR, MECHANICAL STABILITY, AND
126 PROTEIN RECONSTITUTION PROPERTIES OF POLYMER-LIPID HYBRID VESICLES

key = kT («A_A—OAO)%) (6.2)

The Gaussian curvature modulus, k¢, is related to the amount of energy re-
quired to deform the membrane without altering its mean curvature. This modulus
can be obtained from the lateral pressure profile (7) of the membrane, which is closely
related to its mechanical properties as described by Helfrich’s theory (HU et al., 2013).

For the case of a bilayer, the following relation is obtained:

kG = /00 dzr(2)(2 — 2)? (6.3)

Equation 6.3 is defined as the second moment of the stress profile. If the sum of
stresses in the membrane is zero (3 = [ dz7(z) = 0), the analysis of the first moment of
the stress profile (—k,, Ko = [ dz7(z)(z — 2)) shows that the value of s is independent
of zy. The summations of stresses are presented in Table 6.2, indicating that this sum
is close to zero for all analyzed membranes in the present study, which indicates that

the results are independent of z,. Thus, the modulus was measured solely by k¢ =
[ dat(2)22

TABLE 6.2. First moment of pressure profiles for all temperatures and membrane com-
positions.

0:100 25:75 50:50 75:25  100:0
290 -0.016 -0.055 -0.027 0.057 0.025
310 -0.015 -0.133 0.035 0.201 0.483
330 -0.010 0.280 0.116 -0.148 -0.293
350 -0.039 0.028 0.002 -0.293 0.184

Finally, the bending modulus refers to the energy required to bend the mem-
brane. This metric was analyzed using compressed bilayers subjected to a tension
A = (Lo — Leompressed)/ Lo. These membranes were formed by applying stress in the
desired direction (in this case, in the z-axis), while keeping the length of the remain-
ing dimensions (y and z) constant. After reaching the desired deformation (in this
study, A = 0,2), the system undergoes additional simulations with restricted dimen-
sions in = and y, and pressure coupling in the z direction. The force required to main-

tain the deformed membrane is calculated using the zz component of the stress tensor
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(Fy = PyAyA,). Moreover, Diggins e Deserno (2013) showed through the analytical

solution of the stress-strain relation that this force is also equivalent to:

Ly,
F:47r2kcfy§ b\’ (6.4)
=0

where k. is the bending modulus, L, is the y dimension of the box, L is the z di-
mension of the initial box (before applying deformation), and b, are coefficients pro-
posed by Diggins e Deserno (2013). The infinite series represents the analytical solu-
tion by series expansion of the Helfrich Hamiltonian, which was truncated at its tenth
term, since changes on the order of 105 were observed for higher values of i. The
effects of thermal fluctuations were included in the overall force by addition of a term
oF = —15kgT > "2, d;\"/L,, where o F are the contribution of thermal undulations to
the force and d; are coefficients published by Diggins e Deserno (2013). It should be
noted that this method is highly dependent to the size of the system. For this purpose,
larger membranes (consisting of 1000 molecules) were assembled in a 32 x 8 x 20 nm?
simulation box containing 35516 water molecules. The reason for using a larger system
was to address convergence issues that were previously reported when applying this
method to smaller membranes (EID et al., 2020).

6.2.4 Analysis of the interactions between HVs and a WALP peptide

One of the advantages of HVs compared to pure polymersomes is the functional
incorporation of proteins, as discussed in Section 2.4.3. To understand thermodynamic
aspects that favor protein reconstitution in these bilayers, simulations of a WALP pep-
tide incorporated into the membrane were performed. WALP is a helical peptide com-
posed of glycine, tryptophan, alanine and leucine that is widely used in computational
biology as a model for transmembrane proteins (BEREAU et al., 2015; SOUZA et al.,
2021; SPINTI et al., 2023). The dynamics of WALP in bilayers can be accurately de-
scribed by Martini 3 as shown before (SPINTI et al., 2023), provided that the peptide
length is not too short (< 12 amino acids). Considering this, and the fact that trans-
membrane a-helices usually span between 17 to 25 amino acids (CHEN; ROST, 2009),
the peptide WALP,; was used, depicted in Figure 6.8. The CG model of WALP,; was

generated as follows: an AA representation was created using the Avogadro software,
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with each residue assumed to adopt an a-helical conformation. Next, Martini beads
with bonded parameters were assigned to each amino acid using the Insane python
script (WASSENAAR et al., 2015). The peptide was then aligned and inserted into a
pre-equilibrated membrane, and the system was subjected to an energy minimization

using a steepest descent algorithm.

FIGURE 6.8. All-atom representation of the WALP,; peptide.

To examine the interaction of the peptide with membranes of varied composi-
tions, umbrella sampling (US) simulations were conducted. US is a sampling tech-
nique that allows the free energy calculation of complex systems and is useful when
the system presents multiple thermodynamic states or energy barriers that prevent
transitions between states. The method involves biasing the system along a specific
reaction coordinate by adding an external potential energy term (umbrella potential).
After performing US simulations at different points along the desired reaction coordi-
nate, the data is combined to reconstruct the unbiased potential of mean force (PMF).
The PMF represents the free energy profile along the chosen reaction coordinate and
provides valuable insights into the thermodynamic behavior of the system. US sim-
ulations have already been conducted to analyze the dynamics of various peptides in
lipid membranes (BEREAU et al., 2015; SOUZA et al., 2021), and are used in this study
to assess the change in free energy that occurs when the peptide is pulled through HVs

with different lipid /polymer compositions.

For the umbrella sampling analyzis, multiple configurations were generated,
with the peptide gradually moved in increments of 0.1 nm along the z-axis towards
the outer side of the bilayer, until it was fully immersed in water and no longer inter-

acting with the membrane. A representation of the system and the histogram of the
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umbrella sampling windows can be seen in Figure 6.9. In each configuration, a har-
monic potential with an energy constant of 1000 k] mol~' nm ™2 was applied to restrict
the center of mass of the peptide in a given position. For each configuration (win-
dow), an energy minimization was performed followed by 50 ns equilibration on the
isobaric-isothermal ensemble (NPT, P = 1 atm, T = 300 K). Data acquisition simula-
tions were performed for 200 ns for each window. The PMFs were calculated using the
weighted histogram analysis method (WHAM) (KUMAR et al., 1995) as implemented
in the Gromacs tool gmx wham. The results were found to be consistent with equilib-
rium simulations by performing additional runs without restrictions on the peptide.
The final position of the molecule was in agreement with the point of minimum en-

ergy in the PMF analysis for all cases.
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FIGURE 6.9. (A) Representation of a system used in the US simulations and (B) His-
togram showing the overlap between adjacent windows.

Systems that showed an energy minimum when the peptide was in a trans-
membrane configuration were further examined in 5 ps simulations, which were con-
ducted without restriction potentials for all four temperatures described previously.
2D profiles were analyzed to access the local impact of peptide insertion on different
membrane compositions. The thickness and density of the membrane, as well as the
order parameter of the lipid acyl chains, were calculated. Profiles were obtained by
discretizing the membrane in a 0.5 nm grid along the = and y directions. To ensure that
no empty cells were present, the non-local weighted-averaging method proposed by
(CHAURASIA et al., 2018) was employed. This approach involves determining the lo-
cal value of a variable by averaging the values of that property for all molecules within

a radius of o from the center of the cell, known as the horizon. The local value of a
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generic variable f(x;) is then determined by the following relation:

Ne

1
T; = =N. 5 - wr‘xj X 6.5
f () zj;1w<rxj>[; (r2,) £ ( >] (6.5)

where w(r,,) is the weight assigned to a particle at radius r,; away from the center
of the element z;, f(z;) is the value of the measured property for this particle and N.
is the number of particles that lie within the horizon. The weights assigned to each

molecule are given by 6.6:

w(rs,) ! [e_a”j /o e_a] (6.6)

T 1—e
It can be observed that the average weight of molecules decreases exponentially with
distance from the center at a rate defined by a. The value of o can be adjusted to
achieve a desired level of resolution and, in this study, o = 8 and § = 0,5 nm, which

have been found to provide an adequate sampling by preventing empty cells.

6.3 Experimental Methods

6.3.1 Hybrid Vesicles formation

The protocol for preparing pure and hybrid vesicles is similar to the previously
published method of Seneviratne et al. (2018) and briefly described here. Initially, the
PBDs,-b-PEO);4 polymer was dissolved in chloroform to obtain a polymer suspension
with concentration of 6.6 mM. Vesicles with different compositions were prepared by
mixing corresponding aliquots of this suspension with 33 mM of POPC (Avanti Polar
Lipids) dissolved in CHCl3:MeOH. The procedure was performed in glass containers
to avoid the incorporation of molecules from plastic containers into the solution. The
mixture was then dehydrated in a vacuum desiccator for 6 hours, forming a multi-
layered film of lipids/polymers, which was rehydrated with 1 mL of 20 mM HEPES
buffer solution (Thermo Scientific, pH 7) containing 50 mM of the fluorescent dye 5(6)-

carboxyfluorescein (Novabiochem).

Multilamellar vesicles were formed by heating cycles of 50°C for 5 minutes fol-
lowed by vigorous vortex agitation for 1 minute, until the films were completely dis-

solved in the buffer. The resulting suspension was frozen in liquid nitrogen and heated
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to 60°C, followed by vigorous agitation for 15 seconds. This cycle was repeated 5 times
and is necessary to ensure the formation of vesicles for compositions with high poly-
mer content, where the system dynamics evolves more slowly. To obtain unilamellar
vesicles with reproducible size, the aliquots were subjected to 11 cycles of extrusion
through a 100 nm polycarbonate membrane using an Avanti mini extruder. The extru-

sion was conducted at 60°C to facilitate sample extraction.

Vesicle formation was confirmed through dynamic light scattering (DLS) mea-
surements, a technique that is based on the Brownian motion of particles suspended
in a liquid. In this method, the sample is placed in a cuvette and exposed to a polar-
ized laser beam. As light passes through the sample, it interacts with the suspended
particles, leading to fluctuations in the intensity of the scattered light. These fluctua-
tions are directly related to the movement and size of the particles (smaller particles
exhibit faster fluctuations since they diffuse faster). The scattering light fluctuations
are analyzed using an autocorrelation function, which correlates the scattered inten-
sity at different time intervals. This autocorrelation function is employed to calculate
the translational diffusion coefficient (D). Larger particles have lower diffusion rates,
resulting in a longer correlation time and a faster decrease in the autocorrelation func-
tion. Conversely, smaller particles exhibit the opposite behavior. To determine the
average hydrodynamic diameter of the particles (d), the value of D can be converted
using the Einstein-Stokes relation: d = 6’;”%, where k; is Boltzmann’s constant, 7" is
the temperature, and v is the viscosity of the liquid. The particle size distributions, as
shown in Figure 6.10, indicate that the average vesicle size is approximately 100 nm,

which is in line with the size of the filter used in the extrusion process.
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FIGURE 6.10. Vesicle diameter distribution for various polymer concentrations.
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6.3.2 Fluorescence spectroscopy

The vesicles were formed in a solution containing carboxyfluorescein, which
was then encapsulated. The excess of dye outside the vesicles was removed from the
solution through size exclusion chromatography using a NAP-5 column (Cytiva) ac-
cording to the manufacturer instructions. Therefore, almost all carboxyfluorescein was
contained inside the vesicles. To evaluate the mechanical stability of these structures,
fluorescence spectroscopy experiments were performed with the addition of detergent
molecules. Detergents have the ability to destabilize the vesicles, resulting in the for-
mation of micelles and the release of encapsulated dye molecules when the detergent
concentration is high enough, which results in an increase in the fluorescence of the

sample.

For this purpose, vesicle aliquots were diluted 100 times and exposed to vary-
ing concentrations of Triton X-100 (Sigma-Aldrich). Fluorescence measurements were
conducted using a FLUOstar Omega plate reader with excitation and emission wave-
lengths set at 485 nm and 520 nm, respectively. The FLUOstar Omega plate reader
employs a light source and a monochromator filter to separate the desired wave-
lengths, which are then directed onto the vesicle suspensions. During the measure-
ments, the excitation light interacts with the fluorescent molecules in the dye, causing
these molecules to absorb photons and elevate their energy levels. When the fluores-
cent molecules return to their ground state, they release the excess energy in the form
of emitted light (fluorescence). Therefore, the fluorescence curves obtained are directly
related to the released dye concentration and consequently, to the proportion of desta-
bilized vesicles. The experiments were conducted at two different temperatures, 298 K
and 318 K.

To obtain normalized curves, the fluorescence of the original samples was con-
sidered as 0 and the complete rupture caused by the addition of 10% Triton (m/v) was
considered as 1. The collected data were fitted to a fourth-order logistic model (4PL),
represented by the equation F = d + (a — d)/[1 + ([T]/c)’], where a is the theoretical
response at zero concentration, b is the slope factor, c is the intermediate concentration
(inflection point), and d is the theoretical response at infinite concentration. As the data

were normalized, the values of a and d were fixed at 0 and 1, respectively, while the
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remaining parameters were estimated using a Matlab code.

6.4 Results and discussion

6.4.1 Structural properties

Recently, the electron density profiles (EDPs) of hybrid vesicles composed of
POPC and PBDs,-b-PEO;, were determined using SAXS and cryo-electron tomogra-
phy techniques (SENEVIRATNE et al., 2023). To validate the simulation results, the
EDPs at different temperatures were compared with the experimental data. The den-
sity profiles of both leaflets were found to be symmetrical and in agreement with the
experiments, as depicted in Figure 6.11. Minor asymmetries were experimentally re-
ported, and attributed to curvature effects at the membrane (SENEVIRATNE et al.,
2023); as the simulation profiles are based on planar bilayers, this behavior was not
seen, supporting the hypothesis of the authors. As the polymer fraction increases, the
peak-to-peak distance becomes longer, indicating a larger membrane thickness. The
peak-to-peak distance of a POPC membrane was reported to be 36.4 A in SAXS ex-
periments, while a cryo-electron microscopy analysis using a fast Fourier transform
(cryo-FFT) showed a distance of 35 A, in very good agreement with the value of 36.9
A predicted in the simulations. Particular attention can be paid to the pure polymer
membrane, as the present study aims to provide a reliable CG model for PBD-b-PEO.
In this case, both SAXS and cryo-FFT reported a peak-to-peak distance of 108 A, which

is in close agreement with the simulation prediction of 106 A.

Experimental observations have shown the existence of two distinct populations
of 50:50 HVs, with different membrane thicknesses (SENEVIRATNE et al., 2023). One
of these has an EDP similar to that of polymersomes (‘thick” membrane), while the
other resembles that of pure liposomes (‘thin” membrane). This is an interesting ob-
servation given that earlier fluorescence studies have shown that POPC and PBD,,-
b-PEO14 form well mixed and homogeneous vesicles containing both polymers and
lipids in their composition (SENEVIRATNE et al., 2022). It was previously hypoth-
esized that the coexistence of these two distinct membrane structures in otherwise

homogeneously mixed membranes indicates that the thin and thick structures have
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FIGURE 6.11. Electron density profiles as a function of distance from the bilayer cen-
ter of mass obtained from MD simulations. (A) pure liposome, (B) 25% polymer:75%
phospholipid HV, (C) 50:50 HV, (D) 75:25 HV and (E) pure polymersome. Proposed
configurations for the thick and thin regions are shown in (F), where red, orange, and
blue beads represent phospholipid headgroups, PEO monomers, and PBD monomers,
respectively. The lines correspond to the lipid acyl chain.

comparable free energies, while intermediate structures are energetically unfavorable
(SENEVIRATNE et al., 2023). The CG representation in the present study appears to
accurately model the two distinct populations of HVs. Both lipid-only membranes and
the 25 % polymer:75 % phospholipid HVs showed qualitatively similar EDPs and thin
membranes (Figure 6.11.A and B and Figure 6.14.A). The same is true for the 75:25 HVs
and pure polymersomes (Figure 6.11.D and E), which both show thick membranes. In
the 50:50 simulations, the average membrane thickness falls between those of the two
observed conformations (Figure 6.11.C and Figure 6.14.A), but closer inspection shows
the coexistence of thicker and thinner regions (Figure 6.6). The co-existence of both
phases for this particular composition was previously reported (SENEVIRATNE et al.,
2023), which supports the accuracy of the present CG parametrization to model HVs.
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While the existence of two different conformations is not readily visible in the average
electron density profiles shown in Figure 6.11.C, Figure B.6 of the Appendix B shows
separated profiles for each component in the system. This analysis reveals the pres-
ence of acyl chains both at the center and at the extremities of the bilayer, providing
additional evidence of two configurations in the simulations. This can also be seen in
Figure 6.12, which depicts the spatial distribution of the phosphate-phosphate distance
between the leaflets for a 50:50 HV. The plot in Figure 6.12 shows distinct regions with
a thickness comparable to that of POPC (~ 40 A) surrounded by domains of thicker
conformations (= 70 A). On average, approximately 20% of the membrane was in the
thin configuration (defined here as having a thickness of 50 A or less). Experiments
(PERERA et al., 2022) and AA MD simulations (STEINKUHLER et al., 2022) also re-
vealed the presence of different conformations related to changes in the copolymer

chain lengths and concentration.
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FIGURE 6.12. Membrane thickness profile for a 50:50 HV at 330 K showing the ’thin’
and "thick’ regions.

As an effort to understand the nature and origin of these different bilayer confor-
mations, a more detailed description of the regions with thinner and thicker conforma-
tions is presented. The bottom part of the membrane showed in Figure 6.6 displays the
thinner conformation, where the phospholipids in opposite leaflets are closely packed,

as observed in pure lipid membranes. The elastic chains of polymers are able to adjust



CHAPTER 6. UNRAVELING THE PHASE BEHAVIOR, MECHANICAL STABILITY, AND
136 PROTEIN RECONSTITUTION PROPERTIES OF POLYMER-LIPID HYBRID VESICLES

to this configuration by becoming more entangled and bending towards the lateral re-
gions, as depicted in Figure 6.11F. Moreover, the apolar part of the polymers tend to
interdigitate more tightly in this region to conform to its intricate topographical fea-
tures, as shown in Figure 6.13. The polar part of the copolymer adopts a mushroom-
like structure to conform to the choline and phosphate groups of the phospholipid
head group. In general, mushroom-like structures are formed at low polymers density
(BACKMANN et al., 2010), and therefore the thin region may result from a slightly
lower local polymer concentration in the bilayer. Figure 6.14.B supports this conclu-
sion by showing that the lateral areas of lipid/polymer mixtures increases in 25:75
HVs, which is expected when a collapsed structure is present. In the case of the thicker
conformation at the top part of the membrane depicted in Figure 6.6, a locally high
polymer density results in a extended polymeric structure, with a more elongated con-
tiguration for both the polar and apolar units (as also seen in Figure 6.11.F) and reduced
degree of polymer interdigitation (Figure 6.13). The phospholipids in both leaflets are
then located at the hydrophobic-hydrophilic interface of the copolymer, with minimal

interaction between the phospholipids in opposite leaflets.
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FIGURE 6.13. Fraction of overlap between leaflets for different HVs at 330 K.

Seneviratne et al. (2023) previous study did not find different membrane con-
figurations within the same vesicle, but vesicles exhibiting either thicker or thinner
conformations. In the simulations, both conformations were observed within the same
membrane for 50:50 HVs. This deviation can be understood by a more in-depth anal-

ysis of the lipids/polymers concentration at each phase. In the thinner region, the
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polymer-lipid ratio was slightly lower (at around 40% polymer and 60% lipid), caus-
ing the polymer to conform to the lipid structure. This conformation was caused by
the polymer adopting a more entangled structure and a higher degree of interdigita-
tion, as discussed in the previous paragraph. On the other hand, when the polymer
concentration was slightly higher, the phospholipid adapted to the elongated structure
of the polymer. This observation suggest that, even though the vesicle preparation in
experiments use a 50:50 ratio, slightly different compositions between individual vesi-
cles might drive the complete vesicle towards either a thin or thick conformation. In
the simulations, an exact 50:50 proportion was used, and therefore the different con-
tigurations resulted from local fluctuations in the polymer-lipid concentration within

a region of the same membrane.

The average lateral area, membrane thickness, order parameters of the acyl
chains and lateral diffusion coefficient at various temperatures and membrane com-
positions obtained from the simulations are presented in Figure 6.14. Small angle neu-
tron scattering experiments measured average lateral areas of POPC, which ranged
from 0.627 to 0.681 + 0.013 nm? for a temperature range of 293 to 333 K (KUCERKA
et al., 2011). These results agree well with the present simulations, which predicted
values between 0.635 and 0.689 nm? for similar temperature conditions (290 to 330 K)
as shown in Figure 6.14.B. Varied estimates for this variable have been reported for
copolymers, depending on the level of analysis and whether experiments or simula-
tions were analyzed. For a slightly longer chain (PBDy3-b-PEO;¢), cryo-TEM measure-
ments by Kowalik et al. (2017) reported a lateral area of 0.65 & 0.05 nm?. The authors
also proposed a CG model for this slightly longer molecule, which predicted a lateral
area of 0.77 nm? at 323 K. An AA model was proposed for PBDy,-b-PEO,, using the
CHARMM FF and found an area of 0.87 nm? (STEINKUHLER et al., 2022). The results
of the present study are lower than those reported in previous simulation studies, but
are in better agreement with cryo-TEM results (KOWALIK et al., 2017). Bermudez et
al. (2002) developed a mathematical model based on experimental measurements to
estimate the lateral area of diblock copolymers as a function of the molecular weigth
of the hydrophobic block. Using the parameters for hydrophobic chains with inter-
mediate to high molecular masses (> 1 kg mol™), the expected area of PBDyy-b-PEO,4
is of 0.63 nm?, in agreement with the cryo-TEM measurements. The presented results

agree well with these experimental observations and tend to slightly underestimate it
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by ~ 6%.

Although the lateral area of the pure polymer membrane is smaller than that of
the pure phospholipid, the addition of a small amount of polymers (25%) to a POPC
membrane leads to an increase in this area. This supports the hypothesis of a collapsed
polymer structure at low polymer concentrations, as discussed earlier. Moreover, the
lateral area exhibits a similar qualitative trend as experimentally-obtained permeabil-
ity profile of these vesicles (permeability increases for 25:75 HVs and decreases at
higher polymer concentrations) (SENEVIRATNE et al., 2018). Previous researches on
phospholipids have established a correlation between permeability and lateral area.
Specifically, membranes with higher lateral area exhibit higher permeability due to the
formation of local defects such as gaps or disordered regions (MATHALI et al., 2007;
LEONTIADOU et al., 2004). These defects can serve as pathways for molecules or
ions to cross the lipid bilayer, ultimately resulting in higher permeability. Given these
tindings and the aforementioned similar trend between the simulations results and
previous experimental reports (SENEVIRATNE et al., 2018), it is possible to infer that
the same relationship holds for hybrid vesicles. In addition, the lateral area increased
with temperature, likely due to the increased mobility of the molecules, which reduces

the packing density of the membrane and increases its lateral area.

The order parameter of phospholipids is shown in Figure 6.14.C and an inter-
esting trend is found: as the polymer content increases, S.; decreases, indicating that
the entropy of the acyl chains of phospholipids rises at higher polymer concentrations.
In addition, S.; offers information about the state of the lipids, with lower and higher
values indicating a more fluid or gel-like state, respectively. This observation may help
explain some previous experimental reports related to the incorporation of membrane
proteins into HVs, specifically with respect to the more amenable reconstitution into
these structures (JACOBS et al., 2019; CATANIA et al., 2022). Given that increased flu-
idity can increase the permeability of membranes (SASTRE et al., 2020), the elevated
entropy of the side chains may be a plausible explanation for this phenomenon. It is
worth noting that S.; applies only to the lipids and not to a broader effect throughout
the entire membrane. Diblock copolymers often exhibit high viscosity (DIMOVA et
al., 2002), which may lead to a general increase in membrane adhesion forces, as con-

tirmed by fluorescence anisotropy measurements (JACOBS et al., 2019). Furthermore,
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FIGURE 6.14. HVs (A) thickness, (B) lateral area, (C) lipid order parameter and (D)
mass diffusivity as function of polymer composition for varied temperatures, com-
puted from the simulations.

an increase in temperature causes a corresponding increase in the entropy of the acyl

chains, reducing the order parameter and increasing the membrane fluidity.

Figure 6.14.D shows the average lateral mass diffusion coefficient of the mem-
branes at different temperatures, whereas the lateral mass diffusion coefficients for
both lipids and polymers separately is depicted in Figure 6.15, which agree with pre-
vious fluorescence recovery after photobleaching measurements (SENEVIRATNE et
al., 2022). The simulations show that the overall diffusion coefficient of the mem-
brane increases significantly with temperature, while it decreases with polymer con-

tent. This indicates that indeed a decrease in fluidity is observed in the membranes
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with higher polymer concentration, as suggested in the previous paragraph. Addi-
tionally, fluorescence experiments revealed that HVs of POPC and a polymer with a
longer chain (PBD,s-b-PEOj) also exhibited decreased fluidity as the polymer content
increases (NAM et al., 2010). This observation suggests that the addition of this type
of block copolymer may generally reduce membrane fluidity. The individual diffusiv-
ity of POPC in the simulations is higher than that of PBD-b-PEO, which is expected
due to the reduced free volume required for lipids to hop laterally between sites in the
membrane matrix (SENEVIRATNE et al., 2022). Moreover, higher temperatures lead
to more fluid membranes as a result of decreased viscosity and increased molecular
mobility (SAFFMAN; DELBRuCK, 1975). The simulated values are in good agree-
ment with the diffusivity range measured experimentally for pure POPC membranes
at room temperature using NMR (3,2x107%-1,9x10~7 cm? s~ ') (GAEDE; GAWRISCH,
2003; SALEEM et al., 2012).
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FIGURE 6.15. Lateral diffusion coefficient at varied temperatures for (A) POPC and (B)
PBDyy-b-PEOy4.

The results of this subsection helped to shed some light into HV-related phenom-
ena, such as the reasons behind the presence of two distinct membrane conformations
despite the absence of clear phase separation between polymers and lipids. Addition-
ally, the structural properties predicted by the proposed model are in very good agree-
ment with previous experimental results for both pure liposomes/polymersomes and
HVs. The dependence of several of these properties with the polymer content poten-
tially enables tuning the membrane environment for several practical applications of
HVs, as discussed elsewhere for drug delivery and synthetic biology (KHAN et al.,
2020; MARUSIC et al., 2022; BRODSZKI]J et al., 2022). One of the most noteworthy



6.4. RESULTS AND DISCUSSION 141

benefits of incorporating polymers in lipid membranes is the enhancement of vesicle
robustness, which is closely tied to their mechanical properties, addressed in the next

section.

6.4.2 Mechanical behavior

The lateral pressure profiles of the simulated bilayers under all conditions stud-
ied are presented in Figure 6.16, providing valuable insight into membrane interactions
by revealing the relationship between stress and strain on these structures. The pres-
sure in all curves approaches zero at the edges of the simulation box, demonstrating
that the systems are fully hydrated. Positive and negative peaks indicate areas where
expansion and contraction forces are dominant, respectively. Importantly, these forces
decrease with increasing polymer content, suggesting that polymer-based membranes

are subjected to lower local stresses.
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FIGURE 6.16. Lateral pressure profile as a function of the distance to the bilayer center
of mass at varied temperatures for (A) pure liposome, (B) 25 polymer:75 phospholipid
HYV, (C) 50:50 HV, (D) 75:25 HV and (E) pure polymersome. The colored regions corre-
spond to the water (extremities), hydrophilic region and hydrophobic core (center).
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In lipid bilayers, the two positive peaks at the extremities are associated with
the polar head-groups, where repulsive electrostatic interactions and steric effects at
the membrane-water interface generate an expansion force at the bilayer. There is also
a positive peak in the hydrophobic core region, which is slightly decreased in the center
of the membrane where cohesion between lipids takes place. To counterbalance these
repulsive forces, the glycerol groups at the hydrophilic/hydrophobic interface exert
an attractive compressive force. These results are consistent with profiles reported
previously for POPC membranes (DOMINGUEZ et al., 2016; ARYAL et al., 2017). The
tirst moment of the stress profile ( ffooo Tdz = 0) is close to zero, as shown in Table 6.2,
indicating that the compressive and expansive forces are in balance, as expected for

stress-free bilayers.

The pressure profiles observed for HVs show a dependence on the polymer-to-
lipid ratio. At 25:75, the profile is similar but smoother when compared to pure lipid
bilayers, suggesting a reduction in the intensity of local forces as polymers are incorpo-
rated into the membrane. For 50:50 HVs, a negative peak starts to appear at the edges
of the bilayer, followed by a decrease in the positive peak related to the hydrophobic
core. At a 75:25 ratio, this behavior is even more pronounced. These results suggest
that PEO contributes to the cohesion of the bilayer, replacing the compression forces
previously exerted by the glycerol groups. Indeed, in pure polymer membranes, there
is no positive peak in the hydrophilic core, but only two negative peaks, indicating
that the attraction force is caused mainly by the hydrophilic chain and its interactions
with water (first negative peak) and the hydrophilic core (second negative peak). As
for the effects of temperature, a slight decrease in the stress profiles is observed for the
same composition as 7" increases, suggesting that the mechanisms described above are
similar at different 7" conditions. Similar qualitative/quantitative profiles for polymer

membranes have been also reported before (GRILLO et al., 2018).

The pressure profiles results for HVs have implications for the reconstitution
of membrane proteins. High pressures in hydrocarbon cores can hinder the insertion
of proteins into these environments (FIEDLER et al., 2010). The simulations indicate
that an increase in the polymer concentration may reduce the intensity of the repulsion
in the hydrophobic core, potentially making it easier for proteins to be incorporated.

This aspect will be addressed in the next section. To gain a more comprehensive un-
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derstanding of the mechanical properties of HVs, a combination of simulations with
experiments was performed. The results are presented in Figure 6.17, which illustrates
the elastic moduli obtained from simulations, as well as the mechanical stability of the

vesicles following the addition of Triton X-100 in experiments.
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FIGURE 6.17. HVs (A) area compression, (B) bending, and (C) Gaussian curvature
modulus as function of polymer composition for varied temperatures, as computed
from the simulations; (D) Triton X-100 destabilization profile at 25°C for varied poly-
mer concentrations measured in the experiments.

It can be seen that the area compressibility modulus k4 tends to decrease with
increasing polymer content, indicating that lower stresses are needed to expand or
compress the bilayer, in line with the obtained pressure profiles. The values for 50:50
and 75:25 HVs and polymersomes were almost identical, suggesting that this moduli
can be significantly reduced by just adding 50% polymers into a lipid bilayer. This
reduction of k4 (along with the increased POPC side-chain entropy reported in the
previous section) can contribute to the easier insertion of peptides in HVs compared
to pure phospholipids. This hypothesis was previously suggested in by Jacobs et al.
(2019), who experimentally determined a k4 = 0,103 £ 0,005 ] m~2 for PBD-b-PEO at
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room temperature, which is in good agreement with the averaged value obtained in
the simulations on the 290-330 K range of 0.105 ] m 2 (error = 1.9%). Furthermore,
a decrease in ky for POPC/PBDyy-b-PEO3, hybrid vesicles was previously reported
(NAM et al., 2010), which further supports the simulation results. Higher temperatures
resulted in lower k4 values, which is consistent with experimental observations, and
is related to the increased thermal fluctuations of bilayers at higher 7', as predicted by
statistical thermodynamics theory (HEIMBURG, 1998). Moreover, experimental values
for pure lipid bilayers range from 0.15 - 0.25 ] m 2, with a value of 0.21 ] m~? for POPC
2

(WEBER et al., 2014), which is in good agreement with the average value of 0.2 ] m~

from the simulations.

The bending modulus k¢ is a crucial mechanical parameter of lipid bilayers, as it
quantifies the energy required to deform the membrane from its natural curvature to a
different shape. The results are shown in Figure 6.17.B and, in general, as the polymer
fraction increases, the bending modulus increases as well. However, an exception is
observed in the 25:75 case, where a decrease is observed instead. Generally, a higher
polymeric content results in vesicles with higher stiffness (CZERNOHLAVEK; SCHUS-
TER, 2020), and hence a higher k¢ is expected in these structures, in line with the sim-
ulation results. The deviant behavior in the 25:75 case may be due to the increase in
lateral area under these conditions (as shown in Figure 6.14.B). In general, larger bilay-
ers are more flexible and easier to bend (SEIFERT, 1997), so the slight decrease in k¢
in this case may be attributed to the higher surface area in these conditions. Regard-
ing temperature effects, higher 7" increases the thermal energy of the system, causing
the molecules in the bilayer to become more disordered and undergo greater thermal
fluctuations. This effect makes the membrane more easily deformable and reduces the
bending modulus of the bilayer (PAN et al., 2008). This behavior was observed in all

lipid / polymer mixtures studied.

The Gaussian curvature modulus x¢ describes the energy cost of changing the
Gaussian curvature of a surface while preserving its mean curvature, in contrast to k¢,
which describes the energy cost of deforming a surface to change its mean curvature.
Increasing the polymer content and temperature leads to a lower Gaussian curvature
modulus, as shown in Figure 6.17.C. The negative values obtained indicate that, for

all the lipid compositions studied, the formation of a vesicles is favored. Conversely,
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positive values indicate that other conformations such as tubular or inverted hexago-
nal structures are preferred (as opposed to vesicles). The elastic ratio k¢ /k¢ is a use-
ful parameter for characterizing the how easily the structures of those vesicles can be
changed, as it combines information from both the bending and Gaussian moduli. Sta-
ble vesicles have elastic ratios below 0 (TEMPLER et al., 1998), which is observed in all
cases. However, the values of the elastic ratios vary between = -0.3 for pure POPC and
~ -1.6 for pure polymer vesicles. This suggests that although vesicular structures are
thermodynamically favored in both cases (elastic ratio < 0), pure POPC membranes are

more susceptible to destabilization (formation of micelles or disorganized structures).

While these elastic moduli and their relationships provide valuable insights into
the mechanical properties of the bilayers, they do not directly translate into quantita-
tive assessments of the mechanical stability. Assessing stability through molecular dy-
namics simulations is challenging due to limitations in the simulation time scales (up
to ns-ps). Lim et al. (2013) used fluorescence experiments to investigate the disruption
of vesicles caused by naturally occurring pores on the membrane surface. They found
that the addition of polymer significantly delayed the natural release of dye, and in
the case of pure polymersomes, the release was less than 10% even after five days.
However, it is unclear whether this stability persists under adverse conditions. Based
on the previous discussion of the elastic ratio, it can be predicted that polymer-rich

membranes will lead to more stable vesicles even under increased mechanical stress.

To confirm this hypothesis, fluorescent experiments on vesicle stability were
conducted, exposing them to different detergent concentrations at two temperatures
(298 K and 323 K). The results at 298 K are presented in Figure 6.17.D. Overall, the
results of the detergent destabilization experiments corroborated an important char-
acteristic of HVs: improved mechanical stability compared to pure liposomes. For
pure liposomes, when the detergent concentration reached 0.003 % (v/v), the encap-
sulated carboxyfluorescin started to be released and, at a concentration of 0.009 %, the
encapsulated dye was already fully released. Similar results were obtained at 45°C,
although the fluorescence reached its maximum value more quickly (C = 0.008 %), in-
dicating that the kinetics of lipid destabilization is accelerated at higher temperatures.
A similar behavior in 25:75 HVs was observed, and a comparison of the 4PL model pa-

rameters provided in Table 6.3 shows that the kinetic behavior in both cases is indeed
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similar.

TABLE 6.3. 4PL parameters and regression coefficient for varied polymer/lipid ratios.

b c R?
0:100 0.0058 5.89 0.979
2575 0.0045 4.10 0.990
50:50 0.0069 1.29 0.991
75:25 0.0073 1.06 0.962
100:0 0.0667 4.11 0.978

At higher polymer concentrations, the destabilization rate was considerably
slower, with complete leakage occurring only at detergent concentrations of 0.05 and
0.07 % for 50:50 and 75:25 compositions, respectively. This indicates a nearly tenfold in-
crease in detergent concentration necessary to completely disrupt vesicles with higher
polymer concentration. This can also be seen by the logistic model parameter b on
Table S3 of the Supporting Information, which shows that higher Triton concentration
is required to achieve 50% of the maximum leakage in polymer-rich HVs compared
to pure liposomes and 25:75 HVs. Furthermore, the lower ¢ parameter observed for
the 50:50 and 75:25 vesicles, compared to pure liposomes, suggests slower disrup-
tion kinetics in these cases. These findings are in agreement with a previous study
by Nam et al. (2012), which reported that the addition of detergent primarily affects
lipid-rich domains, but leakage is prevented by the presence of surrounding polymer
molecules that cover the resulting pores. For pure polymersomes, complete disruption
was achieved at detergent concentration of 0.09 %, but the leakage only began when
Crriton = 0,01%. These results indicate a substantial increase in vesicle stability upon
the addition of PBDy,-b-PEO,4, which is in good agreement with the aforementioned

simulation results of lower elastic ratios in such conditions.

In conclusion, the addition of polymers has an impact on all measured mechan-
ical properties. Lateral pressure profiles and the area compression-expansion modu-
lus from the simulations indicate that the forces required to stretch the membrane are
significantly lower in polymer-rich vesicles. The combined effect of the bending and
Gaussian curvature moduli indicates that polymer-rich membranes result in more sta-

ble vesicles, as confirmed by the fluorescence leakage experiments under addition of
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detergent. Therefore, as noted in several publications (KHAN et al., 2016, SENEVI-
RATNE et al., 2018; JACOBS et al., 2019; CATANIA et al., 2022; SENEVIRATNE et
al., 2022; SENEVIRATNE et al., 2023; STEINKUHLER et al., 2022), HVs are robust
structures that can be used as effective alternatives to pure polymersomes and lipo-
somes. This set of mechanical parameters shows that HVs have a potential advantage
over pure liposomes/polymersomes when applied in the release of encapsulated com-
pounds. In the context of drug delivery, it is crucial for vesicles to withstand the high
osmotic pressure and shear flow in blood vessels without leakage. This property can be
finely tuned by controlling the polymer/lipid ratio (MEINS et al., 2013). While lipids
tend to destabilize rapidly, polymersomes are often too stable and do not provide a
sufficiently quick release (REIMHULT; VIRK, 2021). The calculated moduli and deter-
gent stabilization profiles highlight the potential of HVs to modulate drug release, as
supported by Reimhult e Virk (2021). To explore the interaction of HV with membrane
proteins, the following section will focus on the dynamics of pure and hybrid vesicles
with the WALP,3 peptide.

6.4.3 Incorporation of WALP peptide

The free energy profiles of the WALP,; peptide as it is extracted from the bilayer
starting from the N-terminus (computed from US simulations) are depicted in Figure
6.18. As the free energy of solvation of the peptide in water is equal for all membranes,
the aqueous region that is far from the membrane’s surface was chosen as reference
point. In other words, this region serves as a baseline where the PMF value is equal to
0 k] mol~1.

For the 50:50 HVs, two scenarios were analyzed: the peptide starting from either
the thin or the thick region (as defined and discussed previously). It is evident that the
PMFs vary significantly among different membrane compositions. In pure liposomes
and 25:75 HVs, the lowest energy is found at the center of the bilayer and energy grad-
ually increases as the peptide moves away from the membrane and into the solvent,
indicating that the transmembrane orientation of the peptide is thermodynamically fa-
vored, as previously reported (SPINTI et al., 2023; YUE et al., 2016). As the peptide

moves away from the center, energy increases due to the increased repulsive interac-
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tion between the hydrophobic helix core and the membrane hydrophilic region. At
the same time, the C-terminus is moved into the hydrophobic core of the bilayer, also
contributing to the energy increase. When the peptide reaches the hydrophilic area
of the membrane, it aligns along the -y plane to minimize surface contact between
its charged ends and the acyl chains of the bilayer, and in this region the energy re-
mains almost constant. After the peptide is fully removed from the bilayer, its charged
termini are still attracted to the POPC head groups via electrostatic interactions, caus-
ing the system’s energy to increase as the peptide moves away from the membrane.
Once the peptide-bilayer distance exceeds the electrostatic cutoff (i.e., the peptide is

sufficiently far from the membrane surface), the free energy of the system remains con-

stant.
= OF = ~
=} =) 31
E 25 £ £
= = =
& -50 = &
<3 = <
= 75 = =
A - -]

-100 -
= 0 = =
(=] =} (=]
£ -25 E £
2 50 2 2
N’ N’
E 75 E 75 E
5 M|z E) |z
_100 ----------- Il _100 -------------- Il -
0 2 4 6 0 2 4 6 8
R.C. (nm) R.C. (nm)

FIGURE 6.18. Potential of mean force as a function of the reaction coordinate for (A)
pure liposomes, (B) 25:75 HV, (C) 50:50 HV with the peptide in the thin region, (D)
50:50 HV with the peptide in the thick region, (E) 75:25 HV and (F) pure polymersome.
The colored regions, from left to right, correspond to the hydrophobic core, hydrophilic
region, and water, respectively.

For 50:50 HV bilayers, the behavior of the peptide depends on its starting lo-
cation (thin or thick region). If it starts within the thin region, a profile similar to

that seen for lower polymer fractions is observed (Figure 6.18.C), although the differ-
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ence in free energies between the transmembrane and fully solvated configurations is
slightly smaller, indicating that less energy is required to extract the peptide from the
membrane. Notably, the energy difference between the bulk water and the initial in-
teraction with the membrane hydrophilic part is larger than in the case of pure lipid
membranes. This suggests that the initial interaction of the peptide with the protein is
more favorable for 50:50 HVs, which could help to explain why proteins insert more
readily into HVs than into liposomes, as observed in in vitro reconstitution studies (JA-
COBS et al., 2019; CATANIA et al., 2022). Conversely, when the peptide starts within
the thick region of the 50:50 HVs, a different profile is obtained, with the energy mini-
mum shifted to the hydrophilic part of the membrane. In this case, the charged termini
of the peptide cannot reach the hydrophilic regions of the membrane due to the signif-
icant size difference between the thickness of the bilayer and the length of the peptide.
As the peptide moves closer to the hydrophilic core, the energy decreases and reaches
a minimum when the peptide is parallel to the bilayer plane and fully inserted into the
hydrophilic region, where electrostatic interactions between the polar components of
the membrane and the charged termini of the peptide are minimized. Upon removal
from the bilayer, the energy increases again due to the electrostatic attraction to the
membrane, as previously mentioned. Similar behavior is also observed for 75:25 HV

and pure polymersomes (Figure 6.18.E and 6.18.F, respectively).

The PMF results presented demonstrate that the composition of hybrid vesi-
cles can impact the behavior of peptides in the membrane. Cytochrome bo; exhibited
higher initial activity when embedded in a pure liposome, with 95 + 5 and 81 + 11 %
of this activity being maintained in 25:75 and 50:50 HVs, respectively (KHAN et al.,
2016). In contrast, only 34 + 5 and 5 + 1 % of this activity was retained in 75:25 and
pure polymersomes. The simulation results support these experimental findings, as
the peptide was found to have an energy minimum in a transmembrane configuration
only when the bilayer composition consisted of up to 50% polymer. To further analyze
the membrane arrangements near the peptide, Figure 6.19 provides a visual represen-
tation of the membrane thickness, density, and order parameter of phospholipid acyl
chains for the mixtures in which a transmembrane peptide was found to be energeti-
cally stable (0, 25, and 50% collapsed polymer fraction). The results are displayed as
contour plots in the bilayer plane, which is perpendicular to the axis of peptide inser-

tion. To facilitate analysis, the peptide was positioned at the center of the simulation
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box. The results are presented for a temperature of 310 K, with additional profiles for

other temperatures available in Figures B.1-B.5 of Appendix B.
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FIGURE 6.19. Contour plots showing local measurements of various properties on
the membrane’s lateral area as seen in the simulations, including thickness for (A)
pure liposomes, (B) 25:75 HV, (C) 50:50 HV (peptide starting in the thin conformation);
membrane normalized density for (D) pure liposomes, (E) 25:75 HV, (F) 50:50 HV; acyl
chains order parameter for (G) pure liposomes, (H) 25:75 HV, (i) 50:50 HV. The color
scale for each variable is displayed in the right-hand side detail.

The membrane thickness decreases near the peptide, particularly for the 50:50
HV composition, where a larger decrease is observed. This pronounced behavior in

50:50 membranes is related to the thin and thick phases observed both experimentally
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and in simulations. Distinct patterns are also observed for the density when com-
paring the different compositions. In the lipid bilayer and 25:75 HVs, the membrane
density increases rapidly right after the point where the peptide is inserted. However,
the membrane with 50:50 composition exhibits a larger zone of decreased density. Sep-
arate density profiles for the POPC and the polymer can be found in Figure B.2 and
B.3 of Appendix B. Comparison of the density profiles for the POPC and the polymer
reveals that the decrease in density near the peptide in the 50:50 HV composition cor-
responds to a local higher concentration of phospholipids and a lower concentration
of polymer. These differences do not result in lipid/copolymer phase separation, but
they are significant enough to be visualized. This observation supports the hypothesis
presented earlier that a local decrease in polymer concentration promotes a collapsed
polymeric configuration and reduces the thickness of the bilayer (as seen in Figure 6.19
Q). These findings suggest that locally increased phospholipid density may contribute
to protein/peptide insertion in HVs, which, together with the thermodynamics anal-
ysis by the umbrella sampling technique, may help to explain why bioactivity is only

preserved at specific polymer-to-lipid ratios.

In addition, Figures 6.19G-I also suggest a remarkable difference in the distri-
bution of order parameters between pure liposomes and HVs. While the S, in pure
liposomes show a homogeneous and space-independent value, which decreases with
temperature as seen in B.5 of Appendix B, the addition of polymers to the lipid bilayer
results in a local shell of decreased order parameter around the peptide. This behavior
is observed across all temperatures, as evidenced by the data in the Appendix. This
provides further evidence that the addition of polymers tends to increase the entropy
of the acyl chains of phospholipids, making the hydrophobic core more disordered and

favorable for protein incorporation.

The results presented in this study regarding the dynamics of a WALP peptide
within various HVs formulations have significant implications for practical purposes.
The successful integration of proteins into vesicles is crucial for a wide range of biotech-
nological purposes, such as the development of transmembrane channels for drug de-
livery (MA]D et al., 2010), energy transduction (RIGAUD et al., 1995), improvement
of food quality (LIU et al., 2020) and synthetic cell studies (PAPAHADJOPOULOS;
KIMELBERG, 1974). While these operations are typically carried out using liposomes,
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the present findings align well with prior research on hybrid vesicles (KHAN et al.,
2016; SENEVIRATNE et al., 2018; OTRIN et al., 2017; JACOBS et al., 2019), suggesting
that HVs, with the addition of low to moderate amounts of polymers, can effectively
perform similar functions. Furthermore, the reconstitution process in the absence of
detergent might be enhanced in hybrid membranes (CATANIA et al., 2022), facilitat-

ing protein incorporation in vesicles.

6.5 Conclusion

In this study, hybrids vesicles composed by POPC and PBDs,-b-PEO;, were an-
alyzed with computational techniques and the results contrasted with existing and
new experimental data. The structural and mechanical properties of these membranes
were investigated along with their biophysical behavior in the presence of a WALP,;
peptide using coarse-grained MD simulations (with a new parameterization for the
copolymer) and the umbrella sampling technique. The simulations results helped to
shed some light on the different conformations adopted by lipids and copolymers de-
pending on the polymer-to-phospholipid ratio. When the lipid concentration is low,
an elongated arrangement is taken by the copolymers, and POPC molecules are po-
sitioned at the hydrophilic/hydrophobic interface of the membrane. This leads to an
increased thickness and decreased lateral area on the membrane. Conversely, at high
lipid concentration, the polymer adapts to the phospholipid configuration by adopt-
ing a collapsed structure, with decreased thickness and increased lateral area. These
structural observations were in good agreement with recent reports about the phase
behavior in HVs.

The calculated mechanical modulus showed that the energy required to stretch
the membrane is significantly reduced by polymer addition. Furthermore, the addi-
tion of polymers tended to increase the fluidity of the POPC acyl chains. These two
tindings help to explain why proteins are more easily reconstituted in hybrid vesicles
(HVs) than in pure liposomes. Additionally, the relationship between the bending and
Gaussian curvature elastic moduli supports previous findings that HVs become more
stable as polymer content increases. This conclusion is also supported by fluorescence

experiments that measure leakage in the presence of detergent. Umbrella sampling
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simulations revealed that the WALP,; peptide is only thermodynamically stable in a
transmembrane configuration when polymer concentrations are up to 50%, helping
to explain why high polymer concentration may not favored active incorporation of
proteins. The present findings are consistent with previous studies and provide new
insights into the behavior of hybrid vesicles that can be helpful to modify and optimize

these structures for their various biotechnological applications.






Chapter 7

Final Considerations

Understanding the emerging technologies impact on diverse nutrients relevant
to the food industry is crucial for the application of these processes as alternatives to
conventional methods. Experimental characterization techniques, such as NMR and
cryo-EM, are extremely useful for this purpose, although, in general, they present three
limitations: (i) the high equipment cost; (ii) the analysis resolution; and (iii) the diffi-
culty in evaluating mechanisms. This thesis aimed to analyze the application of emerg-
ing technologies through a different approach, the use of molecular dynamics simula-
tions. It may be stated that the roles of experiments and simulations are distinct, yet
complementary. Experimental techniques provide measurements of physicochemical
parameters and structural details for the systems under investigation. On the other
hand, MD simulations detail the dynamic evolution of structures during processes, al-
lowing the computational modeling of several systems and providing a fundamental
perspective on phenomena observed in experiments. The synergy between these two
approaches is therefore a powerful tool for the comprehensive examination of phe-

nomena in food science.

Through the computational evaluation of various technologies and systems, the
present work aimed to contribute to the field offering a multifaceted perspective on
how molecular simulations can be applied in the context of food science. Possibly the
most straightforward example of this objective is found in Chapter 3, where the effects
of continuous and alternating electric fields on the ovalbumin molecule were stud-
ied. As this protein has several technological applications in the food industry, this
chapter shows how molecular simulations can be used to analyze molecules relevant

to food science. Despite the restriction in temporal and spatial scales, the simulations
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demonstrated the ability to reproduce relevant phenomena that were experimentally
reported by other authors. Furthermore, the simulations enabled the explanation of
various properties of egg-based products by establishing correlations between experi-

mental behaviors with properties measured at a molecular scale.

The studies addressed in Chapters 4, 5, and 6 also find several applications in the
food industry, either by explaining the synergy obtained by the simultaneous applica-
tion of two emerging technologies or by analyzing properties of microencapsulation
systems. However, it is important to note that these results have applications beyond
the food industry. For example, hybrid vesicles can serve as nanoreactors in the chem-
ical industry, while the combination of electric field with high-pressure or ultrasound
can be employed in drug delivery by the pharmaceutical industry. Thus, a broader
range of phenomena is explained in these studies. This fact illustrates the possibil-
ity of interdisciplinarity in the simulation results, enhancing mutual advances across

different areas of knowledge.

Regarding the research objectives presented in the Introduction section, the first
objective, concerning the influence of electric field applications on the structural, solu-
bility, and electrical properties of the ovalbumin molecule, was addressed in Chapter
3. During the application of electric fields, the preservation of helical structures was
observed. This phenomenon possibly arises from the increase in salt bridges in ovalbu-
min under the influence of external electric fields. Furthermore, it was found that both
continuous and alternating electric fields caused an increase in the radius of gyration,
dipole moment, and available surface area for contact with the solvent. These results
indicate that the application of electric fields has the potential to alter the technological
properties of this protein. The increase in electrostatic interactions and dipole-dipole
forces under these conditions is in accordance with experimentally reported results in
the literature. Additionally, these findings were helpful in elucidating the underlying
mechanism of some non-thermal effects experimentally reported in egg-based prod-

ucts, such as the increase in viscosity, emulsification, and gel formation.

The second study used mesoscale simulation techniques (wWhere some atoms
with similar properties are grouped into an effective particle) to analyze the electro-

poration phenomenon in a lipid bilayer composed of DPPC, aiming to address the
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second specific objective (to investigate the effect of temperature and pressure on elec-
troporation). Results showed that the time for pore formation and resealing increased
with pressure and decreased with temperature, whereas the maximum pore radius in-
creased with temperature and decreased with pressure. This behavior influenced the
ion migration through the bilayer, and the higher ionic mobility was obtained in the 288
K/1000 atm simulations, i.e., a combination of low temperature and (not excessively)
high pressure. These results were used to discuss some experimental observations re-

garding the extraction of intracellular compounds.

The third objective, which involves the analysis of synergistic effects between
electric fields and ultrasound, was addressed in Chapter 5. The study demonstrated
that synergistic effects do not occur in the absence of cavitation if electroporation alone
is capable of forming pores. However, the shock wave leads to a reduction in the
thickness of the lipid bilayer, and this mechanism can result in pore formation for
lower electric fields (when the transmembrane potential is below the membrane rup-
ture threshold). In the presence of cavitation, synergistic effects were observed at the
highest studied velocities. In this scenario, a nanojet caused by the collapse of the
cavitation bubble causes initial damage to the membrane, which is quickly amplified
by the electroporation effect. Therefore, ultrasound can catalyze and direct the pore

formation by electroporation.

The evaluation of physicochemical, mechanical, and biochemical properties of
lipid-polymer hybrid vesicles, was addressed in Chapter 6 and is related to the final
objective of this thesis. This study was carried out in collaboration with the Macro-
molecular Biochemistry group at the University of Leiden in Leiden, the Netherlands,
through a scholarship provided by the CAPES-PRINT internationalization program.
This collaboration also allowed for the application of experimental characterization
techniques in conjunction with molecular dynamics simulations. This hybrid approach
proved to be crucial in understanding several properties of these systems. In general,
it was observed that hybrid membranes with low to medium polymer concentrations
were able to combine the best characteristics of both constituents, namely the robust-
ness of the polymers and the bioactivity of the lipids. The loss of activity in vesicles
with high polymer concentrations was mainly due to the hydrophobic size mismatch

between the apolar fractions of the membrane and proteins, making these membranes
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less suitable for biotechnological applications.

In conclusion, this thesis has contributed to a deeper understanding of the im-
pact of emerging technologies on some nutrients relevant to the food industry. By em-
ploying computational techniques, insights were obtained into fundamental processes
that are often challenging to investigate through experiments. The findings from this
thesis have the potential to be used by several industries, fostering innovation and
advancing the use of emerging technologies in practical applications. As this field
continues to evolve, the interplay between computational simulations and experimen-
tal investigations will become increasingly critical for solving complex challenges and

driving progress in this scientific domain.

7.1 Perspectives for Future Work

The present work investigated phenomena relevant in food science through the
use of molecular dynamics simulations. However, there are a number of possible tech-
nologies to be studied and several computational methodologies available. Consider-

ing this, some suggestions for future work in this area are presented as follows.

e Investigate the dissolution of ozone in water and its reaction kinetics with
foodborne pathogens, enzymes, and other food constituents at the atomistic

level using, for example, reactive molecular dynamics.

e Investigate at the mesoscale the fouling mechanisms in membranes used in
food processing, such as ultrafiltration and microfiltration, contributing to

the development of strategies for fouling mitigation.

e Explore the behavior of carbohydrates or lipids in high pressure and PEF

processing, since most studies focus on the molecular analysis of proteins.

o Investigate the stability of nanoparticles used in food applications (e.g., na-
noemulsions, nanocapsules) at the molecular level, to optimize their long-

term performance and controlled release properties.
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e Utilize density functional theory calculations to predict the binding ener-
gies and interactions of flavor molecules with food matrices, which impact

flavor release and sensorial perception.

e Simulate the interactions between nanomaterials and food molecules to op-

timize barrier properties, antimicrobial activity and controlled release.

These examples show how simulations can be applied to address various chal-
lenges in emerging food processing technologies. Depending on the specific problem
and research goals, these computational methods can provide insights into molecular-
level mechanisms and interactions, that are essential for optimizing the different use

of food processing techniques.
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A.1 Deuterium order parameter profiles
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FIGURE A.1. Deuterium order parameter profiles at (A) 1 atm, (B) 500 atm, (C) 1000
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A.2 Arrhenius model applied to the electroporation ki-

netics parameters
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A.3 Evolution of the number of ions in compartment I as
function of time
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B.1 Two dimensional profiles of different membranes
under WALP incorporation

290 K
(A)

25% pol 0% pol

50% pol

FIGURE B.1. Membrane normalized density profiles as a function of temperature
(columns) and polymer concentration (rows): (A) 290 K - O(polymer):100(lipid), (B)
310 K - 0:100, (C) 330 K - 0:100, (D) 350 K - 0:100, (E) 290 K - 25:75, (F) 310 K - 25:75, (G)
330 K - 25:75, (H) 350 K - 25:75, (I) 290 K - 50:50, (J) 310 K - 50:50, (K) 330 K - 50:50, (L)
350 K - 50:50.
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290 K 310K

FIGURE B.2. POPC normalized density profiles as function of temperature (columns)
and polymer concentration (rows): (A) 290 K - O(polymer):100(lipid), (B) 310 K - 0:100,
(C) 330 K - 0:100, (D) 350 K - 0:100, (E) 290 K - 25:75, (F) 310 K - 25:75, (G) 330 K - 25:75,
(H) 350 K - 25:75, (I) 290 K - 50:50, (J) 310 K - 50:50, (K) 330 K - 50:50, (L) 350 K - 50:50.
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FIGURE B.3. PBDg,-b-PEO;4 normalized density profiles as function of temperature
(columns) and polymer concentration (rows): (A) 290 K - O(polymer):100(lipid), (B)
310 K - 0:100, (C) 330 K - 0:100, (D) 350 K - 0:100, (E) 290 K - 25:75, (F) 310 K - 25:75, (G)
330 K - 25:75, (H) 350 K - 25:75, (I) 290 K - 50:50, (J) 310 K - 50:50, (K) 330 K - 50:50, (L)
350 K - 50:50.
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FIGURE B.4. Membrane thickness as a function of temperature (columns) and polymer
concentration (rows): (A) 290 K - O(polymer):100(lipid), (B) 310 K - 0:100, (C) 330 K -
0:100, (D) 350 K - 0:100, (E) 290 K - 25:75, (F) 310 K - 25:75, (G) 330 K - 25:75, (H) 350 K -
25:75, (I) 290 K - 50:50, (J) 310 K - 50:50, (K) 330 K - 50:50, (L) 350 K - 50:50.
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FIGURE B.5. POPC order parameter as a function of temperature (columns) and poly-
mer concentration (rows): (A) 290 K - O(polymer):100(lipid), (B) 310 K - 0:100, (C) 330
K-0:100, (D) 350 K - 0:100, (E) 290 K - 25:75, (F) 310 K - 25:75, (G) 330 K - 25:75, (H) 350
K-25:75, (I) 290 K - 50:50, (J) 310 K - 50:50, (K) 330 K - 50:50, (L) 350 K - 50:50.
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B.2 Electron density profiles for all components
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FIGURE B.6. Electron density profiles for membranes at different temperatures

(columns) with varying polymer concentrations (rows):
mer):100(lipid), (B) 310 K - 0:100, (C) 330 K - 0:100, (D) 350 K - 0:100, (E) 290 K - 25:75,
(F) 310 K - 25:75, (G) 330 K - 25:75, (H) 350 K - 25:75, (I) 290 K - 50:50, (J) 310 K - 25:75,
(K) 330 K - 50:50, (L) 350 K - 50:50, (M) 290 K - 75:25, (N) 310 K - 75:25, (O) 330 K - 75:25,
(P) 350 K - 75:25, (Q) 290 K - 100:0, (R) 310 K - 100:0, (S) 330 K - 100:0, (T) 350 K - 100:0.
The detail on the right presents a separate profile for the acyl chains in a 50:50 mem-
brane, revealing the presence of acyl chains both at the center and at the extremities of

the bilayer’s hydrophobic core.
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