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CHAPTER 1 INTRODUCTION

Climate change is becoming a crucial case for our planet due to its
magnificent impacts on food security, human health, and biodiversity. Thus,
green processing technologies are becoming essential for achieving
sustainable development goals. Pulsed Electric Field (PEF), as a green
processing technique, has become an emerging method used in many food
applications in recent years. PEF uses brief, powerful electric pulses applied
to food items, causing a variety of structural and physiochemical changes [1].
This technique has become more significant because of its capacity to increase
the extraction yield of phytochemicals, improve food safety, maintain
nutritional value, and prolong shelf life [2—4]. Additionally, PEF provides
abilities for protein modification, which is vital for the stability and functional
characteristics of food systems [5].

Milk proteins are particularly significant in the food industry due to their
functional and nutritional values. Caseins and whey proteins, which make up
milk proteins, have different structures and functions [6]. The structure of
these proteins affects their interactions with other food components.
Understanding the PEF-induced structural changes of proteins can help
improve their techno-functional properties. Several studies were performed to
investigate the effects of PEF on some plant and animal proteins [7—10].
However, the effects of high EFS on the structure of micellar caseins are yet
to be fully studied. Due to their amphiphilic structure, proteins are utilized for
stabilizing emulsion systems in many food products [11]. However, proteins
are sensitive to changes in temperature, pH, and ionic strength. The proteins’
interaction with polysaccharides is one of the methods to overcome the
sensitivity of proteins to the surrounding environment. However, there is still
a knowledge gap in research regarding the analysis of PEF-induced bovine
serum albumin (BSA)/soluble starch interactions.

Moreover, the interaction between proteins and polyphenols, bioactive
substances derived from plants, is getting much attention [12]. Anti-
inflammatory and antioxidant activities are the main health-promoting
qualities of polyphenols that have been acknowledged [13]. When these
substances interact with proteins, the stability, bioavailability, and sensory
qualities of food products could be altered [14—16]. Little is known about
protein-polyphenol interactions when subjected to nanosecond PEF (nsPEF)
treatment. Therefore, the main goal of this PhD thesis is to examine how PEF
treatment affects the structure of micellar casein, interactions between BSA



and soluble starch, and between BSA and tea polyphenols (Epigallocatechin
Gallate, EGCQ).

In this thesis, we tried to investigate and clarify how PEF could influence
the structure of CSMs and BSA and the interaction of BSA with large
macromolecules (soluble starch) and small bioactive compounds (EGCG). In
our research, we applied several chemical methods to investigate changes in
protein's structural and functional properties. For example, Fourier transform
infrared (FTIR) and circular dichroism spectroscopy were used to determine
secondary structure alterations in proteins. Raman, Ultraviolet-visible (UV-
vis), and fluorescence spectroscopic investigations were performed to study
changes in the protein solubility, surface hydrophobicity, and protein
structures. Moreover, physical-based methods were applied in this study to
reflect the changes in the chemical structures. For instance, Differential
scanning calorimetry (DSC) was used to investigate the thermal stability of
emulsions stabilized by BSA/starch conjugates. Moreover, dynamic light
scattering (DLS) was employed to study the changes in size of protein
molecules as an indication for protein denaturation, aggregation, or unfolding
after PEF treatment.

Aim of the thesis
To investigate the impacts of PEF on the structure of proteins and the
interaction between protein/polysaccharides and protein with polyphenols.

Tasks of the thesis:

1. To investigate how PEF treatment can affect the interaction
(Maillard reaction) between bovine serum albumin (BSA) and
soluble starch.

2. To evaluate the physicochemical and stability of emulsions
stabilized by PEF-treated and untreated BSA/starch conjugates.

3. To study how PEF can influence the structural properties of casein
micelles.

4. To investigate how nsPEF could influence the interaction between
BSA and Epigallocatechin gallate polyphenol (EGCG).
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Statements for defense

1. PEF treatment facilitated the glycation between BSA and soluble starch and
improved the stability of emulsions stabilized by BSA/ soluble starch
conjugates.

2. The application of PEF treatment resulted in notable alterations in the
secondary structure, particle dimensions, solubility, and disulfide bonding of
micellar casein (CSMs).

3. nsPEF treatment changed the structure of BSA and facilitated the EGCG
binding to the BSA.

The novelty of this PhD thesis

Micellar casein represents almost 80% of the total milk proteins. It is a crucial
component to produce many dairy products, such as cheese and yogurt.
Therefore, it is significant to investigate how PEF could affect the structure of
casein micelles and its behavior in food processing and formulation.
Moreover, PEF influences on CSMs were studied as it has not been fully
investigated yet. Both BSA and CSMs can be utilized in biochemical
investigations of protein structure and thermodynamics, such as spectroscopy
and calorimetry. BSA is frequently employed as a model protein with a well-
known structure in drug binding studies and drug administration systems.
Thus, it was decided to study the effects of applying PEF technology on BSA
structures and interaction and binding with polysaccharides and EGCG. The
PhD thesis brings forth novel contributions in the following aspects:

1. By examining the effects of PEF on protein structures, protein-
polysaccharide mixtures and their emulsifying capabilities, and protein-
polyphenol interactions, this work reveals significant insights into the possible
applications of PEF as an innovative food processing technique.

2. The thesis provides insight into the complicated changes that occur in the
structures of BSA and CSMs when treated with PEF through thorough study.
The effects of PEF on these proteins have not yet been studied. It investigates
conformational, solubility, and surface hydrophobicity variations. This in-
depth understanding of protein structural changes under PEF conditions
provides a valuable viewpoint on protein functionality.
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3. The thesis takes a pioneering approach to examining the intricate interplay
between proteins and polysaccharides (BSA/Soluble starch) when exposed to
PEF treatment. It investigates the binding mechanisms, particle size dynamics,
and overall stability of protein-polysaccharide stabilized emulsions. These
findings provide novel insights into the formation and potential utilization of
these complexes in diverse food systems.

4. The thesis explores the novel domain of protein-polyphenol (BSA/EGCQG)
interactions under PEF conditions. This exploration opens new opportunities
for applying the potential of these complexes in the development of functional
food formulations.
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CHAPTER 2 LITERATURE REVIEW

Pulsed Electric Field: Fundamentals and Effects on the Structural
and Techno-functional Properties of Dairy and Plant Proteins

13



2.1 Introduction

Edible proteins are crucial macronutrients with industrial, functional, and
nutritional applications. In particular, dairy proteins are a desirable raw
material in various industrial applications because of their distinct functional
characteristics and high nutritional value [17,18]. The dairy industry also
significantly affects the European Union (EU) economy and global economic
growth. Recent data from the European Commission (milk market
observatory) indicates that the EU exported over 500,000 tons of whey
powders in 2020 [19]. Due to their widespread use as an ingredient in food
products, dairy proteins must possess exceptional functionalities, such as
greater solubility and enhanced gelling, foaming, and emulsifying capacities
[20]. To improve their functional qualities, it is necessary to modify the
conformational and structural states of dairy proteins. The percentages of
hydrophilic to hydrophobic residues on a protein's surface and the quantity of
hydrogen bonds are the main determinants of a protein's solubility. Although
variations in the quantities of sulfhydryl (-SH) groups and disulfide linkages
can also affect a protein's ability to gel, a protein's surface activity directly
correlates with its capacity to act as an emulsifier [21].

There is a noticeable rise in the use of plant proteins as an alternative to
animal proteins in developing sustainable food systems [22,23]. In addition,
their amphiphilic structures and affordable prices make them suitable for
numerous applications in the food industry, such as emulsifiers and foam
stabilizers [24,25]. However, the use of proteins can be limited by factors such
as high molecular weight, low solubility, and weak electrostatic repulsion
[26]. Thus, it is essential to develop emerging green technologies that can
modify the techno-functional and structural properties of both plant and dairy
proteins without compromising their flavor and nutritional value.

In the food industry, PEF technology has demonstrated promising
outcomes for the inactivation of microorganisms and enzymes in an eco-
friendly manner [27-31]. In PEF processing, high-voltage electric pulses with
durations ranging from milliseconds (ms) to nanoseconds (ns) are directed to
the food samples positioned between the two electrodes [10,32]. PEF
technology has various advantages compared to long-established
pasteurization methods, such as longer shelf-life, better retention of
micronutrients and quality, and cost-effectiveness [33,34]. Consequently, PEF
utilization in the food industry, particularly in the plant and dairy processing
sectors, is rapidly increasing [28,35]. Additionally, studies suggest that PEF
can alter the techno-functional and structural properties of food proteins and
promote protein/polysaccharides glycation [7-9,21,36-45].
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Although the precise mechanism by which PEF affects proteins is not
entirely comprehended, some investigations indicate that during PEF
processing, polar groups absorb energy, producing free radicals. These
generated free radicals can alter the intramolecular interactions within protein
molecules, i.e., Van der Waals forces, salt bridges, disulfide bridges, hydrogen
bonds, and hydrophobic and electrostatic interactions [21]. Moreover, PEF
treatments can potentially alter the apparent charge of proteins by influencing
their ionic interactions, leading to changes in their structural and functional
characteristics [20,46]. Numerous published review articles have explored the
influences of PEF processing on food and its potential applications
[10,20,21,28,29,34,39,47-58]. This literature review aims to 1) Concisely
contrast PEF with other well-known processing methods; 2) Elaborate on the
principles and underlying concepts that govern PEF technology; 3) Examine
the impact of PEF on the structural and techno-functional characteristics of
dairy and plant proteins, such as solubility, foaming, emulsifying, and gelling
properties.

2.2 PEF vs other processing technologies

In addition to PEF, several emerging technologies, such as cold plasma
processing [59-61], microwave treatment [62—65], high-pressure processing
[66—69], and ultrasound [70—73] have been utilized to modify the techno-
functional and structural properties of food proteins. The effects of these
technologies on proteins, processing parameters, and mechanisms are
summarized in Table 1. However, due to its sustainable approach and wide
range of applications, PEF has attracted considerable interest in the food and
biotechnology industries [74]. PEF has been used for improving the functional
properties of proteins [21], protein extraction from algae, winemaking, and
biogas production [74], enhancing drying and extraction kinetics [75],
improving the quality of potato chips [76], and freeze-dried fruits [77] as well
as microbial inactivation [78].

PEF has many advantages compared to other processing techniques [79];
these advantages include suitability for processing heat-sensitive foods, better
nutrients, flavors, and color retention, environmentally friendly nature, low
energy consumption, waste-free process, and short processing times.
However, some disadvantages of PEF technology include the presence of
bubbles during PEF treatment, which can lead to non-uniform treatment and
operational problems. Furthermore, PEF units for commercial use are not
widely available in many regions around the world [79].
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Table 1 Brief comparison among different emerging processing techniques and their effects on proteins’ structure and techno-

functional properties, reprinted from (Taha et al. [1]).

Processing

Effects on proteins’ techno-

technology Processing parameters Mechanism Effects on protein structure functional propertics
Depends on the EFS and the Different pulse waveforms
- Treatment duration, - Polarization of protein type of proteins. and types of proteins can
temperature, frequency, molecules and the have varying effects on the
PEF electric field strength production of free radicals The secondary structure and solubility of proteins.
(EFS), pulse duration, can cause structural and exposure of hydrophobic groups
and pulse wave shape functional changes in on the surface of protein Enhancement of emulsifying
[80]. proteins [20]. molecules changed significantly  and foaming characteristics
[44]. [81].
. ACOU:SUC cavitation (the . Alterations occurred to the
Temperature, time, creation and collapse of air secondary and tertiar
energy density (J/mL),  bubbles) generates chemical M y Proteins' emulsifying and
. . . . . structures. . e
Ultrasound intensity, acoustic reactions and physical gelling capabilities were
energy, frequency, and  issues that cause the . Surface hydrophobicity and free enhanced [84].
amplitude [82] structure and technological sulfhydryl groups increase [73]
qualities of proteins [83]. yaryl group '
Depends on the applied
Depending on the used pressure.
High Temperature, The entry of water into the circumstances and protein o .
. . . . Emulsifying and Foaming
pressure pressure, and treatment ~ protein matrix can cause system. Mainly Denaturation [
. . . . . . capabilities enhanced.
processing duration [67] protein unfolding [49]. and aggregation of proteins

occurred [85].

Solubility of proteins
improved [86].
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Pr in . . . Effects on proteins’ techno-
Ocessing Processing parameters Mechanism Effects on protein structure cels on proteins techno
technology functional properties
The exposed proteins
interact with
. lectromagnetic energy at
Temperature, time, ¢lectromagnetic eneigy @ - Secondary structure changes. . .
. the molecular level. During Gelling properties
Microwave frequency, and power

[62].

the treatment,
electromagnetic energy
generates heat through the
motion of molecules [83].

Protein aggregation [87].

improved [88].

Cold-plasma
processing

Voltage, frequency,
time, and temperature
[89]

Several high-energy
radicals, such as hydroxyl
radicals, superoxide nitric
oxide, and atomic oxygen
break the covalent bonds
and promote several
chemical reactions [90].

The high-energy reaction may
disrupt peptide bonds and
oxidize amino acid side chains.

Additionally, they may enhance
protein-protein interactions.

-Changes were identified in the
secondary structures[91].

The improved emulsifying
and gelling characteristics of
proteins have resulted in
increased water- and oil-
holding capacities [61].
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2.3 Fundamentals of PEF technology: Device components and pulse
generation

A closed-loop that facilitates the movement of electricity is known as an
electric circuit. Electric current (/) refers to the flow of electrons through the
circuit and is measured in amperes (4). This flow can be determined using the
equation /= V/R, where the current is driven by the electric pressure measured
in volts (¥), and R (in ohms) is the resistance to the current flow. The
resistance opposes the flow of electric current [92].

The contemporary method of PEF processing involves directly applying
electrical pulses to food material positioned between the two electrodes for a
duration of ms to ns at a range of electric field strength (EFS)[93]. Multiplying
the effective pulse duration by the number of applied pulses yields the
processing time for the PEF. The voltage generator and electrode geometry
control the time course and magnitude of the PEF process.

-
High voltage pulse generator
Monitoring system l
Cooling coil
Treatment chamber
Raw material PEF treated product

Figure 1. A diagram of a possible continuous PEF device used to treat food
samples.

The conventional PEF apparatus includes a high voltage pulse generator, a
treatment chamber with an appropriate cuvette, and the required monitoring
and regulating tools. Figure 1 depicts a diagram of a continuous PEF device
used for food treatment. The equation (/=V/R) can be used to compute the
electric current, or flow of electrons across the circuit, which is expressed in
amperes (A). Voltage is the term for the force or source of electricity that

18



drives the flow of current (V, measured in volts). Ohms (R), a unit of electrical
resistance, represents the resistance of an electric circuit. The electric field is
affected by the voltage that is supplied, the separation between the two
electrodes, as well as pulse width and waveform. E is the electric field
intensity (V/m), u(t) is the voltage applied over time (V), and d is the distance
between the electrodes (m) Equation (1) [94].

E@) =1/ + [Ju(t) dt (1)

Different circuit components are used in a variety of circuit types (pulse
generators) in PEF devices to carry out the necessary functions. A schematic
representation of a PEF device used for food processing is shown in Figure 2.
A capacitor is charged to create the electrical pulses, and a switcher or trigger
that regulates the decay in an electronic circuit discharges the capacitor [95].
The elements and their functions that make up PEF systems are listed in Table
2. The PEF devices used for food processing have a number of electric
components in their electric circuit. The capacitors are charged by a pulse
generator that can be an alternating current (AC) turned to a direct current
(DC) using a rectifier. The pulse generator is also used to discharge high
voltage from capacitors through a pulse-forming network (PFN) in the form
of a pulse with a specific pulse width and shape (Figure 2).

Table. 2 Functions of main PEF devices components, reprinted from (Taha et

al. [1]).

Component Description & Function(s) References

e Utilizing a power supply to generate high
High-Voltage voltage DC at a particular intensity. [93]
Pulse Generator e  Utilizing a PFN to discharge the high voltage
as pulses of specific shapes and widths.

. 96
Resistors Delay the current flow and reduce the voltage. [96]
. [97]
Capacitors Energy (voltage) storage.
Connect or disconnect electric current and [34]
Switchers

regulate the release of stored energy.

Specific containers are used to hold food
samples during PEF treatment at mainly have two [94,98]
electrodes.

Treatment
chambers
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Pulse

Trigger circuit

generator
AC il
Volt Switcher
Thyratron Treatment
chamber
Rectifier
DC high voltage
_/\/\/\/ ||
11
Resistor (Q) Capacitor (pF)

Figure 2 A schematic diagram illustrating an exemplar electric circuit within
a Pulsed Electric Field (PEF) device employed in food processing. Reprinted
from (Taha et al. [1]).

A capacitor is a type of electrical component that stores energy for use later
in an electric circuit to produce electric pulses (PEF systems). There are many
kinds of capacitors on the market, including mica, paper, ceramic, electrolytic,
and non-polarized capacitors [99]. Recently, a lot of electronic applications
have been using electrochemical double-layer capacitors (EDLC), also known
as electrochemical capacitors (ECs), or supercapacitors [97]. Typically,
capacitors are made up of two parallel conductive (metal) electrodes that are
separated by non-conducting materials (dielectrics), for instance, liquid gel,
mica, ceramic, plastic, or waxed paper, similar to how electrolytic capacitors
are made. The capacitor prevents direct current from passing through it
because there are dielectric materials sandwiched between two conducting
ones. As a result, a voltage will be stored as an electrical charge in the
conductive metal plates [97]. The size, quantity, and resistance of the charging
resistor are some of the variables that affect how much power is required to
charge the capacitor [100]. It was determined that charging a larger capacitor
required more energy and time than charging a smaller capacitor. The
capacitor's capacitance Co (F) can be computed using the Equation (2). Where
o (S/m) is the conductivity of the food sample, d (m) is the distance between
the two electrodes, 1 (s) is the pulse duration, A (m?) is the area of the electrode
surface, and R (Q) is the resistance [93].



As indicated in Equation (3), the energy stored (Q) in a capacitor is
computed using the charged voltage (V) and values of capacitance (Co) [93].

Q=05C, V% (3)

The switching device, known as a switcher, is an essential component of
the effectiveness of the PEF system. In order to disconnect or connect the
current and release the energy stored in the capacitor, the PFN is essential in
the circuit. ON/OFF (totally controlled) and ON (semi-controlled) switchers
are the two most common types of switches. A switcher is chosen for a circuit
based on its ability to function at high voltage and its repetition rate. In semi-
controlled switches, the capacitors must be depleted entirely to turn off the
switcher (including Ignitron, Gas Spark Gap, Trigatron, and Thyratron). These
switches can affordably regulate high voltages. The primary disadvantages of
these switches are their short lifespan and low repetition rate. The wholly
controlled switches (including the gate tum off (GTO) thyristor, insulated gate
bipolar transistor (IGBT), and symmetrical gate commutated thyristor (SGCT)
may regulate the pulse production process and are turned off and on with
either a partial or complete discharge of the capacitors. The introduction of
semiconductor totally controlled switches boosted the longevity and enhanced
the performance of switches [34,93]. The pulse shape is affected by the
relative electrical value of each PFN system element. A simple resistance-
capacitance (RC) circuit, for example, will lead to the production of a pulse
shape that degrades in an exponential manner. Instead, complex PFN systems
have the potential to produce instantaneous reversal pulses, in addition to
square and bipolar pulses (Figure 3). The production of exponential decay
pulses requires only ON switchers, during which the capacitor will be fully
discharged. The fully regulated discharge of a capacitor, which may be
accomplished with the help of ON/OFF switchers, can be used to generate
square wave pulses [98].
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Figure 3 Electrical circuit types and their pulses’ shapes: (A) The
exponentially decaying pulse of the simple resistance-capacitance (RC)
circuit; (B) The square pulse shape of the complex electric circuit. Reprinted
from (Taha et al. [1]).

A resistor is an essential component of electrical circuits. It is used to force
voltage reduction and control current flow. Electric resistance theory is
comparable to water flow in pipes; the resistor (wire in the electric circuit)
could be considered a narrow pipe that reduces the water flow rate [96]. When
the current flow is reduced, the resistor absorbs the electrical energy and
dissipates it as heat. The capacitors are classed according to the materials used
in their manufacture: wire-wound, semiconductor film or cermet (metal-oxide
or metal), and carbon-based capacitors. The link between current (/), voltage
(V), and resistance (R) was defined by Ohm's law of resistance; one ohm (Q2)
equivalents a volt per ampere [96,101].

For the purpose of subjecting food samples to an electric field, distinct
treatment chambers are built. Static chambers are utilized for lab-scale or
batch processing, while continuous chambers are more suited for addressing
industrial-scale requirements. Batch chambers have various advantages at the
lab-scale, including the ability to treat small sample volumes, efficient
temperature control via electrode cooling, and the capability to slow down
repetition rates. Continuous chambers, on the other hand, are essential for
supporting high-volume capacity and can be integrated into the currently
existing food processing lines [94,98]. The treatment chambers must be
constructed from a material that is either autoclavable or washable. Currently,
three basic types of treatment chambers have been established, characterized
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by the arrangement of electrodes in various geometries: parallel plate, coaxial,
and co-linear chambers [52,98]. Batch processing uses parallel and coaxial
plates due to their efficiency. These plates suit batch processing treatment
chambers. Co-linear chambers treat food samples in continuous processing
machines (Figure 4).
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Figure 4 The schematic illustration shows the many types of treatment
chambers found in PEF devices. A) parallel plate chambers; B) coaxial plate
chambers; C) co-linear plate chambers. Reprinted from (Taha et al. [1]).

Several businesses have recently made significant progress in creating new
PEF devices specifically developed for industrial applications. For their
operation, the large-scale PEF devices currently in use primarily rely on Marx
generators, where electric pulses are continuously applied. In Marx
generators, a set of capacitors are sequentially charged in parallel and
discharged in a manner that produces a high power conversion rate. On the
other hand, a pulse transformer and a low-voltage switch are used in
transformers. The majority of PEF devices have average power output that
usually ranges from 20 to 400 kW [102].

Treatment chamber designs are made to meet the requirements of certain
applications. Belt and pipe systems are the two main varieties of treatment
chambers. Processing solid products like potatoes or shellfish typically uses
belt systems. The solid food products are moved through the treatment
chamber by a device resembling a conveyor belt so they can be exposed to the
proper electric field. However, processing liquid goods is done using pipe
systems. The liquid food products pass through pipes in these chambers,
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allowing effective treatment and electric field exposure. Depending on the
type of food product being processed, the treatment chamber type is chosen;
belt systems are best for solids, while pipe systems are made for liquids [103].

Numerous aspects of the product and the technique influence the efficacy
of PEF processing. The chemical makeup of the food, pH level, rheological
characteristics (such as viscosity and consistency), temperature, and electrical
conductivity of the product being handled are all important product aspects.
Similarly, different process variables greatly impact how PEF treatment turns
out. The electric field intensity used during treatment, the quantity of pulses
delivered, the frequency at which the pulses are applied, the pulse shape, the
length of each pulse (pulse width), the kind of treatment chamber utilized, the
flow circumstances within the chamber, and the flow rate of the product
through the chamber are some of these parameters. The effectiveness and
desired results of PEF treatment on food products are determined by the
interaction between these products and process parameters [ 104]. Due to many
circumstances, comparing PEF treatment data from different research groups
is difficult. This review discusses these factors. We will examine how PEF
affects milk protein structure and function. These results will help us
understand how PEF therapy impacts milk protein properties and functions.

2.4 Effects of PEF on the structure of dairy and plant proteins

Figure 5 summarizes casein and whey protein subunits. It shows that
casein has 4 major subunits: asl-casein, as2-casein, B-casein, and kappa-
casein. Whey proteins contain a-lactalbumin (a-LA), bovine serum albumin
(BSA), PB-lactoglobulin (B-LG), lactoferrin, and minor amounts of
immunoglobulins and glycomacropeptide [105,106]. The structure of milk
proteins often changes following heat treatment, causing the proteins to
unfold. This unfolding is driven by the dissolution of covalent bonds within
the protein structure. Intermolecular sulfhydryl (-SH) groups are then exposed
to the surface, forming new disulfide bonds which are responsible for
aggregation.

24



| Composition of milk proteins I

Caseins | 80% of total protein 20% of total protein| \Whey proteins

| l l |

asl casein, as2-casein, B-casein, Kappa(K)-casein,
45% of 12% 33% 10%

caseins
a- Lactalbumin, B-Lactoglobulin, Bovine Lactoferrin
22% of whey 57% serum

proteins albumin,
8%

Figure 5 A diagram represents bovine milk composition (data summarized
from Abd El-Salam et al. [105] and Onwulata et al. [106]). Reprinted from
(Taha et al. [1]).

Additionally, a-LA is less vulnerable to heat processing than 3-LG because
free thiol groups are not present in a-LA [20]. Studies revealed that PEF could
alter the structure of milk proteins, particularly at higher EFS and various
temperatures [10]. PEF devices generate energy that may affect the structure
of protein molecules. In particular, this energy may cause amino acid residues
and/or free sulthydryl (-SH) groups to be exposed. The energy generated by
PEF may also disturb the non-covalent interactions that help to form the
protein's structure, such as hydrogen bonds and hydrophobic interactions [20].
It has been discovered that PEF treatment modifies the amino acids’ charge
density, particularly at carboxyl (-COOH) and amine (-NH4") groups. In turn,
this can influence the catalytic activity of peptides [107]. Growing interest has
been directed to whey proteins because of their industrial applications and
nutritional benefits.

The available research studies regarding the impact of PEF on whey
proteins structures are inconsistent (Table 3). Sui et al. [108] studied the
influences of PEF processing at various temperatures (19.2-211 s, 30-75 °C,
30-35 kV/cm) on the functional and structural properties of whey protein
isolates (WPI). The study found that PEF processing had no effect on surface
hydrophobicity, protein unfolding, or the concentration of free-SH groups
[108]. In contrast, Xiang et al. [9] noticed that PEF treatment increased both
extrinsic fluorescence intensity and surface hydrophobicity of WPI using a
unique treatment chamber with varied electrode spacing. Similarly, the natural
structure of B-LG was altered by PEF treatment at 12.5 kV/cm for 10 pulses,
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and protein aggregation was produced, according to Perez et al. [8]. The
discrepancies in the results could be explained using various experimental
setups, such as variations in the treatment chambers, EFS, frequency, and
temperatures used in the investigations [34]. Bovine lactoferrin was PEF
treated at a variety of temperatures ranging from 30 to 70 °C [37]. At the same
temperatures, samples treated and untreated with PEF were compared. As a
result of the PEF treatment (35 kV/cm, 19.2 s, 30-70 °C), the results showed
that the lactoferrin concentration remained constant. Furthermore, there is no
obvious change between PEF-treated and control lactoferrin, as revealed by
the gel profiles of SDS-PAGE. In contrast, increased temperatures were found
to increase the hydrophobicity of the surface. Notably, there were no
appreciable variations in the surface hydrophobicity of control and PEF-
treated lactoferrin [37]. Bekard et al. [109] applied Circular Dichroism (CD)
spectroscopy to examine the influences of low EFS on the conformational
state of BSA. According to the study, BSA's tertiary structure changed after
being exposed to low EFS (500 V/m) for three hours at temperatures between
22.7 and 24.2 °C. The hydrogen bonds are crucial for sustaining the native
structure of BSA; the disruptions in these bonds could cause these alterations
[109]. In a study by Sharma et al. [110], milk samples were heated (55 °C for
24 seconds) before being exposed to a PEF for 34 microseconds at strengths
ranging from 20 to 26 kV/cm. The study's conclusions showed that higher EFS
significantly increased the surface hydrophobicity of proteins. Furthermore, it
was shown that the thermal treatment between 30 and 55 °C led to the
dissociation of B-LG dimers into monomers [111]. The dissociation of B-LG
dimers in milk samples has been demonstrated to possibly be aided by the
combination of thermal pre-treatment and PEF, exposing hydrophobic and
free sulthydryl (-SH) groups [110]. A comparison was made between
traditional heat treatment and moderate electric field (MEF) at temperatures
ranging from 50 to 90 °C[112]. The researchers found that, compared to
traditional thermal treatment at the same temperature, MEF showed increased
content of random coil and a-helix structures and reduced concentration of -
sheet structures at 70 and 80 °C treatments. The combined effects of thermal
treatment and the electric field on the conformational state of B-LG probably
contributed to these observed structural alterations.
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Table 3. The impact of PEF treatment on the structural characteristics of dairy proteins. Reprinted from (Taha et al. [1]).

Dairy protein PEF conditions Structural changes Reference
Whey proteins 35.5 kV/em for 300 -1,000 ps. frequency  Significant variations in serum albumin, o- [113]
of 111 Hz and 7 ps Pulse duration. LA, and B-LG concentrations between PEF-
treated samples.
WPI 12-20 kV/cm, 10-30 pulses e  More exposed hydrophobic groups. [9]
e  WHPI fraction partial denaturation.
WPI 30-35kV/cm, 60 mL/min flow rate, 30-75 e There were no noticeable differences [114]
°C and pulse duration of 19.2-211 ps. between the PEF and non-PEF control
samples in the SDS-PAGE gel pattern.
e After PEF treatment, there was no
discernible ~ change in  surface
hydrophobicity.
Lactoferrin 35 kV/ecm, 60 mL/min flow rate, 2 ps e There are no significant changes [37]

pulse width, and a pulse frequency of 200
-100 Hz.

between the surface hydrophobicity
values of PEF-treated and untreated
lactoferrin.

e No significant difference in the surface
hydrophobicity.
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Dairy protein

PEF conditions

Structural changes

Reference

BLG

Whole milk

Sodium caseinate

B-LG

BSA

12.5 kV/cm, 40 pF of capacitance for 1-
10 pulses with 15s interval between
pulses.

20-26 kV/cm, pulse width of 20 ps, pulse
duration 34 ps, bipolar square wave
pulses.

60 Hz sine wave alternating current, 10-
150 V/em for 5s to 2h.

20 kHz frequency for 5-7 minutes at 20
V/cm during holding and 80 V/cm during
heating.

EFS of 78, 150, 300 and 500 V/m for 3h.

B-LG was partially denatured by PEF.

Milk proteins' surface hydrophobicity rose
as the EFS increased.

Sodium caseinate's secondary structure was
changed by MEF, which also caused the
protein molecules to unfold.

B-LG secondary structural alterations

The tertiary structure of BSA was altered by
a low EFS.

(8]

[110]

[112]

[109]
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Caseins (80% of total milk protein) are an important protein source in
human nutrition and have received little attention regarding the impact of PEF
on their structure. Subasi et al. [44] examined the influence of MEF treatment
(at 230 V/cm) on sunflower protein and sodium caseinate. FTIR results
revealed that MEF treatment could cause alterations in the secondary structure
of sodium caseinate, resulting in protein unfolding. This action is most likely
due to the MEF-induced polarization of the protein molecule’s surface, which
enhances the exposure of hydrophobic groups [8,44].

Based on the available literature, the PEF influence on the structures of
milk proteins can be stated as follows: PEF treatments with low EFS had no
discernible influence on the structure of milk proteins. High EFS, conversely,
can drastically affect the proteins’ structure, notably whey proteins.

According to the information provided in Figure 6, exposing milk proteins
to high EFS causes energy absorption by polar groups within the proteins. This
energy absorption can produce free radicals, which can disrupt numerous
protein-protein interactions, including disulfide and hydrogen bonds, Van der
Waals forces, and electrostatic and hydrophobic interactions. Furthermore,
PEF can influence the strong dipole moment of the polypeptide chains,
resulting in an increased dielectric constant of proteins. These structural
alterations in proteins may facilitate protein molecule unfolding and expose
hydrophobic and sulfthydryl (-SH) groups. When the duration of PEF
treatment is extended, it may result in the development of protein aggregates
as unfolded protein molecules crosslinked via covalent and hydrophobic
contacts [8,20,21]. It is vital to note that during PEF treatment, temperature
has a major impact on the denaturation of protein molecules. Therefore, it is
advisable to carry out research on PEF's impact on protein structures in
temperature-controlled environments. Table 4 shows how PEF treatment
changed the structural makeup of plant proteins. For example, PEF treatment
at EFS ranging from 30 to 50 kV/cm caused alterations in the secondary
structure of soy protein isolate (SPI). Due to the development of hydrophobic
contacts and disulfide (S-S) bonds, this treatment caused SPI to denature and
aggregate [7,115]. Significant alterations in the secondary and tertiary
structures of sunflower protein were seen when it was subjected to MEF (150
V for 20 s) at temperatures below 45 °C. The protein's hydrophobic
connections were discovered to be affected by PEF treatment, which also
facilitated amino acid side chain crosslinking [44]. Similar findings were
confirmed with canola and pea proteins [116,117]. In general, it has been
verified that PEF treatment has a significant effect on the structure of plant
proteins. These structural alterations may affect the technological and
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functional characteristics of these proteins. Due to the altered protein structure
brought on by PEF treatment, features like solubility, emulsification, foaming,
gelation, and rheological behavior may change. Therefore, PEF treatment has
the ability to affect how plant proteins function and is used in different food
and industrial processes.
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Figure 6 Schematic diagram represents the mechanism of PEF effects on milk protein structural properties (whey proteins and
caseins). Reprinted from (Taha et al. [1]) and modified from [20] with permission (License number: 5607640132535).

31



Table 4. Influences of PEF on the structure of plant proteins. Reprinted from (Taha et al. [1]).

Plant protein PEF conditions Structural changes Reference
Soy protein isolate 0-40 kV/cm, pulse width of 2 ms, - PEF led to minor modifications in the secondary [7]
(SPI) 500 pulse per second (pps), 0- structures.

547 ps treatment duration. - SPI aggregated and became denaturized after PEF
treatment.
SPI 0 to 50 kV/cm, a pulse width of - Reduced hydrogen bonding strength and altered polar [118]
40 ps, a frequency of 1 kHz, and group vibration caused by PEF resulted in an increase
a flow rate of 10 mL/min. in anti-parallel B-sheets and a decrease in p-turns.
Sunflower protein At atemperature of 25-45 °C, 10-  Sunflower protein's secondary and tertiary structures [44]

Canola protein

Pea protein isolate

150 V/cm for 5s—2h.

600 Hz pulse frequency, 8 s pulse
width, and a voltage range of 10
to 35 kV.

Frequencies from 50 Hz to 20
kHz) and EFS of 5, 10 and 20
V/cm).

were changed by MEF at 150 V for 20s.

- PEF produced protein molecule aggregation.
- PEF boosted a-helices and B-sheets while decreasing
B-turns and random coils.

- When exposed MEF (20 V/cm at a frequency of 50
Hz), the a-helix collapsed into a B-sheet structure.
- Exposure of aromatic amino acids to the solvent.

[116]

[117]
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2.5 The impact of PEF treatment on the techno-functional
characteristics of plant and dairy proteins

The techno-functional characteristics of milk proteins refer to their
physicochemical qualities that influence their behavior in food systems [119].
Changes in protein structure can affect their functional characteristics [26].
Techno-functional abilities, such as solubility, gelation, emulsification, and
foaming abilities, are essential for many applications in the food industry
[120]. Consequently, this part will investigate the impact of PEF on the
functional characteristics of milk proteins. Table 5 summarizes the key
studies exploring the effects of PEF on the functional properties of milk
proteins, while Table 6 reviews the studies concentrating on the PEF’s
impacts on the functional characteristics of plant proteins.
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Table 5. Effects of PEF on the techno-functional properties of dairy proteins. Reprinted from (Taha et al. [1]); an open access

article.
Dairy protein PEF conditions Changes in protein functionality Reference
Raw milk 30 kV/em EFS, 50+1 °C outlet Rennet coagulation time (RCT) is greater for [121]
temperature, 80-120 pulse unpasteurized milk than for pasteurized milk.
numbers, 2 ps pulse width, and 2
Hz pulse frequency.
WPI 25 kHz frequency, 15-22 V/cm The MEF produced a gel structure that was weaker than [122]
heating phase, 4-8 V/cm holding the traditional heat treatment.
phase.
B-LG 20 kHz at a frequency of 20 V/cm At pH 7, MEF and thermal treatment (up to 60 C) [112]
during holding and 80 V/cm affected the free SH group relativity in a similar
during heating. manner. At higher temperatures, the free SH group
relativity of conventionally heat-treated materials
was greater than that of MEF-treated samples.
WPI 30-75°C, 19.2-211 s, and 30-35 e Emulsions stabilized with PEF-treated and heat- [114]

kV/ecm

treated (72° C for 15s).

e  WPI exhibited comparable droplet diameters and,
consequently, emulsifying properties.

e  While increasing the period of heat treatment to 10
minutes, the droplet size of emulsions stabilized by
heat-treated WPI increased significantly.
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Dairy protein PEF conditions Changes in protein functionality Reference

e The gel strength of PEF-treated WPI was less than
that of untreated samples. Increasing the time of
PEF decreased gel strength further.

B-LG 12.5 kV/em EFS and 40 pF of PEF enhanced the gelling rate of B-LG (at 72 °C) when [8]
capacitance. less than six pulses were applied.

WPI 50 to 90°C, 2 to 8, and 15 to 55 When treated at 35 kV/cm, the gelling characteristics of [123]
kV/ecm WPI enhanced, but reduced when treated at 45 kV/cm.
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Protein solubility

Protein samples are separated by centrifugation to determine their
solubility, and the amount of soluble proteins is then measured in relation to
the total protein concentration. Investigating the behavior and functional
characteristics of proteins in many situations, including food systems, is
facilitated by measuring protein solubility [124]. Numerous intrinsic factors
influence protein solubility, including the capacity of proteins to dissolve in a
solvent or media. The composition of the amino acids found in the protein
sequence is a crucial consideration. The solubility behavior of different amino
acids can be affected by their individual chemical characteristics, such as
polarity and hydrophobicity. In addition, protein molecular weight is another
essential factor since larger proteins often have less solubility than smaller
ones. Proteins' solubility is also influenced by their surface properties. By
encouraging interactions with the solvent, hydrophilic groups, such as charged
or polar residues, can improve solubility. Furthermore, hydrogen bonding is
important for the solubility of proteins. To understand and control protein
solubility, it is crucial to know the complex interplay of these intrinsic
variables. Protein solubility can be adjusted for various purposes in industries,
including biotechnology, pharmaceuticals, and food science by modifying
elements like amino acid content, molecular weight, surface characteristics,
and hydrogen bonding [67,125]. The protein solubility can also be affected by
numerous external parameters, such as pH, ionic strength, temperature, and
the presence of solvents [126]. In many food applications of proteins; for
example, as emulsifiers or foam stabilizers, protein solubility is a critical
component as it influences the development of well-dispersed colloidal
systems [127]. Investigations of the effects of PEF treatments on protein
solubility are summarized in the following paragraph.

According to studies using a PEF system (at 25 kV/cm) with square-wave
pulses, PEF reduced the solubility of soluble egg white proteins (by 7.84
%)[128], gluten concentrate (from 25 to 22.4 %), rice concentrate (from 16.4
to 9.2 %), and pea concentrate (from 23.2 to 17.2 %) [129]. Protein unfolding,
the creation of insoluble protein molecules, and the occurrence of
intermolecular interactions, such as disulfide (S-S) bonds, are all responsible
for the decline in solubility. However, Li et al. [7] noticed that PEF treatment
(30 kV/cm) with a bipolar waveform increased the solubility of SPI. A small
reduction in solubility only occurred at EFS greater than 30 kV/cm.
Additionally, compared to control samples (43.25 %), PEF treatment at 35
kV/cm for 8 s enhanced the solubility of canola protein to 50.07 % [116].
These findings emphasized that the specific protein type and the used electric
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field conditions impact the effect of PEF treatment on protein solubility.
However, considering the particular parameters (EFS, pulse shape, treatment
duration, treatment chambers, etc.) used in the treatment procedure, more
research is needed to fully understand the variables influencing the desirable
solubility changes of milk proteins after PEF treatment.

Table 6. PEF effects on the functional properties of plant proteins. Reprinted
from (Taha et al. [1]).

Plant' PEF conditions Protein functionality References
protein changes
SPI 500 pulses per second - PEF reduced the [7]
(pps) pulse frequency, surface hydrophobicity
2 ms pulse width, and and solubility.
EFS of 0-40 kV/cm for
0-547 ps.
Canola 600 Hz pulse The solubility, [116]
protein frequency, 8 us pulse emulsifying and foaming
width, and a voltage capabilities of canola
range of 10 to 35 kV. protein were all
enhanced after PEF
treatment.
Sunflower At 25-45 °C, 10-150 - MEF treatment at 20V [44]
protein V/cm for 5s—2h. decreased the interfacial

Pea protein

(50 Hz and 20 kHz)

tension at the air/water
interface.

- Pea protein was
subjected to a MEF
treatment (50 Hz and 20
V/cm), which improved
the gelling characteristics
and raised the protein's
surface hydrophobicity.

[117]

isolate and voltages (5, 10 and
20 V/cm).
Gelling properties

Disulfide linkages and -SH groups substantially impact the ability of
proteins to form gels. The capacity of milk proteins to form gel-like
structures determines the quality of numerous dairy products such as desserts,
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yogurt, and cheese [130]. According to studies, PEF treatment can improve
the ability of some proteins to gel. When exposed to fewer than six PEF pulses,
Perez et al. [8] found that B-LG gelled quicker at 72 °C. The effects of PEF at
20 and 30 kV/cm and various outlet temperatures on the rennet coagulation
properties of raw milk were examined by Yu et al. [121]. Compared to
pasteurized milk samples, they noticed that PEF-treated milk at 20 °C had
firmer curds. A decreased rennet coagulation time (RCT) in the PEF-treated
milk samples also suggests enhanced gelling qualities [121]. However, it
should be noted that the protein type and the used electric field parameters
both affect how the PEF treatment affects gelling qualities. According to Jin
et al. [123], gelling characteristics of WPI increased after PEF treatment at 35
kV/cm but reduced following PEF treatment at 45 kV/cm.

The increased gelling qualities of milk proteins during PEF treatment can
be attributed to several variables (Figure 7). First, it is possible that milk
proteins unfolding and -SH group exposure can create new S-S bonds and
boost gel formation. Furthermore, the polarization of protein molecules
following PEF treatment might facilitate the electrostatic interactions that
further promote gelation [8]. It is worth mentioning that depending on the
protein type and the PEF conditions, the impact of PEF on gelling properties
can change. In contrast to untreated samples, Sui et al. [37] showed that WPI
treated with PEF at 30 kV/cm displayed lower gel strength. Additionally, the
gel strength of WPI sample samples decreased as PEF treatment time
increased. In the study published by Rodrigues et al. [122], it was concluded
that WPI samples treated with conventional heat exhibited stronger gel
strength compared to those treated with MEF treatment (15-22 V/cm). The
observed disparity in gel strength might be attributed to the presence of
electrostatic repulsion between protein molecules under neutral pH
conditions, reducing the size of protein aggregates[131]. Applying the electric
field during PEF treatment could disrupt non-covalent protein interactions,
influencing the gel characteristics [122]. At lower EFS (25 kV/cm), the water-
holding capacity (WHC) of PEF-treated canola protein increased, but it
decreased at higher EFS (35 kV/cm) [116]. Similarly, pea protein isolate
treated with a lower EFS produced weaker, more elastic, and cohesive gels
with a higher WHC [117]. Inconsistencies in gelling property results among
studies could be attributed to differences in PEF parameters, such as voltage,
pulse waveform shape, and treatment chamber type. These parameters can
have a substantial impact on protein interactions and structural alterations,
resulting in various gel characteristics and WHCs. Although the precise
effects depend on the protein type and the electric field conditions used, our
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findings highlighted the potential of PEF treatment to improve the gelling
properties of some proteins. Additional studies are required to fully
understand and maximize the impact of PEF on the gelling characteristics of
different protein systems.

Emulsifying and foaming properties

The stability of emulsions is essential for prolonging the shelf life of
emulsion-based foodstuffs (i.e., margarine, milk, butter, mayonnaise, and ice
cream). Diverse emulsifiers are utilized to lessen interfacial tension and
improve emulsion stability in order to increase emulsion stability [82]. With
their surface-active properties, proteins are frequently used as natural
emulsifiers [11,132]. Diverse processing methods, including high-pressure
[67], sonication [82,133], cold plasma [60], and microwave [62], have been
investigated for their ability to enhance the emulsifying capabilities of
proteins. However, PEF effects on the foaming and emulsifying capabilities
of dairy proteins are poorly understood. Sui et al. examined the influences of
PEF combined with heat treatment on the emulsifying capabilities of WPI in
their study [108]. The droplet diameters of emulsions stabilized by heat-
treated (72 °C for 15s) and PEF-treated (30 kV/cm) WPI were reported to be
around 4 um. In contrast, the droplet size of WPI-stabilized emulsions heated
for 10 minutes was substantially bigger at 18.3 um. This indicates that PEF
treatment enhanced the emulsion stability comparable to heat treatment. Sun
et al. [134] investigated the influences of PEF treatment (15-30 kV/cm) on the
emulsifying capabilities of WPI-dextran conjugates. The investigation
revealed that the untreated conjugates had a lower emulsifying activity index
(EAI) compared to the PEF-treated conjugates. This suggests that PEF
treatment improved the emulsifying qualities of the WPI-dextran mixture. It
was observed that PEF treatment accelerated the glycosylation reaction
between dextran and WPI. The effectiveness of enhancing emulsion stability
has been confirmed by the incorporation of both proteins and polysaccharides.
The hydrophilic regions of polysaccharides can align themselves towards the
aqueous phase, while the hydrophobic segments of proteins can adhere to the
surface of oil droplets, thereby offering steric stability and limiting the
coalescence of droplets [82].

Zhang et al. [81] studied canola proteins and noticed that PEF-assisted
extraction of protein and oil from canola seeds increased the foaming and
emulsifying capabilities of the resultant proteins. The PEF treatment improved
the foaming and emulsifying abilities of plant-based proteins by increasing
their solubility and exposing their hydrophobic groups. To completely
comprehend the impact of PEF treatment on the emulsifying and foaming
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capabilities of both dairy and plant proteins, additional research is required. It
has been proposed that the modifications in protein structures caused by PEF
treatment contribute to the enhancement of protein functioning. As seen in
Figure 7, Protein molecules may polarize and unfold in response to PEF
treatment, exposing their hydrophobic groups [21]. In addition, PEF treatment
at a particular EFS can reduce the particle size and increase the protein
solubility. These modifications can decrease interfacial tension at the water/
oil interface, hence improving the stability of protein-stabilized emulsions and
the emulsifying ability of food proteins [135].
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proteins. This figure was created using BioRender (https://biorender.com/) with publication permission. Reprinted from (Taha et

al. [1]).
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3.1 PEF treatment of BSA/starch mixtures

The BSA/starch mixes were made by dissolving soluble starch (2 mg/mL)
in distilled water and heating the mixture to around 50 °C until the starch was
fully dissolved. The solution was allowed to cool to ambient temperature once
it became transparent. The soluble starch solution was subsequently mixed
with BSA (2 mg/mL) for an additional hour at room temperature [141]. A
Mettler Toledo conductometer with an InLab 738-ISM sensor was used to
measure the electrical conductivity of the BSA and BSA/starch mixtures.
Before applying the PEF treatment, the reported electrical conductivity values
for the BSA and BSA/starch mixtures were 1.430 and 1.240 mS/cm [133]. A
4 mm gap electroporation cuvette (Model No. 640, BRT HARVARD
APPARATUS®, Holliston, USA) was next used to hold 0.9 mL of the
dispersion. A pulse generator manufactured at the State Research Institute,
Center for Physical Sciences and Technology (FTMC), Vilnius, Lithuania,
was used to treat the dispersions in triplicates. Our recent publication [142]
provides comprehensive technical details surrounding the pulse generator
(Figures 8 and 9). Each sample was treated for 10 pulses during the PEF
treatment, with a pulse duration (t) of 50 us. Table 7 presents the EFS and
sample codes. Both before and after the PEF treatment, the samples' pH levels
were examined. The pH values were somewhat lower, but they were still
within the neutral range (6.98-7.34), and the shift was not statistically
significant [133]. During the PEF treatment, a FLIR one pro infrared camera
(Teledyne FLIR LLC, Oregon, US) was utilized to track temperature changes.
The camera was connected to an Android smartphone.

Figure 8 Block diagram simplification of the square-wave pulse generator.
HV: High voltage; reprinted from [142].
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D) C)
Figure 9 A) An image of the compact square-wave generator. (B, C) Images
of the display depicting when the sparking in the cuvette occurs (B) and when

the current during the pulse grows due to the cuvette's substance heating (C),
reprinted from [142].

Table 7 The calculated EFS and the abbreviations of samples’ names,
temperature, and pH values. Reprinted from [143].

Sample code BSA Ss(t)::_l:llle Applied EFS pH Tempcerature
(mg/mL) (mg/mL) voltage (V)  (kV/em) O
B 2 - - - 7.34+0.03° 22.540.2
BS 2 2 - - 7.02+0.05° 22.5+0.2
BS-PEF 1 2 2 1500 3.5+0.3 7.00+0.03* 23.5+0.3
BS-PEF 2 2 2 2000 4.5+0.5 7.00+0.02° 24.4+0.5
BS-PEF 3 2 2 2500 5.7+0.5 6.98+0.04° 24.74£0.5
BS-PEF 4 2 2 3500 8.1+0.7 7.00+0.03* 25.8+0.4
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3.2 PEF treatment of casein micelles (CSMs)

To prepare the protein suspension, a 1% (w/v) protein solution was
prepared in potassium phosphate buffer (0.1 M, pH = 7) and continuously
stirred overnight for optimal dispersion. Subsequently, 0.5 mL of the protein
suspension was transferred to the Fisher electroporation cuvette with a 2 mm
gap (Thermo Fisher Scientific Inc., USA). The samples' conductivity was
determined to be 6.5 mS/cm through measurement. The following settings
were used for the PEF treatment: applied voltages of 2, 4, and 6 kV (equivalent
to electric field intensities of 10, 20, and 30 kV/cm, respectively) for 10 pulses.
The corresponding current values for these voltage settings were 360, 680, and
1060 A. The pulse duration was determined to be 480 ns based on the time
constant of the exponential decay pulse shape (Figure 10).
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Figure 10 The generated electric pulses showing the pulse duration and the
applied current. Reprinted from our open-access article [198].

At the Center for Physical Sciences and Technology (FTMC), Vilnius,
Lithuania, a specifically built generator was used to produce the PEF that was
used in this study. The generator has a high voltage source with a 20 kV
maximum output, a capacitor bank with a 100 nF capacitance, and a 30 kV
maximum voltage. It should be noted that a 2 mm cuvette can generate an
electric field as high as 100 kV/cm.
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The cuvette holding the sample was placed in a container with two flexible
metal contacts to administer the PEF treatment. A shunt resistor was
connected in series to measure the current flowing through the cuvette, and a
high-voltage divider was used to measure the voltage. The generated pulse
had an exponential structure, and its time constant was expressed as " 7=RC"
where "R" stands for the capacitor's capacitance and "C" for the equivalent
circuit resistance. The duration of the PEF treatment, which is dependent on
the resistance of the solution being treated, may be easily controlled thanks to
this design. Figure 11 represents the electric circuit used in the electric field
generating system.
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Figure 11 (A) Schematic diagram of the homemade electroporator electrical
circuit, (B) generated electric pulse. R1= 55 MQ; C1=C2= 100 nF;
R2=R3=500 kQ; R4= 47 kQ; and R5= 0.1 Q. Reprinted from our open access
article [198].

3.3 PEF treatment of BSA and BSA/EGCG mixtures

10 mg/mL of BSA was prepared using distilled water and stirred for 30
min. The electric conductivity of the solution was adjusted to 2.5 mS/cm to
comply with the resistance requirement of the nsPEF generator. Subsequently,
0.5 mL of the protein suspension was transferred to the Fisher electroporation
cuvette with a 2 mm gap (Thermo Fisher Scientific Inc., USA). The following
settings were used for the PEF treatment: applied voltages of 4, 6, 8, and 10
kV (equivalent to electric field intensities of 8, 12, 16, and 20 kV/cm,
respectively) for a single pulse with a pulse duration of 90 ns. Then, in another
set of experiments, 3 pulses were applied to BSA/EGCG mixtures. The

46



detailed diagram of the nsPEF generator is shown in Figure 12. Figure 13
represents the summary of the experimental design.
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Figure 12 The detailed diagram of the nsPEF generator design; source: [231]
with permission.

nsPEF for BSA/EGCG
nsPEF for BSA

]“ o I

nsPEF 0-20 kV/ecm \

nsPEF Y 0-20 kV/cm
Physicochemical
+ BSA/EGCG
EGCG l

Physicochemical

characterization
Physicochemical
characterization
Figure 13 Schematic diagram representing the study design of this section.

3.4 Characterization of BSA/starch conjugates and their stabilized
emulsions

Browning intensity (A420 nm) and UV-vis spectra

Using a UV-visible spectrophotometer (Halo RB-10, Dynamic Scientific
Ltd., Livingston, United Kingdom), the absorbance of Maillard reaction
products at 420 nm was measured in order to assess the degree of browning.
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In addition, using the same spectrophotometer, the UV-Vis spectra were
recorded between 260 and 340 nm [140,144].
Grafting degree

Using the OPA (1,2-Phthalic dicarboxylate) technique [145], Glycated
BSA's grafting degree (DG) was measured. By dissolving 80 mg of OPA in 2
mL of methanol and adding it to 50 mL of 0.1 M borate buffer (pH=9.7), the
OPA reagent was produced. This mixture was added to 200 pL of B-
mercaptoethanol and 5 mL of a 20% (w/w) solution of SDS. Using distilled
water, the final volume was brought to 100 mL. After production, the OPA
reagent was immediately employed. For DG measurement, 4 mL of the OPA
reagent was added to 200 ul of the BSA/starch conjugates and incubated for 2
minutes at 35 °C. A UV-vis spectrophotometer was then employed to measure
the absorbance of the reaction mixture at 340 nm. Distilled water was utilized
as a blank, and BSA/starch samples without PEF treatment served as the
reference standard. Using the following formula, the DG (%) was determined:

DG (%)="222 X 100 4)

Where Ags stood for conjugates of BSA and starch conjugates while Ag
for native BSA absorbance.

Surface hydrophobicity (H,) measurement

Using 1-anilino-8-naphthalenesulfonate (ANS) as a fluorescent probe, the
hydrophobicity (Ho) values of BSA and BSA/starch conjugates were
measured. For each sample, 3 mL of the solution (0.02, 0.1, 0.2, 0.5, and 1
mg/mL of protein) was added to 60 puL of an ANS solution containing 8.0
mM. The samples were then incubated for 30 minutes in the darkness. The
fluorescence intensities were thereafter assessed utilizing a PerkinElmer LS
50B spectrometer (PerkinElmer, Waltham, MA, USA) equipped with a 5 nm
slit width at excitation and emission wavelengths of 390 nm and 470 nm,
respectively. Determining the slope between fluorescence and protein
concentration enabled calculating the Ho value [146].

Intrinsic fluorescence emission spectroscopy

Using phosphate buffer (0.1 M, pH 7.0), The concentration of BSA and
BSA/starch conjugate samples were adjusted to 0.5 mg/mL. The spectra of
intrinsic fluorescence were measured with a PerkinElmer spectrometer (LS
50B). Each sample (3 mL) was placed into a 10 mm quartz cuvette. The
fluorescence emission spectra were collected between 290 and 450 nm, and
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the excitation wavelength was 280 nm. Both the emission and excitation slits
were set at 10 nm [147].
Particle size

The particle size (zeta average) was assessed using dynamic laser light
scattering (DLS) using a Malvern Zetasizer analyzer (Nano ZS, Malvern
Instrument Co., Ltd., Worcestershire, UK) before and after PEF treatment at
a temperature of 25 °C. The conjugates and dispersant had refractive index
values of 1.45 and 1.33, respectively [148].

Protein Solubility

The solubility of proteins was determined by modifying the method of
Zheng et al. [72]. 1 mL (protein content of 2 mg/mL of BSA, Pc) was
centrifuged at 12,000 g for 25 min in 1.5 mL microcentrifuge tubes. The
concentration of proteins in the supernatant (Ps) was determined using the
Bradford protein assay. Using Equation 4, the protein solubility (%) was
determined.

Protein solubility(%)=2=x100% (5)
C

Emulsion preparation

0.5 mL of sunflower oil (10%, v/v) was added to 4.5 mL of BSA/starch
conjugates or BSA samples and was vortexed to prepare coarse emulsions.
The emulsification procedure was done with an ultrasonic processor (Sonics
VC 505, Sonics & Materials Inc, Newtown, USA). The ultrasound machine
with a 13 mm probe diameter, 20 kHz frequency and a maximum power of
500 W. 5 mL of the samples were sonicated for 1 minute at a 35 % amplitude
in an ice bath for the emulsification procedure. During the sonication process,
a 2-second on, 2-second off pulse duration was used. Off-pulse time was not
considered; only the effective processing time was counted. Using Equation
6 and the approach provided by Koh et al. [181], the energy density (J/mL)
was estimated. The energy density range was 700—750 J/mL in this study.

Power drawn (W) X Time (s) 6
Volume (mL) ( )

Energy density (J/ml)=

Emulsion characterization
Droplet size characterization

The emulsion sample concentrations were diluted 1:50 with distilled water.
A Malvern Zetasizer analyzer was then used to determine the droplet sizes of
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the emulsions (Nano ZS, Malvern Instrument Co., Ltd., Worcestershire, UK).
The tests were performed at a temperature of 25 °C and a scattering angle of
90°.

Adsorbed protein (AP %)

The examination of AP (%) surrounding oil droplets was performed based
on the approach reported by Taha et al. [170]. 1 mL of each emulsion sample
was centrifuged for 30 minutes at 10,000g and 25 °C at a speed of 10,000g.
Subsequently, 0.22 m filters were used on the supernatant to remove any
remaining particles. The Bradford assay [182] was used to quantify the protein
content (Fc) in the filtered supernatant. Using Equation 7, the percentage of
AP was then computed.

Pc-Fc

AP(%)==—¢ x100% (7)

Confocal Microscopy

The microstructural properties of the emulsions were studied using a Nikon
Ti2-E inverted microscope (Nikon, Tokyo, Japan) with a 40x objective lens.
Each emulsion sample (1 mL) was mixed with 20 uL of FITC (Fluorescein
isothiocyanate) solution for protein staining (excitation wavelength: 488 nm,
emission wavelength: 515 nm) and 20 pL of Nile Red solution for oil staining
(emission wavelength: 605 nm, excitation wavelength: 543 nm) [23]. After
that, on a microscope slide, 5 L of each emulsion sample was placed before
being covered by a glass coverslip. NIS-Elements application (NIS-Elements,
Nikon, Tokyo, Japan) was utilized to capture and process the micrographs.

Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) study was carried out to assess
the stability of the emulsions under freezing conditions. When evaluating the
performance of emulsion-based frozen goods, DSC analysis is a crucial tool
for understanding the emulsions’ thermal properties [183]. A DSC 8500
instrument (Perkin Elmer, USA) was used to perform the DSC measurements.
A typical aluminium pan was filled with between 3.7 and 4.3 mg of each
emulsion sample, which was then sealed within and covered with a lid for the
analysis. At first, the temperature was lowered from 40°C to -40°C at a rate of
10°C/min. For five minutes, the samples were maintained at -40 °C to
guarantee thermal equilibrium. The temperature was then elevated from -40°C
to 40°C at a rate of 10°C / min. In order to maintain an inert atmosphere
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throughout the analysis, The blanket gas was nitrogen, flowing at a rate of 40
mL/min (20 mL/min in each furnace).
Emulsion stability at the isoelectric point (p/) condition:

Following the emulsion preparation process, HCl and NaOH solutions with
a concentration of 0.1 M were used to get the emulsion sample pH values to
4.6 £ 0.1. This pH value corresponds to the isoelectric point of BSA, as
reported in previous studies [184,185]. Subsequently, the microstructure, AP
%, and droplet sizes of the emulsions were examined to assess their stability
under these p/ conditions.

Emulsion stability under different ionic strengths:

NaCl powder was added to the emulsions to reach the final concentrations
of 150 and 300 mM. These specific concentrations were determined based on
our previous study [132]. The impact of varying ionic strength on emulsion
stability was then investigated by analyzing the emulsions' microstructure, AP
%, and droplet sizes.

3.5 Characterization of PEF-treated CSMs

Surface hydrophobicity (H¢) measurement, intrinsic fluorescence emission
spectroscopy, particle size, (-potential, and protein solubility were
characterized according to the methods described in section 3.4.

Turbidity

The CSMs solution was diluted (1:10), and the adsorption values were
measured at 600 nm using a UV—visible spectrophotometer (Halo RB-10,
Dynamica Scientific Ltd., Kirkton Campus, Livingston, UK) [199].

Fourier transform infrared spectroscopy (FTIR)

The infrared spectra of freeze-dried CSMs, BSA and BSA/EGCG samples
were obtained using an infrared spectrometer (Spectrum 100, PerkinElmer,
Norwalk, CT, USA). 2 mg of each sample were scanned 32 times with a
resolution of 4 cm™ over a range of 400 to 4000 cm™. The IR spectra of both
untreated and PEF-treated CSM were obtained.

The amide I region (1600-1700 cm-1) was particularly interesting to
analyze the secondary structural changes in proteins. The Peakfit software
(version 4.12, Seasolve Software Inc., CA, USA) was employed to identify
any hidden peaks within this region. This analysis provided valuable insights
into the modifications occurring in the secondary structure of the proteins.
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Raman spectroscopy

Raman spectra were recorded using an Echelle-type spectrometer
RamanFlex 400 (PerkinElmer, USA). The excitation source was a 785 nm
laser, and a thermoelectrically cooled CCD detector (-50 °C) along with a
fiber-optic cable was used. The laser beam, with a power of 100 mW, was
focused on the surface of CSM powder samples dispersed on a Tienta steel
substrate (SpectRIM, Merck, USA). The measurements were performed at
room temperature with an acquisition time of 1800 s. The ratio of the double
peaks observed near 850 cm and 830 cm (Isso/lsz0) was calculated to
investigate the hydrogen bonding microenvironment of phenolic hydroxyl
groups [72].

Scanning electron microscopy (SEM):

To examine the morphology of both control and PEF-treated CSMs, a
Hitachi SU-70 SEM device (Minato-ku, Tokyo, Japan) was utilized. The CSM
powder samples were gold-sputtered to create a thin coating before imaging.
The SEM analysis was conducted at an accelerated voltage of 2 kV, and
micrographs were captured at magnifications of 250 and 2,000X.

3.6 Characterization of nsPEF-treated BSA and BSA/EGCG mixtures

Surface hydrophobicity (Ho) measurement, intrinsic fluorescence
emission spectroscopy, particle size, {-potential, Raman spectroscopy, FTIR,
and UV-vis spectroscopy were performed as described in sections 3.3-3.5.

Circular Dichorism (CD)

The far-UV spectra of BSA (0.1 mg/mL) were obtained using Jasco J-150
(Jasco Co., Japan) at room temperature. The average of 2 scans was collected
at a wavelength range from 190-260 nm. The contents of secondary structures
were calculated using the DichroWeb online platform for CD spectra
deconvolution by applying the CDSSTR analysis program [232,233].

Molecular dynamic and docking simulation.

In order to further personalize the forces that drive the binding between
BSA and EGCG, a docking experiment was conducted using the libDock-
protocol in Discovery Studio (DS, ver. 2.5) and the libdock-algorithm, which
was available from Accelrys Software Inc. (San Diego, CA, US). The X-ray
crystal structure of BSA was made available by the RCSB Protein Data Bank
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(PDB: 3v03, Resolution: 2.7 A) (http://www.rcsb.org/pdb). As a ligand,
EGCG (PubChem CID: 650064,
https://pubchem.ncbi.nlm.nih.gov/compound/65064) was used. To fit into the
receptor pocket, the docked conjugate was adjusted for unique and continuous
hydrophobicity, van der Waals bonds, H-bonds, electrostatics, and entropy.
To reflect a molecule's most beneficial binding mode, the docked model with
the greatest scoring (i.e., lowest docking energy) was chosen from the docking
data. Solvent-available surface area (SASA) was calculated after molecular
dynamic simulation (MD) runs were maintained every 10 ns for a total of 80

ns. First, the EGCG geometry was optimized using the M062X operation and
the 6-31G (d, p) support provided by the Gaussian 09 program. Atomic
charges were re-expressed using the RESP algorithm, and solvent realization
was carried out using the IEF-PCM test. EGCG was double-minimized,
located randomly around RCSB (20 A), and executed [234].

Statistical analysis

Data are presented as the mean and standard deviation and were collected
from studies carried out in triplicate. The statistical analysis was done using
the SPSS program (IBM SPSS Statistics, version 25, SPSS Inc., Chicago, IL,
USA). A one-way ANOVA was utilized, followed by Duncan's test (p<0.05),
to assess the statistical significance of mean differences.
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CHAPTER 4: PULSED ELECTRIC FIELD-ASSISTED
GLYCATION OF BOVINE SERUM ALBUMIN/STARCH
CONJUGATES

Effects of PEF (3.5 - 5.7 kV/cm, 50 us) on the glycation between
BSA and soluble starch were investigated.

BSA/soluble starch glycation was facilitated by PEF treatment.

PEF affected the physicochemical properties of BSA/soluble starch
conjugates.
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4.1 Introduction

Recently, the application of green technologies in the food sector as a
strategy to improve sustainability and environmental friendliness has received
considerable interest. PEF is one such technique that has been extensively
studied and provides excellent prospects for many food processing
applications. PEF processing has been predominantly applied for enzyme and
microbial inactivation, allowing the nutritional value of PEF-processed food
products to be preserved [33,136]. PEF treatment involves exposing food
samples to high EFS in short pulses, typically between microseconds and
milliseconds. This exposure to electric fields induces a range of chemical and
physical changes in the food matrix proteins [10]. Numerous investigations
have revealed that PEF treatment can alter the functional and structural
characteristics of dietary proteins efficiently [20,21,137].

The production of free radicals is one of the main mechanisms through
which PEF affects protein structure. During PEF processing, polar groups
within proteins are exposed to high EFS, producing free radicals. Protein-
protein interactions (including hydrophobic interactions, electrostatic
interactions, disulfide bridges, Van der Waals forces, and hydrogen bonds)
can be disrupted by these free radicals [21,138]. In addition, it was confirmed
that PEF treatment altered the surface charge of proteins. This change in
charge results from alterations in the ionic interactions of proteins, which can
have a substantial impact on their structural and functional properties [20,46].
These alterations in charge distribution can affect protein solubility,
aggregation, and molecule-to-molecule interactions within the food system.
Understanding the structural and functional changes generated by PEF
treatment in dietary proteins remains an active research topic. However, the
studies to date imply that PEF can significantly change protein functioning
and, consequently, the quality of food products. Continued research into the
specific impacts of PEF parameters, including EFS, pulse shape, duration, and
the design of the treatment chamber, is required to optimize PEF settings for
changing the structural and technological properties of target proteins
[20,21,137].

There have been few investigations into the impact of PEF on protein-
polysaccharide conjugates and their physicochemical characteristics
[134,139,140]. However, it has not been determined how specifically PEF-
induced electrochemical alterations will affect the physicochemical
characteristics of BSA/soluble starch conjugates. This study aims to
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investigate how PEF treatment alters the physicochemical characteristics of
BSA/starch conjugates. By analyzing the interactions between proteins and
polysaccharides during PEF treatment, this research can help to improve
knowledge of the underlying mechanisms.

4.2 Materials

Soluble starch from potato (Product Number: S-9765), BSA, Coomassie
blue dye (G250), sodium dodecyl sulphate (SDS), and sodium azide were
purchased from Sigma Aldrich (St. Louis, Missouri, USA). According to the
supplier's information, starch possesses the following structure and properties:
physical form: amorphous powder; 78 % amylopectin, 20 % amylose; ash
content 0.4 %; pH=6.0-7.5 at 25 °C, 2% in solution). Merck supplied ethanol
100%, methanol, phosphoric acid, and hydrochloric acid (Darmstadt,
Germany). B-mercaptoethanol, sodium hydroxide, and sodium chloride were
obtained from AppliChem GmbH (Darmstadt, Germany). 1,2-Phthalic
dicarboxaldehyde (98 %, OPA) was acquired from ACROS Organics, Fisher
Scientific GmbH, Schwerte, Germany. MP Biomedicals was the source of
Nile red dye (Illkirch, France). Fluorescein isothiocyanate acquired from
Fluorochem Ltd. (Hadfield, UK). 8-Anilino-1-naphthalenesulfonic acid
(ANS) was bought from Cayman Chemical Company (Michigan, USA).
ANIRA UAB (Kaunas, Lithuania) produced sunflower oil that was acquired
from a local market in Vilnius, Lithuania.

4.3 Results and Discussions
4.3.1 Protein-polysaccharides interactions

By comparing the absorbance (A420) of PEF-treated and reference samples
[149], the PEF effects at various EFS on the rate of glycation were determined.
The A4 value indicates the progress of browning intensity during the last
stages of the Maillard reaction [140,150]. The A4 values enhanced with
increasing the EFS, with the greatest values seen in the BS-PEF 3 group
(Table 8). This significant rise indicated an increase in the Maillard reaction's
intensity. At greater EFS (>8.1 kV/cm), the A4 values decreased. The
increased browning intensity indicates that the Maillard process is
approaching its terminal phases. The observed rise in A4 values indicates
that PEF treatment may enhance the browning process caused by the Maillard
reaction. This result is likely because of the polarization and breakdown of
protein-protein connections within BSA molecules following PEF treatment,
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promoting the interaction between soluble starch and BSA molecules [20].
Guan et al. [139] showed that PEF-induced BSA-dextran conjugates had
higher browning intensity following treatment at 10 and 20 kV/cm, 30 mL/min
a flow rate in a continuous PEF system, and 1 of 7.35 ms. The decrease in A4z
values at EFS larger than 5.7 kV/cm can be attributed to the crosslinking of
amino groups and intermediate products of the Maillard reaction. Exposing
lactose/peanut protein mixtures to a dielectric barrier discharge reactor with a
discharge strength of 90 W for more than 3 minutes hindered the development
of primary or intermediate products, consequently lowering browning
intensity and intermediate products [151].

The UV-Vis spectra of BSA and BSA/soluble starch conjugates treated
with PEF were observed between 260 and 340 nm (Figure 14A). Maximum
absorbance was reported for all treatments at wavelengths between 277.5 and
278 nm, corresponding to the =—r* transition of BSA [152,153]. Following
PEF treatment, the absorbance intensity rose, with BS-PEF 3 having the
greatest absorbance value of 1.33+0.07 at 277.5 nm. These results imply that
a ground-state combination and a Schiff base of BSA/starch are formed [145].
Similar results were reported with gum acacia/WPI conjugates, where UV-vis
absorbance values rose with prolonged sonication times [154].
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Figure 14 The UV-vis absorption spectra (A) and fluorescence emission
spectra (B) of BSA and BSA/Starch conjugates before and after PEF
treatment. This figure is reprinted from [143].
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Table 8. Browning intensity (A40), Surface hydrophobicity (Ho), z-average, and PDI of BSA without PEF (B) BSA/starch mixture
without PEF (BS) and PEF-treated BSA/Starch conjugates (BS-PEF 1 — BS-PEF 4) at different EFSs. Reprinted from [143].

Browning Intensity (A420) Ho Z-average (nm) PDI
B - 311.3£5.6? 120.1£19.1? 0.24+0.04¢
BS 0.17+0.02° 304.4+3.1 &0 26.3+4.9° 0.29+0.035¢
BS-PEF 1 0.23+0.03%° 208.4+2.2 b¢ 19.4+0.1° 0.32+0.06°
BS-PEF 2 0.27+0.022° 292.74£3.1¢ 38.3+8.3° 0.36+0.03*°
BS-PEF 3 0.34+0.032 291.7+1.4°¢ 160.8+22.42 0.39+0.07*°
BS-PEF 4 0.30+0.032° 296.6+1.25¢ 211.2+19.4* 0.44+0.08*
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The DG is indicative of the Maillard process and the presence of free amino
acids. Higher concentrations of free amino acids in the system facilitate the
glycosidic bond formation between the carbonyl groups of polysaccharides
and amino groups in amino acids [155]. While the BSA/starch mixtures are
being stirred, the glycation degree could occur in the case of BS samples.
Wang et al. [156] observed that swirling WPI/pectin mixtures can cause a
degree of glycation, even in the absence of heat treatment.
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Figure 15 PEF treatment effects on the grafting degrees of BSA and
BSA/Starch conjugates.

The findings verify that PEF treatment considerably enhanced the degree
of grafting. As indicated in Figure 15, lower EFS (3.50.3 kV/cm) resulted in
the maximum DG. This rise could be due to the PEF treatment-induced
unfolding of BSA molecules, which exposes amino acids to the carbonyl
groups of starch molecules. However, the grafting degree steadily declined
when samples were exposed to PEF treatments with EFS of more than 3.50.3
kV/em. Yu et al. [156] observed comparable outcomes with peanut
protein/lactose conjugates, in which a short-duration cold plasma treatment
improved the DG but decreased when treated for a longer time. Identical
tendencies were also seen with (2.5-12.5 kGy) gamma-irradiated soy
protein/maltose conjugates [157]. Qu et al. [158] noticed a similar pattern with
dextran-rapeseed protein isolate conjugates, where the DG rose with moderate
ultrasonic treatment (28 kHz frequency at 65.8 W/L power) but declined with
higher ultrasound frequencies (>28 kHz). This decline may be attributable to
decreased free amino acids following glycosylation, resulting in a lower DG
[151]. The breakdown of conjugates at high EFS or the agglomeration of
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protein molecules could be another factor leading to the decline in the DG
[159]. At high EFS, PEF can cause the formation of protein aggregates with
fewer free amino acids, hence delaying protein-polysaccharide interactions
and decreasing the degree of grafting. This conclusion is consistent with those
found for particle size and solubility (Section 3.3.2).

4.3.2 Particle size and protein solubility

The protein solubility and particle size of BSA/starch conjugates were
investigated as indications of their functional characteristics. Table 8
demonstrates that the averages of particle sizes of BS samples were smaller
than those of B samples. In addition, the particle sizes reduced even further
following PEF treatment, with the smallest particle size being seen at PEF
3.5+0.3 kV/cm. The conjugated starch in BSA/starch conjugates may reduce
the aggregation of BSA. The presence of more hydrophilic soluble starch
conjugated to BSA may stabilize a higher surface area, hence decreasing the
particle size of conjugates [148]. This result is consistent with our DG
observations (Figure 11). Nonetheless, the particle sizes gradually grew when
the EFS (>3.50.3 kV/cm) rose. The secondary structure of BSA molecules
may change as a result of the PEF treatment as it may alter the hydrogen bonds
arrangements [20]. Higher EFS can further disrupt protein-protein
interactions, resulting in protein unfolding and subsequent aggregation [21].
Similar findings were reported in investigations utilizing gum Arabic-zein,
and pectin-soy protein isolate conjugates treated with ultrasound [145,160].
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Figure 16 Solubility of native BSA (B), BSA/starch mixture without PEF
(BS) and PEF-treated BSA/Starch conjugates (BS-PEF 1 — BS-PEF 4).
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Protein solubility can be affected by various factors, such as amino acid
composition, the exposure of hydrophobic and hydrophilic groups, the
molecular weight, and the number of hydrogen bonds [67,125]. According to
Figure 16, solubility increased dramatically following PEF treatment,
reaching its maximum at 4.5+0.5 kV/cm. PEF treatment has the ability to
increase the dielectric constant and produce molecular polarization of
proteins, thus altering electrostatic protein-protein interactions [161]. This
result is congruent with the findings of Dong et al. [162], who hypothesized
that free radicals generated by PEF (18 kV/cm) could disrupt electrostatic
interactions and non-covalent bonds, increasing the contact between
myofibrillar proteins and water. In addition, the partial unfolding of proteins
induced by PEF treatment may expose additional hydrophilic groups,
enhancing protein solubility [163]. However, solubility steadily reduced as the
EFS increased (>4.5 kV/cm). Li et al. [7] observed that the solubility of soy
protein reduced with increasing EFS over 30 kV/cm. Among partially
unfolded polypeptides, higher EFS can increase the formation of more
disulfide (S-S) bonds and hydrophobic interactions [40,161], formating
insoluble protein aggregates. These observations correspond to the particle
size information reported in Table 8. The greater surface area of particles with
smaller sizes is responsible for the increased protein-water interactions.
Therefore, the smaller BSA particles can lead to fewer protein aggregates in
the pellet after centrifugation, improving protein solubility [164].

4.3.3 H, analysis and Intrinsic fluorescence

During the conjugation process, the intrinsic tryptophan (Trp) fluorescence
spectra of BSA were observed to monitor alterations in the tertiary structure.
The maximum fluorescence intensity of BSA and BSA/soluble starch
conjugates was achieved at wavelengths between 342 and 344 nm, as shown
in Figure 14B. The BSA/soluble starch mixes had a lower fluorescence
intensity than the BSA sample. In addition, the intensity dropped following
PEF processing at 3.5 and 4.5 kV/cm, with a minor blue shift. This reduction
in fluorescence intensity is due to starch’s shielding effects during the
Maillard reaction. The greater DG and Maillard reaction degree at lower EFS
can increase the shielding effect and decrease the fluorescence intensity.
Following ultrasonic treatment, Ma et al. [165] detected a reduction in the
fluorescence intensity of pectin/soy protein isolate conjugates. In addition, the
presence of soluble starch in this research prevented the ANS fluorescent
probe from accessing the hydrophobic areas of BSA molecules. The
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fluorescence intensity increased at EFS greater than 4.5 kV/cm, possibly due
to decreased protein aggregation and Maillard reaction degree. These results
agreed with the solubility, DG, and particle size findings.

The BSA Hj values provide insight into the effect of starch conjugation on
the protein structure. The Hy values declined gradually as the EFS increased
(Table 8), showing that the tertiary structure of BSA was altered [166]. The
generation of less hydrophobic glycation products and the Maillard reaction
might alter the structure of BSA and reduce the exposure of hydrophobic
groups [165]. Additionally, the hydrophilic hydroxyl groups in starch may
increase the hydrophilicity of BSA upon conjugation, leading to a decline in
Hp values [167]. The slight increase in Hy at higher EFS (8.1 kV/cm) may be
attributable to decreased protein aggregation and Maillard reaction intensity.
Due to the partial loss of shielding effects of starch, the protein molecules’
aggregation, and the decrease in DG at higher EFS could enable the exposure
of previously covered hydrophobic groups on the protein surface.

4.4 Conclusion

The Maillard reaction between soluble starch and BSA has been
successfully facilitated using PEF treatment. The physicochemical
characteristics of BSA/ soluble starch conjugates are significantly influenced
by applying various EFSs during PEF treatment. Regarding the BSA/starch
conjugates, PEF treatment enhanced the degree of grafting, protein solubility,
and browning at EFSs between 3.5 and 5.7 kV/cm. Additionally, the conjugate
particle sizes, surface hydrophobicity, and fluorescence intensity were
decreased. However, the protein solubility, DG, and particle sizes of
BSA/starch conjugates decreased when the EFS exceeded 5.7 kV/cm. These
results demonstrate the potential of PEF treatment to alter and improve the
properties of food ingredients by highlighting the impact of various EFSs on
the physicochemical properties of BSA/soluble starch conjugates.
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CHAPTER 5 PHYSICOCHEMICAL PROPERTIES OF O/W
EMULSIONS STABILIZED BY PEF-INDUCED BSA/SOLUBLE
STARCH CONJUGATES.

e Emulsions were prepared using PEF-induced BSA/soluble starch
as an emulsifier.

e The utilization of PEF enhanced the stability of emulsions stabilized
BSA/starch conjugates.

e Moderate EFS resulted in improved emulsifying properties of
BSA/starch conjugates and better stability of emulsions.
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5.1 Introduction

Emulsions have numerous uses in food products, such as processed cheese,
mayonnaise, and ice cream, as well as in drug delivery systems, cosmetics,
and pharmaceuticals [168,169]. Emulsifiers are required to produce stable
emulsions that can keep their stability for a longer time, as emulsions are
naturally thermodynamically unstable [82]. Besides their nutritional value and
biodegradability, proteins are frequently utilized as emulsifiers due to their
ability to interact with both the water and oil phases due to their amphiphilic
nature [11]. Protein-stabilized emulsions are nevertheless sensitive to
aggressive environmental factors like temperature, ionic strength, and pH
[132,170]. Consequently, several studies have been performed to enhance the
stability of protein-stabilized emulsions under such challenging conditions
[82,145,171-173].

Protein-polysaccharide conjugation is a common method for improving the
stability of protein-stabilized emulsions under a variety of environmental
conditions [174,175]. These conjugates are produced by non-covalent and
covalent interactions, which result in synergistic effects between proteins and
polysaccharides, modifying the interfacial properties of the adsorbed layers.
Strong attractions can arise between positively charged proteins and
negatively charged polysaccharides, especially under acidic conditions (pH <
isoelectric point) [176]. Under different conditions, it has been demonstrated
that these protein/polysaccharide conjugates increase the stability of protein
emulsions. Ultrasound has been utilized to facilitate the protein-
polysaccharide conjugation and Maillard reaction. as an environmentally
friendly processing approach [165,177]. Studies have demonstrated that
ultrasound can alter the structure of citrus pectin and soy protein, improve
electrostatic interactions, and enhance the emulsifying properties of their
conjugates [178]. This enhancement is due to ultrasound-induced graft
reaction acceleration and the improvement of the conjugates’ surface
hydrophobicity [179,180]. As a novel green technology, it would also be
beneficial to investigate how PEF-induced changes in BSA/soluble starch
conjugates could affect the stability and physicochemical characteristics of
BSA/starch conjugate-stabilized emulsions.

In this work, it was hypothesized that using BSA/starch conjugates as
emulsifiers will increase the emulsions’ stability by facilitating the Maillard
reaction between BSA and soluble starch. There is a lack of knowledge on the
effects of PEF treatment on the emulsifying properties of BSA/soluble starch
conjugates. This study aims to investigate the emulsifying capabilities of PEF-
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induced BSA/starch conjugates and enhance BSA-stabilised emulsions'
stability. Additionally, this research can help PEF technology improve and be
used in the food industry as a green, sustainable method.

5.2 Results and Discussions
5.2.1 Droplet size and morphology of emulsions

Smaller droplets typically contribute to greater emulsions’ stability
compared to larger droplets, making the size of emulsion droplets an essential
predictor of their stability and physicochemical characteristics [168]. In our
investigation, it was discovered that emulsions stabilized by BSA/starch
conjugates that had undergone PEF treatment had smaller droplet sizes than
emulsions stabilized by native BSA. The emulsions containing the BS-PEF 1
and BS-PEF 2 conjugates had the smallest droplet sizes among the PEF-
treated conjugates, with 411.5 and 440.6 nm, respectively (Table 9). The
conjugates' particle sizes decreased after PEF treatment (Table 8), facilitating
their quick movement toward the water/oil interface during emulsification.
These results were consistent with the DG findings (Figure 11), which
showed that PEF treatment at lower EFS increased the conjugation between
BSA and starch. The improved conjugation may help create a strong
interfacial layer, encouraging the production of smaller droplet sizes in the
emulsions [186].

In soy protein isolate-lentinan conjugates, an increase in the solubility of
SPI can improve the conjugates' emulsifying capabilities, according to Wen et
al. [187]. As demonstrated in Table 8 and Figure 15, bigger particle sizes and
lower DG values for the conjugates were seen in our investigation when
greater EFSs were used during PEF treatment. When EFSs were more than
3.5 kV/cm, the emulsion droplet sizes stabilized by PEF-treated conjugates
gradually increased. The results from the CLSM micrographs shown in
Figure 17 where BS-PEF 1 emulsions had smaller droplet sizes, which is
consistent with this trend. In addition, as shown in Table 9, the PEF-treated
conjugates (BS-PEF 2, BS-PEF 3, and BS-PEF 4) had reduced amounts of AP
(%) surrounding the oil droplets. This is explained by the increased particle
sizes and protein molecule aggregation seen in the BS-PEF 4 and BS-PEF 3
conjugates (Table 8), which led to less protein being adsorbed and bigger
droplet sizes in the emulsions.
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Table 9 Adsorbed protein (AP%) and averages droplet size of BSA and
BSA/starch conjugates-stabilized emulsions. Reprinted from [143].

BSA/starch conjugates- emulsions (BSE)

z-average (nm) AP (%)
B 620.76+39.48° 26.57+1.20°
BS 571.33421.75° 26.66+1.94°
BS-PEF 1 411.53+28.53¢ 27.22+1.69%
BS-PEF 2 440.6+30.45¢ 24.21£1.102
BS-PEF-3 460.83+40.27b¢ 19.79+3.96°
BS-PEF 4 506.06+13.31° 22.38+2.88*
BS BS-PEF 1

BS-PEF 2 BS-PEF 3 BS-PEF 4

5 pm Sum.

5pum

Figure 17 CLSM images of emulsions stabilized with BSA and BSA/starch
conjugates with and without PEF treatment. This figure is reprinted from
[143].

5.2.3 DSC analysis

DSC is commonly used to assess emulsion freezing stability. The heat flow
changes throughout the cooling and heating cycles reveal emulsions' freezing
behavior and stability. Sealing emulsion samples in aluminium pans,
gradually cooling them to the proper freezing point, and noting thermal
transitions during heating is the analysis. DSC data can be used to determine
the emulsion's stability during freezing, storage, and thawing. DSC analysis
has helped formulate stable emulsion-based products for freezing or low-
temperature storage by examining the effects of many components [188,189].
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DSC thermograms were used to examine the freezing behavior of
emulsions stabilized by native BSA, PEF-treated BSA/starch conjugates, and
untreated BSA/starch conjugates (Figure 18). The endothermic peaks, which
depict the melting behavior of emulsions, did not alter significantly (Figure
18), indicating that ice crystal formation predominantly affected the freeze-
thaw stability of these emulsions [183]. Peak temperatures for the exothermic
peaks, which correspond to the creation of ice crystals, ranged from -12.7 to -
15.5 °C. Notably, emulsions' freezing points were lowered after PEF treatment
of BSA/starch mixes. The lowest freezing temperature among the emulsions
was for BS-PEF 3 (-15.5 °C), whereas the highest freezing temperature was
for B emulsions (-12.7 °C), showing that PEF treatment of BSA/starch
conjugates may effectively suppress ice crystal formation [190]. According to
the browning intensity and DG, the alterations in the exothermic peaks can be
linked to the development of more complex BSA/starch conjugates following
PEF processing (Table 8). In addition, Phase separation in B and BS
emulsions may result in a higher volume of water than emulsions stabilized
by PEF-treated conjugates, resulting in crystallization at higher temperatures
[191]. These results show the efficiency of PEF in modifying ice crystal
formation and provide information on the PEF effects on the freezing behavior
of BSA/starch conjugate-stabilized emulsions.
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Figure 18 DSC thermograms of BSA and BSA/starch conjugates (with and
without PEF treatment)-stabilized emulsions. This figure is reprinted from
[143].
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5.2.4 Effect of ionic strengths

In many food applications, salt is frequently added to emulsion-based food
products. This approach can cause changes in the conformational structure of
protein molecules when used as emulsifiers, resulting in protein aggregation.
The stability and physicochemical characteristics of protein-stabilized
emulsions may then be affected. This study investigated how changing NaCl
concentrations (Cnaci) affected the size of emulsion droplets. It was shown that
BS-PEF 3 and BS-PEF 1 emulsions had the least average droplet sizes at a
Cnaci concentration of 150 mM, whereas B and BS-PEF 4 emulsions had the
highest average droplet sizes (Figure 19 A). Similarly, with a Cyac
concentration of 300 mM, the smallest average droplet size was seen in the
BS-PEF 1 emulsion, whereas the smallest average droplet size was seen in the
BS-PEF 4 emulsion (Figure 19 A). These results support those of Zha et al.
[186], who showed that conjugating gum Arabic conjugated with pea protein
isolate could decrease particle sizes and improve emulsion stability at various
salt concentrations. The increased amount of AP (%), as seen by the average
droplet diameters, may be responsible for the improved emulsion stability
(Figure 19 B). This higher AP (%) improves stability by preventing oil droplet
flocculation and coalescence. The enhanced BSA-starch conjugation under
weaker electric fields may contribute to preventing protein molecule
aggregation, ultimately improving emulsion stability.
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Figure 19 Droplet sizes averages (A), Adsorbed protein (AP%) (B), and
CLSM images (C) of emulsions stabilized with BSA and BSA/starch
conjugates (with and without PEF treatment) at NaCl concentration of 150
mM. These figures are modified from [143].
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Protein and soluble starch both play a unique role in stabilizing the
emulsion systems. Protein increases stability by electrostatic repulsion, while
starch improves the steric repulsion of oil droplets [82]. BSA and soluble
starch combined as emulsifiers could increase emulsion stability over a range
of ionic strengths. The amount of AP (%) increased when NaCl was added to
the emulsions. This result matches those of a recent study, which proved that
adding NaCl increased the AP (%) in emulsions stabilized by soybean and
whey proteins [132]. The droplet size average and AP (%) findings were
further corroborated by the confocal laser scanning microscopy (CLSM)
pictures of emulsions with Cnaci concentrations of 150 and 300 mM (Figure
19 C and 20 C). In particular, the micrographs showed that BS-PEF 3 and BS-
PEF 1 emulsions had smaller droplets (indicated by red cores) and higher
intensities of protein films around the oil droplets (represented by green
perimeter). These findings suggest that the synergistic effects of BSA, starch,
and the presence of NaCl all work together to strengthen the protein film that
forms around the oil droplets, improving the emulsion stability.
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Figure 20 Droplet sizes averages (A), Adsorbed protein (AP%) (B), and
CLSM images (C) of BSA and BSA/starch conjugates (with and without PEF
treatment)-stabilized emulsions at NaCl concentrations of emulsions to 300
mM. These figures are modified from [143].

5.2.5 Effect of pH
When compared to emulsions prepared at neutral pH, pH 4.6 emulsions

showed larger droplet sizes and greater AP (%) (Figure 21). Compared to
emulsions stabilized by native BSA, those with BSA/starch conjugates had
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smaller droplet sizes. Interestedly, the PEF-treated emulsions (BS-PEF 3 and
BS-PEF 1) showed the smallest average droplet diameters and the highest AP
(%). These results were further substantiated by CLSM pictures, which
demonstrated that at pH 4.6, B and BS-PEF 4 emulsions had larger droplet
sizes than other emulsions. Similar findings were made for emulsions
stabilized by starch/WPI conjugates at their p/ (5), which showed bigger
droplet sizes than emulsions at neutral pH [172]. As seen in the B emulsion,
the coalescence of oil droplets in our study may have resulted from the BSA
molecules' tendency to aggregate at pH 4.6. (Figure 21). BSA and starch may
have formed a combination that prevented BSA from aggregating at pH 4.6,
improving the stability of BSA/starch-stabilized emulsions. Since BSA
molecules' surface charges are neutral at pH 4.6, there is insufficient
electrostatic repulsion at the oil/water contact to prevent the aggregation of oil
droplets. But, through a combination of steric and electrostatic repulsion
mechanisms, starch and BSA/starch conjugates may have helped to stabilize
the emulsion system [82,179].
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Figure 21 Droplet sizes averages (A), Adsorbed protein (AP%) (B), and CLSM
images (C) of BSA and BSA/starch conjugates (with and without PEF treatment)-
stabilized emulsions at pH values of emulsions to 4.6. These figures are modified
from [143].
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5.3 Proposed mechanism of PEF-assisted glycation of BSA/starch
conjugates and their emulsifying properties.

Figure 22 illustrates the effect of PEF treatment on BSA molecules,
primarily inducing polarization and generating free radicals. These free
radicals can disrupt various protein-protein interactions, such as hydrophobic
and electrostatic interactions, van der Waals forces, disulfide, and hydrogen
bonds. Consequently, the unfolding of BSA molecules is facilitated [20,21].
The particle sizes (Table 8), solubility (Figure 16), and DG (Figure 15)
demonstrate that PEF increased BSA solubility, reduced the particle size of
BSA molecules, and generated more free amino acids. Zeng et al. [192]
noticed that PEF treatment of starch reduced the molecular weight and relative
crystallinity of rice starch when subjected to specific PEF conditions (<50 °C
at 30-50 kV/cm for 40 s). These modifications in both starch and BSA likely
facilitated starch/BSA conjugation following PEF treatment. The improved
emulsifying properties of PEF-induced starch/BSA conjugates can be
attributed to the following reasons:

BSA molecules contribute to emulsion stability through electrostatic
repulsion, while starch provides steric repulsion [82]. Therefore, the co-
adsorption of starch and BSA forms a double layer at the water/oil interface,
enhancing the emulsions' stability under harsh environmental conditions, such
as pH variations, temperature fluctuations, and changes in ionic strength
[176].

Following PEF treatment, smaller particle sizes are obtained, encouraging
conjugates to accumulate at the oil/water interface during emulsification.
Then, the interfacial tension is decreased by this accumulation, leading to
smaller oil droplet sizes and improved emulsion stability [170].
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5.4 Conclusion

Emulsions stabilized by PEF-induced conjugates in the 3.5-5.7 kV/cm EFS
range showed reduced droplet sizes and exhibited superior stability across
various environmental conditions, such as freezing, fluctuating ionic
strengths, and pH variations. Emulsions stabilized by PEF-induced conjugates
at EFS> 5.7 kV/cm, on the other hand, exhibited greater droplet sizes and less
stability when exposed to these environmental factors. Accordingly, it is
advised to use mild to moderate PEF treatment to enhance the emulsifying
abilities of soluble starch/BSA complexes. However, the underlying processes
by which PEF treatment generates these observed effects on the gels generated
by protein/polysaccharide conjugates and their impact on the bioaccessibility
of gels enriched in bioactive phytochemicals need to be clarified. Finding the
ideal PEF treatment parameters for future investigations might also be
accomplished by investigating the effects of a wide range of EFS and pulse
numbers.
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CHAPTER 6 EFFECTS OF PULSED ELECTRIC FIELD ON
THE PHYSICOCHEMICAL AND STRUCTURAL
PROPERTIES OF MICELLAR CASEIN

Impacts of PEF treatment (0-30kV/cm, 480 ns) on CSMs were
studied.

PEF treatment was found to induce changes in the particle sizes,
surface hydrophobicity and protein solubility.

It was also noticed that PEF can alter the secondary structure and
disulfide linkages in CSMs.
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6.1 Introduction

Pulsed electric field (PEF) as a promising green technology in different
food applications has received significant interest [34,103]. By subjecting
food materials positioned between two electrodes to millisecond- to
nanosecond-long electric field pulses [103], PEF processing has been utilized
mainly for enzyme and microbe inactivation in food systems [55].
Interestingly, investigations have demonstrated that PEF treatment can
produce structural changes and influence the technological properties of food
proteins [1]. Numerous food products rely on bovine milk proteins (whey
proteins (20 %) and caseins (80 %)) as vital raw materials [6]. However,
proteins frequently have functional restrictions, such as large molecular
weight, reduced solubility, and moderate electrostatic repulsion [170].
Therefore, it is necessary to improve the functional performance of proteins,
such as their foaming, gelling, and emulsifying capacities [20]. To achieve
enhanced functionality, proteins must undergo conformational modifications.
To address this issue, the effects of PEF treatment (19.2-211 ps, 30-35 kV/cm)
and various heat treatments (30-75 °C) on the structural and functional
properties of WPI were investigated [108]. The results showed that the PEF
treatment had no significant effect on the free-SH group concentration, surface
hydrophobicity, or unfolding of proteins. Surprisingly, emulsions formed
from PEF-induced WPI (30 kV/cm) had comparable droplet diameters (4 um)
to those derived from heat-induced WPI (72 °C for 15 seconds) [108].
However, it is important to note that lower EFS (22.7-24.2 °C, 500 V/m)
produced structural alterations in bovine serum albumin (BSA), possibly as a
result of the breakage of its native hydrogen bonds [109]. Rodrigues et al.
[193,194] also investigated the effects of a moderate electric field (MEF) on
the structures of whey proteins and -lactoglobulin. Their findings revealed that
MEF (range from 0 to 10 V/cm) enhanced the hydrophobicity of [-
lactoglobulin's surface and altered its Trp fluorescence spectra and secondary
structure. Notably, when MEF was combined with heat treatment (up to 70
°C), the structural alterations in B-lactoglobulin were amplified. In addition,
the combination of MEF and ohmic heating in WPI reduced viscosity and led
to the production of smaller aggregates with less thiol group concentration
[193,194].

Caseins, which account for approximately 80% of total milk protein,
consist of various subunits, including as1 (45% of total casein), as2 (12%), B
(33%), and kappa (k, 10%) caseins [106]. These proteins are widely utilized
as raw ingredients in numerous food products. Ultrasound and high-pressure
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treatments have been employed to modify the technological and structural
characteristics of caseins. For instance, ultrasonication at a frequency of 20
kHz and a power density of 0.75 W/ml has been shown to reduce the particle
size and enhance the solubility (greater than 95%) of casein powders (MCP)
[195]. In another study, sonication at 30% amplitude and 20 kHz resulted in
decreased solubility, particle size, and improved thermal stability of casein
micelles within the pH range of 4 to 8 [196]. Ultrasound-induced alterations
in protein tertiary structures exposed hydrophobic residues to the protein
molecule surface, thereby increasing protein flexibility and reducing
interfacial tension at the oil/water interface, ultimately enhancing emulsifying
properties [82]. On the other hand, high-pressure treatment at lower pressures
(100-200 MPa) did not significantly impact the structure of casein micelles,
whereas, at higher pressures (> 400 MPa), hydrophobic interactions were
disrupted, leading to a reduction in the average size of casein micelles [197].

Few research was done on the structural and functional properties of CSMs
after PEF treatment. As a result, the main goal of this work was to evaluate
the structural changes that occurred in CSMs after receiving high-intensity
PEF treatment at voltages between 0 and 30 kV/cm. This study will advance
knowledge of PEF's effects on casein micelles' functional capabilities by
exploring how it affects the structural characteristics. The results of this study
will offer insightful information on the prospective uses of PEF technology in
changing the structural characteristics of casein micelles and may have
implications for the creation of cutting-edge methods for food processing and
new product formulations.

6.2 Materials

Casein micelles (CSMs, 92% protein) were purchased from VWR
Chemicals (Leuven, Belgium). B-mercaptoethanol, sodium hydroxide, and
sodium chloride were acquired from AppliChem GmbH (Darmstadt,
Germany). Sodium dodecyl sulphate (SDS) and Coomassie blue dye-
(G250), were obtained from Sigma Aldrich (St. Louis, Missouri, USA). 8-
Anilino-1-naphthalenesulfonic acid (ANS) was purchased
from Cayman Chemical Company (Michigan, USA). Hydrochloric acid,
phosphoric acid, methanol, and ethanol absolute were obtained from Merck
(Darmstadt, Germany).
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6.3 Results and Discussions
6.3.1 PEF effects on the particle size and {-potential

The particle size of proteins plays a crucial role in determining their
solubility and other functional properties. Table 10 presents the effects of PEF
on the particle size and {-potential of CSMs. Upon PEF treatment, the particle
size enhanced from 266.8 to 276.2 nm at an EFS of 10 kV/cm. However, the
particle sizes decreased as the EFS was further increased to 20-30 kV/cm. The
size distribution of both untreated and PEF-treated CSMs was bimodal,
similar to that found in B-casein by Li et al. [200]. Peak values were obtained
between 30-100 nm (peak 1) and 200-1000 nm (peak 2). The observed shift
in the peaks of CSMs treated at 10 kV/cm suggests an increase in particle size,
indicating the assembly of bigger aggregates (Figure 23). A similar
observation was reported for soy protein isolate treated with MEF (8-10 V/cm)
[201]. This phenomenon could be attributed to the aggregation or partial
unfolding of CSMs [44,143]. It is worth noting that using EFS beyond 10
kV/cm led to the production of smaller particle sizes compared to both the
native protein and PEF-treated CSMs at 10 kV/cm. PEF treatment can reduce
protein size by disrupting hydrogen bonding, electrostatic interactions, and
hydrophobic interactions [202]. However, further investigations are required
to verify and better understand the underlying causes behind the increase in
particle size at 10 kV/cm and the subsequent decrease at higher PEF strengths.
The C-potential offers valuable insights into the electric properties exhibited
by proteins. The experimental findings indicated that the absolute {-potential
value exhibited an increase from 26.6 mV (native CSMs) to 30.1 mV
subsequent to treatment at 10 kV/cm. An analogous augmentation in the
absolute (-potential magnitude was seen in soy protein isolates following
treatment with MEF at an EFS of 4 V/cm [201]. This increase in {-potential
could be attributed to the unfolding of CSMs, exposing more buried polar
groups on the surface and increasing the surface charges.
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Figure 23 Particle size distribution (PSD) of native (0 kV/cm) and PEF-
treated CSMs at an EFS of 0-30 kV/cm. Reprinted from our open access article
[198].
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Table 10 Particle size (z-average), PDI, {-potential, turbidity, protein solubility, and surface hydrophobicity (Ho) and temperature of
native (0 kV/cm) and PEF-treated casein micelles at electric field strength of 0-30 kV/cm. Reprinted from our open access article
[198].

C-potential .o Protein Surface' . Tempcerature
Z-average (nm) PDI (mV) Turbidity solubility hydrophobicity O
(Ho)
0kV/em 266.8+2.3° 0.52+0.03 ° -26.6+0.2° 0.137+0.001°¢ 84.9+0.3° 164.9+1.32 20.34+0.3
10 kV/em 276.2+3.12 0.61£0.01 ® -30.1+0.3 ® 0.152+0.002° 87.1+0.22 166.0+2.42 21.1+0.4
20 kV/em 258.2+2.9¢ 0.56+0.01° -29.3+0.8 ® 0.141+0.002° 86.4+0.32 160.6+2.7° 22.34+0.3
30 kV/em 257.5+3.3¢ 0.59+0.02 2%  -29.5+0.52 0.143+0.003° 86.6+0.42 159.4+1.3° 24.240.5
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6.3.2 Protein solubility and turbidity

Protein solubility is a significant element that affects their functional
properties, such as their gelling, emulsifying, and foaming capacities [203].
Several factors, such as the molecular weight, amino acid profile, hydrogen
bond concentration, and the presence of hydrophobic and hydrophilic groups
on the surface, can influence a protein's solubility [67,143]. Protein solubility
improved following PEF treatment at 10, 20, and 30 kV/cm from 84.9 to 87.1,
86.4, and 86.6 %, respectively (Table 10). The use of PEF promoted the
establishment of hydrophobic contacts between unfolded proteins, creating
more soluble protein aggregates [40]. Increased protein solubility following
PEF treatment may be attributable to molecular polarization and enhanced
dielectric constant resulting from PEF treatment at high EFS. Also, it has been
claimed that PEF treatment (18 kV/cm) of myofibrillar protein generates free
radicals that can disrupt electrostatic interactions and non-covalent bonds and
improve protein solubility [162].

Turbidity is a measure of the size, amount, and aggregation of suspended
proteins [204]. In our investigation, CSMs treated with 10 kV/cm exhibited a
considerable increase in turbidity compared to untreated samples (Table 10).
Increased aggregation and particle size may increase light absorption and
scattering, resulting in an improvement in turbidity [205]. These results
suggest that a PEF treatment at 10 kV/cm may accelerate the development of
hydrophobic contacts and new intermolecular disulfide (S-S) bonds [40,206].
The increased turbidity of protein suspensions might be attributed to the
formation of aggregates and the rise in particle size, which led to an increase
in diffuse light reflection [201]. These results are consistent with those of
particle size, as provided in Table 10.

6.3.3 Tertiary structure and surface hydrophobicity (Ho)

The intrinsic fluorescence spectra of proteins can provide insights into
changes in the microenvironment polarity of aromatic amino acids [207]. In
our study, we obtained the fluorescence spectra of CSMs before and after PEF
treatment to investigate alterations in the tertiary structure [208]. The
fluorescence intensity significantly rose from 829.5 to 855.6 when subjecting
the CSMs to an EFS of 10 kV/cm. However, a slight decline in fluorescence
intensity was seen as the EFS exceeded 10 kV/cm (Figure 24). An increase in
fluorescence intensity indicates that tryptophan (Trp) residues are positioned
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in a hydrophobic or non-polar environment, while a decrease in fluorescence
suggests exposure to a hydrophilic polar environment [209].

The observed enhancement in peak intensity subsequent to PEF treatment
at an EFS of 10 kV/cm may be related to the conversion of active residues into
a comparatively more hydrophobic environment within the recently
developed aggregates [210]. The application of PEF treatment at an EFS of 10
kV/cm has the potential to cause alterations in the conformation of protein
structures. This phenomenon can result in the increased exposure of aromatic
amino acids on the surface of the protein. Furthermore, it was observed that
the Amax value saw a modest blue-shift from 345.5 nm (native protein) to 344.5
nm (at 10 kV/cm), suggesting an increase in the hydrophobic nature around
the fluorophore [211]. The PEF treatment has potentially exposed
hydrophobic areas by inducing partial unfolding, as indicated by previous
research [212]. Around a pH of 7, it is observed that certain hydrophobic
amino acids exhibit negative charges on their surface. Consequently, the
elevation in the absolute (-potential value after PEF treatment can be
attributed to the enhanced exposure of additional hydrophobic areas [213].
The augmentation of the absolute {-potential value [170] can be attributed to
the existence of uncovered hydrophobic regions accompanied by an elevation
in the number of negatively charged amino acids. The aforementioned
findings are consistent with the outcomes derived from the measurements of
(-potential as presented in Table 10, as well as the study conducted using
Raman spectroscopy.
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Figure 24 Fluorescence emission spectra of native (0 kV/cm) and PEF-treated
casein micelles at electric field strength of 10-30 kV/cm. Reprinted from our
open access article [198].
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6.3.4 Microstructure

Figure 25 depicts the surface morphology of natural casein and casein
subjected to PEF treatment. The untreated and 10 kV/cm treated CSMs
exhibited condensed structures characterized by significant aggregates, and
their surfaces exhibited an unbroken appearance free of visible cracks or
fissures. On the other hand, SEM images of CSMs samples treated with PEF
revealed surface structures that were visibly disturbed, displaying obvious
cracks and fissures. As the EFS was raised from 10 to 30 kV/cm, the intensity
of these disturbances became more evident. The SEM pictures of the casein
sample treated with PEF at higher EFS exhibited more pronounced alterations
to the surface structure of the protein. These alterations were characterized by
the presence of smaller aggregates and the emergence of sheet-like structures.
In comparison, the native casein sample and the casein sample treated with 10
kV/cm electric field strength had less severe disruptions. The obtained SEM
micrographs provide evidence that the application of PEF treatment resulted
in notable alterations in the surface structure and morphology of CSMs. The
observed level of disruption on the protein surface exhibited a positive
correlation with the application of higher voltage PEF treatments, indicating
that higher EFSs induce more pronounced alterations in the protein's structural
integrity.

30 kV/em

0 kV/em 10 kV/em 20 kV/em
N 9, ] Y 3 {

250 X

Figure 25 SEM images of native (0 kV/cm) and PEF-treated casein micelles
at an electric field strength of 10-30 kV/cm. Reprinted from our open access
article [198].
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6.3.5 Secondary structure

Fourier Transform Infrared Spectroscopy (FTIR) is a widely used method
for analyzing protein secondary structures [214]. By examining the vibrational
changes in protein chemical interactions, FTIR data can provide valuable
information about the protein's structure. In the case of polypeptides, the
amide I band, which typically ranges from 1600 to 1700 cm, is particularly
informative as it reflects the C=0 stretching vibrations of the protein backbone
[215]. The FTIR spectrum shown in Figure 26 presents the IR spectra of the
control (native) and PEF-treated CSMs samples. The region between 1050 and
1100 cm™ contains peaks attributed to the phosphate stretching of colloidal
calcium phosphate. Upon PEF treatment, these peaks gradually disappear,
indicating changes in the protein structure. These changes may be associated
with the unfolding of casein, dissociation of colloidal calcium phosphate, and
shielding of calcium ions [216].

The second derivative method was employed to assess the casein samples'
secondary structure, and the obtained FTIR spectra were subjected to peak
deconvolution using Peakfit software [217]. The amide I region's hidden peaks
were automatically identified, and their positions were fitted using a Gaussian
model to estimate the presence of different secondary structures. The area of
each fitted peak was then calculated as a percentage of the total area of the
amide I peak. Comparing the secondary structures of native casein PEF-
treated casein (10-30 kV/cm), several notable changes were observed (Table
11). The o-helix content experienced a significant decrease, dropping from
33.5% in native casein to approximately 20.5% in PEF-treated casein.
Additionally, an extra peak appeared in the a-helix region of the FTIR-fitted
peaks for native casein [218]. The B-turn content increased from 16.6% in
native casein to 18.5-20.9% in PEF-treated casein. Similarly, the B-sheet
content increased from 30.5% in native casein to 37.5-39.7% in PEF-treated
casein. Conversely, the random coil content decreased from 12.7% in native
casein to 10.8% at 10 kV/cm but increased to 15.8% at 30 kV/cm [218].

These findings indicate that PEF treatment-induced changes in the
secondary structure of casein. The creation of new secondary structures and
partial unfolding of the protein is suggested by the decrease in a-helix content
and the increase in B-turn and P-sheet contents [219]. Protein-protein
interactions, such as Van der Waals, hydrogen and disulfide bonds, as well as
hydrophobic and electrostatic interactions, might be blamed for these
structural alterations. The amount of B-sheets and surface hydrophobicity may
increase as hydrophobic groups on the protein surface are exposed [1,218]. It
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is worth noting that no significant changes in B-sheet and a-helix contents
were observed among the different PEF-treated casein samples at varying
voltage levels [129]. This indicates that the secondary structure changes
induced by PEF treatment may not exhibit a gradual increase with higher
voltage treatments. In addition, the study suggests that PEF treatment at lower
voltage levels can induce both chemical (e.g., aggregation and secondary
structure changes) and physical (e.g., increase in particle size) alterations.
Conversely, smaller soluble particles were produced at higher EFS levels, but
the secondary structures of the proteins were not significantly affected
compared to treatments at lower EFSs.
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Figure 26 FTIR spectra of native (0 kV/cm) and PEF-treated casein micelles
at an electric field strength of 10-30 kV/cm. Reprinted from our open access
article [198].
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Table 11. Total percentages area of secondary structures in Amide I region (1600-1700 cm™) in the FTIR spectra of native (0
kV/cm) and PEF-treated casein micelles at an electric field strength of 10-30 kV/cm. Means with different letters (a, b, ¢) in each
column indicate statistically significant differences among protein samples following Duncan's analysis (p < 0.05). Reprinted from
our open access article [ 198].

Peak area (%)

Side chain Intramolecular & Aggregated f-sheet Random coil a-helix p-turn
0kV/em 6.5+1.2° 30.542.1¢ 12.742.3¢ 33.542.4° 16.6+2.1°
10 kV/em 7.94+0.9° 39.742.5° 10.8+1.7¢ 20.5+1.9° 20.9+2.6*
20 kV/em 7.7+£1.3? 37.5+1.9° 14.7+1.6° 20.8+1.5° 19.1+1.8°
30 kV/em 7.4+0.8° 37.6+2.8° 15.8+1.9° 20.5+2.2° 18.5+2.1°
Band (g:};‘ency 1605-1611 831661 8851166330 1630-1645  1652-1666 1670-1675
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6.3.6 Raman spectroscopy analysis:

Figure 27 presents the Raman spectra of CSMs before and after PEF
treatment. The changes in frequency and scattering intensity in the Raman
spectrum can provide insights into the conformational changes of CSMs
[160]. One notable observation in the Raman spectra is the sharp increase in
intensity of the Raman band at 430-550 cm™' after PEF treatment. This band
is attributed to the disulfide v(S-S) bond [72,220]. The appearance of this band
indicates potential changes in the disulfide bonds within the protein structure.
The spectral modes related to cysteine disulfide bonds are typically found in
the 450-700 cm! range, with the exact frequency strongly dependent on the
conformation of the CCSSCC moiety [221]. It is important to note that the S-
S bond isomerization reaction may contribute to these changes, although there
could also be some contribution from Amide VI.

Another interesting feature is the mode near 710 cm™!, which corresponds
to the stretching vibration of the C-S bond in the trans conformation (vT(C-
S)). The intensity of this mode is increased in the 10 kV/cm samples compared
to native CSMs [222]. This suggests alterations in the conformation of the C-
S bonds within the protein structure due to PEF treatment. The dips observed
near 1074 and 1448 cm™ can be associated with changes in the vibrational
intensity of C-C and C-N stretching, as well as CH2 deformation [160].
Additionally, the negative-facing mode at 1722 cm corresponds to the
carbonyl vibration (v(C=0)). These changes in vibrational intensity indicate
modifications in the chemical environment and interactions within the CSMs.
Furthermore, a dip at 856 cm! is related to one of the doublet modes of
tyrosine [160]. This mode is further analyzed in more detail in Figure 28,
likely providing additional information about the specific changes occurring
in the tyrosine residues within the protein structure.
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Figure 27 Raman spectra in the fingerprint region (A) of native (0 kV/cm)
and PEF-treated casein micelles at an electric field strength of 10-30 kV/cm,
and (B) the difference between native and 10 kV/cm-treated CSMs. Reprinted
from our open access article [ 198].

The presence of tyrosine (Tyr) can be determined by observing its ring
breathing mode Y1, which presents as a Fermi doublet at about 850 and 830
cm!'. This characteristic feature serves as an indicator of the hydrogen
bonding state and allows for the investigation of the hydrophobic or
hydrophilic environment in close proximity to the Tyr side chain. A value
ranging from 0.7 to 1.0 for the intensity ratio (Isso/Is30) indicates that Tyr is
situated inside a hydrophobic environment. When the ratio (Isso/Is3o) falls
within the range of 0.90 to 1.45, it suggests the presence of Tyr in polar
environments [72]. As illustrated in Figure 26, the increase of the EFS resulted
in a reduction in the value of the (Igso/Ig30) ratio. The results of this study
suggest that the application of PEF treatment led to the burial of a greater
number of Tyr residues within a hydrophobic environment, primarily as a
result of intermolecular interactions [160,223]. The Raman data reveals that
the most significant alterations caused by PEF treatment are observed in the
disulfide linkages of the protein, affecting both the structure of S—S and S—-C
bonds. A certain degree of burying of the tyrosine sidechain was also
observed.
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Figure 28 The Raman spectra within the range of 820-860 c¢cm™ and the
relative integral intensity ratio at 850 and 830 cm™' were analyzed for both
native (0 kV/cm) and PEF-treated CSMs under an EFS ranging from 10-30
kV/cm. Reprinted from our open access article [198].

6.4 Conclusion

The application of PEF treatment proved to be effective in modifying the
physicochemical and structural properties of casein micelles (CSMs). The
treatment resulted in increased B-sheet contents, absolute {-potential values,
and protein solubility. Additionally, PEF treatment reduced surface
hydrophobicity, a-helix content, and particle sizes of the CSMs. Notably, no
significant differences were observed in the physicochemical properties of
CSMs treated at higher voltages (20-30 kV/cm) compared to those treated at
10 kV/cm. These findings suggest that using a moderate electric field (MEF)
treatment could be a more energy-efficient approach when aiming to modify
the structure of casein. Further research is recommended to investigate the
impact of PEF treatment on the interfacial, emulsifying, and gelling properties
of casein.
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CHAPTER 7 NANOSECOND PULSED ELECTRIC FIELD
PROMOTE THE BINDING BETWEEN BSA AND
EPIGALLOCATECHIN GALLATE (EGCG)

Nanosecond PEF (nsPEF, 0-20 kV/cm, 90 ns) was applied to
investigate its effects on the BSA/EGCG binding.

nsPEF altered the structure and physicochemical properties of BSA
molecules.

nsPEF promoted the BSA/EGCG binding.

Molecular docking simulation confirmed that binding between BSA
and EGCG molecules can occur at specific locations mainly via
hydrogen bonding.
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7.1 Introduction

Recently, there has been a growing interest in exploring the response of
biomolecules to external stimuli, driven by its implications for diverse
industries such as food, biotechnology, and pharmaceuticals. Among these
stimuli, nanosecond pulsed electric field (nsPEF) has emerged as a promising
technique to alter protein structures and techno-functional properties [10].
However, the influences of nsPEF on protein structure, specifically bovine
serum albumin (BSA) and its interaction with epigallocatechin gallate
(EGCG), a bioactive polyphenolic compound found in green tea, remain
largely unexplored.

Proteins' structural characteristics severely affect their functionality,
stability, and interactions with other molecules [224]. Extensive research has
been conducted on the impact of physical and chemical factors such as
ultrasound, temperature, pH, and high pressure on protein conformation [66].
Due to the possible health advantages of EGCG and its capacity to form
complexes with proteins [225,226], studying the binding relationship between
BSA and EGCG is also of considerable interest. The ability of BSA to bind
and transport a variety of substances has been well investigated [227,228]. As
a polyphenol, EGCG is sensitive to pH, light, and heat treatments. These
characteristics significantly limit its applications [229]. Understanding the
structural alterations brought on by this electrical treatment and how nsPEF
affects the binding of BSA and EGCG may help to improve the stability and
bioavailability of bioactive chemicals. In a recent study, Chen et al. [230]
studied the influences of PEF treatment (0-25 kV/cm for 40 ps) on the binding
ability of pea protein isolate (PPI) with EGCG. The authors applied multi-
spectral techniques and computer simulation to confirm that PEF treatment
increases the binding affinity between PPl and EGCG, hence potentially
enhancing the functional characteristics and food industry applications of PPI.
However, the effects of short (in the nanosecond range) duration PEF
treatment are yet to be studied.

This study was carried out using spectroscopic, biophysical, and computer
simulation methods. The secondary structure of BSA after exposure to short
duration (90 nanoseconds, 90 ns) PEF treatment was examined using circular
dichroism (CD) spectroscopy, fluorescence spectroscopy to study the
modifications to BSA's secondary and tertiary structure and the possible
changes of BSA/EGCG binding affinity. The modifications in BSA
aggregation brought on by nsPEF are also characterized by dynamic light

90



scattering (DLS). Molecular dynamics simulation is used to identify the active
sites on the BSA and EGCG and confirm their interaction. The study aimed to
study the effects of nsPEF in altering the structure and physicochemical
properties of BSA and its binding with EGCG. The results of this study could
significantly impact the design of novel functional food ingredients or drug
delivery systems, as well as the creation of creative protein modification
methodologies.

7.2 Materials

BSA was obtained from Sigma Aldrich (St. Louis, Missouri, USA). 1,2-
Phthalic dicarboxaldehyde (98 %, OPA) and EGCG (purity 95%)were
acquired from ACROS Organics, Fisher Scientific GmbH, Schwerte,
Germany.

7.3 Results and Discussions

7.3.1 Physicochemical properties of nsPEF-treated BSA and (nsPEF
BSA)+EGCG

Table 12 represents the particle sizes, C-potential, and surface
hydrophobicity of nsPEF-treated BSA. The particle sizes of BSA increased
after applying nsPEF. The increase in the particle size values could be due to
the partial aggregation of BSA molecules after nsPEF treatment. Similarly, in
our recent study, 10 kV/cm PEF treatment resulted in larger particles of CSMs
[198]. Moreover, the absolute {-potential value of BSA enhanced after PEF
treatment and reached the maximum value (28.9 mV) at 16 kV/cm. The partial
unfolding of BSA, followed by the exposure of more buried polar groups after
nsPEF treatment, could intensify the amount of negative charges at the
surface. Similar findings were observed with CSMs [198] and pea protein
isolate [230]. Surface hydrophobicity reflects the amount of hydrophobic
amino acid residues exposed on the surface, which impacts the intermolecular
interaction. The surface hydrophobicity of BSA gradually improved after
nsPEF treatment and reached its peak at 16 kV/cm, then decreased at 20
kV/cm. The destroyed hydrophobic groups and unfolding of BSA molecules
after PEF treatment resulted in the exposure of hydrophobic groups and
increased surface hydrophobicity values [198,229].

EGCG tea polyphenol (1 mmol/L) was added to nsPEF-induced BSA (1:1)
to investigate the impact of nsPEF treatment on the binding and interaction
between BSA and EGCG. The particle size (z-average), (-potential, and
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surface hydrophobicity of (ns-PEF BSA) after adding EGCG (Table 12).
Adding EGCG increased the particle sizes compared to native and nsPEF-
induced BSA. For example, the particle size value raised from 29.4 nm (nsPEF
BSA at 8 kV/cm) to 167.9 nm after adding EGCG to nsPEF BSA at 8 kV/cm
(Table 12). This rise in particle sizes revealed the occurrence of the covalent
binding between BSA and EGCG. The chain reaction between EGCG and
BSA and the formation of a biopolymer could be the reason for the increased
particle sizes [235,236]. However, the particle sizes of EGCG+nsPEF-induced
BSA gradually decreased with the increase in the EFS (Table 12). Surface
hydrophobicity represents the measurement of the hydrophobic groups (at the
exterior sides of proteins) binding to the ANS probe. Thus, the drop in surface
hydrophobicity values indicates the binding of the EGCG to the hydrophobic
amino acids on the surface of BSA molecules. This can block the binding of
the ANS fluorescence probe to the hydrophobic groups [237]. Surface
hydrophobicity declined after adding EGCG polyphenol to native and nsPEF-
induced BSA. The covalent interaction between EGCG and BSA decreased
the surface hydrophobicity of BSA [238,239].

The fluorescence intensity of nsPEF-treated BSA and (nsPEF
BSA)+EGCG complexes was measured and presented in Table 13. At lower
EFS (8kV/cm), the fluorescence intensity of both nsPEF-treated BSA and
(nsPEF BSA)+EGCG increased but then decreased at higher EFS. Similar
findings were reported in our recent study with CSMs [198]. Moreover,
compared to nsPEF-treated BSA, (nsPEF BSA)*EGCG had a lower
fluorescence intensity and redshift towards higher wavelengths was observed.
This change indicates a potential connection between tryptophan and the
interaction of EGCG and BSA, reducing the fluorescence intensity [236].
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Table 12 Particle size (z-average), {-potential, and surface hydrophobicity (Ho) of native (0 kV/cm), and nsPEF-treated BSA (ns-
PEF BSA) added to EGCG at EFS of 0-20 kV/cm.

nsPEF BSA (nsPEF BSA) + EGCG
z-average (nm)  (-potential (mV) Surface z-average (nm) C-potential Surface
hydrophobicity (Ho) hydrophobicity (Ho)
0 kV/ecm 23.8+2.1° -10.14£2.8? 345.3+1.7¢ 170.3+2.4° -19.5£2.72 221.142.8¢
8 kV/em 29.4+1.8%0 -27.4+3.5° 354.4+2.1° 167.9+1.9° -20.7£1.22 225.4+1.6°
12 kV/em 34.742.5% -27.742.4° 365.7+1.1° 163.4+2.3? -24.3£0.5° 245.2+3.1°
16 kV/em 39.4+1 .42 -28.9+3.1° 369.4+1.6° 129.2+1.8° -25.1£1.5° 253.4+1.4°
20 kV/em 36.242.28 -27.242.2b 359.2+3.4° 132.6x1.7° -24.5+0.9° 250.2+0.8%P
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Table 13 Fluorescence intensity of native (0 kV/cm), and nsPEF-treated BSA
(ns-PEF BSA) added to EGCG at EFS of 0-20 kV/ecm. WL; Wavelength; FL,
Fluorescence.

nsPEF-BSA (nsPEF-BSA)+EGCG

WL (nm) FL intensity WL (nm) FL intensity
0kV/em 344.5 518.1 358.4 232.7
8 kV/em 345.1 526.7 358.9 231.9
12 kV/em 344.8 5133 356.3 234.6
16 kV/em 344.2 505.1 358.1 2425
20 kV/em 345.8 520.8 358.2 237.2

Circular dichroism (CD) was used to study the changes in the secondary
structure of native BSA compared to nsPEF-treated BSA. Figure 29 shows
the nsPEF-induced changes in the secondary structure of BSA. It was
observed that a-helix content increased from 65.5% (native BSA) to 76.3%
after nsPEF treatment at 20 kV/cm. Moreover, B-sheets, B-turns and unordered
structures decreased after nsPEF treatment. Zhang et al. [240] studied the
effects of ultrasound treatment on the secondary structure of BSA. Similar to
our findings, they noticed that the sonication of BSA increased the a-helix
content from 63.6% before sonication to 74.03% after sonication at 59 kHz
frequency.
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Figure 29 CD spectra and secondary structure contents (%) of native and nsPEF-induced BSA.
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7.3.2 Physicochemical properties of nsPEF-induced (BSA+EGCG).

In this section, EGCG (1 mmol/L) was mixed with BSA (2%, w/v) (1:1) to
reach a final concentration of 1% BSA and 0.5 mmol/L EGCG. NsPEF then
treated the mixture of 3 pulses. As shown in Table 14, nsPEF treatment
boosted the particle sizes of BSA molecules, and the highest increase was
observed with BSA/EGCG mixture treated at 8 kV/cm. This rise in the particle
sizes occurred mainly due to the covalent binding between BSA and EGCG,
partial unfolding, and the formation of BSA/EGCG biopolymer [235,236].
From these results, it could be concluded that nsPEF treatment could facilitate
EGCG and BSA binding, probably because of the partial unfolding and the
exposure of polar groups to the protein surface [1,10]. The absolute {-potential
values significantly improved from 8.7 mV for the BSA/EGCG mixture
before treatment (BE-0) to 33.7 mV following nsPEF treatment at 8 kV/cm
(Table 14). nsPEF treatment could enhance the polarization of protein
molecules, exposing more negative groups to the surface. Similar findings
were reported by Tan et al. [241] who found that high hydrostatic pressure
treatment increased the absolute (-potential values of blueberry pectin and
cyanidin-3-glucoside/blueberry pectin mixtures. The surface hydrophobicity
significantly declined after adding EGCG to BSA, possibly due to the
fluorescence quenching after EGCG and BSA binding. The values were
further declined after applying nsPEF. The unfolding of BSA could expose
more active sites to the surface, increasing the BSA/EGCG binding. This
could increase the fluorescence quenching, lowering surface hydrophobicity
[237].

Table 14 Particle size (z-average), (-potential, and surface hydrophobicity
(Ho) of nsPEF(BSA+EGCG). B:BSA; BE:BSA+EGCG; 0-20 kV/cm: EFS.

Samples z-average C-potential Surface
(nm) hydrophobicity (Ho)
B-0 21.3+1.3¢ -8.9+1.6* 342.347.7°
BE-0 34.745.1¢ -8.7+0.9* 295.6+4.1°
BE-8 69.6+4.2° -33.7+6.1¢ 269.3+3.6°
BE-12 50.943.5° -33.1+5.6° 278.5+2.8°
BE-16 50.2+1.8° -30.5+1.3¢ 265.2+2.7°
BE-20 25.9+1.6¢ -21.842.4° 250.2+3.8¢
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UV-vis spectroscopy is widely used to investigate the structural changes
of proteins upon complex formation and ligand binding. Figure 30 shows the
UV-vis spectra of BSA, BE, and BE (8-20 kV/cm). The highest points of
absorption for BSA, BE, and BE (8-20 kV/cm) were in the range of 285-290
nm, which can be associated with the m-n* transition of the aromatic amino
acids. The application of nsPEF treatment and mixing EGCG with native BSA
amplified the intensity of the absorption peak. This suggests the formation of
complexes through interaction, introducing a new w-* transition [242]. New
peaks appeared around 320-330 nm for all BE samples. These findings
confirmed that the interaction between EGCG and BSA induced peptide chain
stretching and protein structure alterations. Furthermore, these results verified
that the binding of EGCG to BSA involved static quenching because dynamic
quenching usually does not cause modifications in the absorption spectrum
[243,244].
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Figure 30 UV-vis spectra of BSA, BSA/EGCG without nsPEF treatment,

and BSA/EGCG mixtures nsPEF-treated at 8-20 kV/cm.

Raman spectroscopy was applied to confirm the changes in the structure
of BE (8-20 kV/cm). As illustrated in Figure 31, the intensity of the Raman
signal within the 450-500 cm™' range showed an increase following nsPEF.
This range represents vibrations connected to the disulfide v(S—S) bond
[72,220]. Spectral modes connected to cysteine di-sulfide interactions are
visible between 500-700 cm™', with the exact frequency mainly depending on
the CCSSCC segment configuration [221]. This could occur probably due to
the S—S bond isomerization reactions. Another peak around 710 cm™ can be
linked to the C—S stretching vibration bond in trans conformation, vT(C=S).
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Notably, this band intensity is heightened after nsPEF treatment when
compared to the native BSA [222].
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Figure 31 Raman difference spectra constructed by subtracting the BSA-
EGCG-0 spectrum from BSA-0 (a), BSA-EGCG-8 (b), BSA-EGCG-12 (¢),
BSA-EGCG-16 (d), BSA-EGCG-20 kV/cm (e).

Tyrosine (Tyr) doublet, at about 850 and 830 cm’!, is used as an indicator
for hydrogen bonding configurations and provides information about the
hydrophobic or hydrophilic environment surrounding the Tyr side chain [72].
Figure 32 shows that a rise in the EFS causes a fall in the Igso/Is30 ratio. These
findings imply that intermolecular interactions play a significant role in
increasing Tyr residues' seclusion inside a hydrophobic environment
following nsPEF treatment [160,223]. This indicated that Tyr phenolic groups
participated in the formation of new hydrogen bonds. The decrease in the
Isso/Ig30 ratio was also observed due to the protein/anthocyanin interaction
[245,246]. Raman evidence confirms that nsPEF causes the protein's disulfide
connections to alter significantly, impacting both the S-S and S-C bond
structures. The tyrosine side chain was also found to be partially buried as a
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result of nsPEF and EGCG binding. Thus, it could be concluded that nsPEF
changed the structure of BSA and thus facilitated the binding with EGCG.

1850 / I830 ASSO/A830

BO 1.55 2.04
BE-0 1.55 1.93

BE-8 151 1.94
m BE-12 1.49 1.86
BE-16 1.50 1.83
BE-20 1.50 170
BE-20 i E i E
|

810 830 850 870
Wavenumber / cm™

Raman intensity

Figure 32 Raman spectra in the Tyr doublet range; I, Intensity; A,
Absorbance.

FTIR spectroscopy is a noninvasive and rapid technique for acquiring
biochemical fingerprints and detecting structural changes in proteins. FTIR
can provide insight into the molecular structure and composition via
functional groups and secondary protein structures [247]. The amide I, 11, and
IIT bands play a vital role in determining the degree of molecular organization
present in proteins and contribute to the formation of protein structures, which
is facilitated by C=0 stretching, N-H bending, and C-H stretching. The
changes amide I region (1600-1700 cm™) indicate alternation in the C=0
stretching. While amide II (1500-1600 cm™) represents N-H bending, and C-
H stretching and amide I and II are sensitive to the changes in the secondary
structures of proteins [248]. As shown in Figure 33, new peaks appeared in
amide I and II regions following nsPEF treatment of BSA/EGCG mixtures.
This could be attributed to the changes in the BSA’s secondary structures
[249]. These changes confirm the Raman results, which indicated that nsPEF
induced changes in the secondary structure of BSA, facilitating the
BSA/EGCG binding.
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Figure 33 FTIR spectra in the Amide I and Amide II vibrational range.

Molecular Docking

The discipline of theoretical chemistry plays a crucial role as a supporting
element to experimental investigations. The identification of precise
interaction locations and the underlying dynamics that drive the interaction
between BSA and EGCG is of crucial significance [250]. Thus, a docking
theoretical approach was applied to predict EGCG and EGCG binding sites.
As shown in Figure 34, the X-ray crystal structure of BSA was obtained from
the RCSB Protein Data Bank (PDB: 3v03, Resolution: 2.7 A)
(http://www.rcsb.org/pdb) and the 2D structure of EGCG was made available
from PubChem (PubChem CID: 650064,

https://pubchem.ncbi.nlm.nih.gov/compound/65064).
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BSA EGCG

Figure 34 3D crystal structure of BSA (PDB: 3v03) and 2D chemical
structure of EGCG (PubChem CID: 65064).

Figure 35A shows the penetration of EGCG to BSA molecules. As
illustrated in Figure 35B, docking results showed that 9 amino acid residues
participated in the binding of BSA/EGCG. EGCG interacted with BSA
residues in three locations: Glu 186, Glu 399, and Gln 403 via 3 H-bonding.
Moreover, the hydrophobicity of 6 amino acids (Thr 183, Glu 182, Leu 189,
Lys 114, Thr 518, and Arg 427) was affected after adding EGCG to BSA
[251,252]. These findings confirm the experimental results, which showed
that the BSA structure and surface hydrophobicity were changed due to
BSA/EGCG binding.

Figure 35 Penetration of EGCG to BSA molecules (A), binding sites between
BSA and EGCG (B).
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7.4 Conclusion

nsPEF treatment was applied to alter the structure of BSA and facilitate the
BSA/EGCG binding. nsPEF increased the o-helix content, particle sizes,
absolute {-potential, and surface hydrophobicity values of BSA. Moreover,
the addition of EGCG to nsPEF-induced BSA resulted in a significant increase
in particle sizes of BSA and a decrease in fluorescence intensity and surface
hydrophobicity. nsPEF treatment of BSA/EGCG mixtures induced changes in
BSA structures as confirmed by Raman FTIR spectroscopy. Raman's results
showed that nsPEF induced changes in protein structure, mainly in S-S and S-
C bonds. Changes in amide I and II were observed in FTIR spectra of nsPEF-
induced BSA/EGCG mixtures. Moreover, nsPEF improved the particle sizes,
absolute (-potential values, and UV-vis absorbance intensity while reducing
the surface hydrophobicity values. Molecular docking confirmed that BSA
can bind with EGCG at specific active sites on both molecules. It is
recommended to study the stability of nsPEF-induced BSA/EGCG mixtures
under different conditions (i.e., light, temperature, digestion system
conditions, etc.) as a primary step to prepare EGCG-encapsulated functional
food products.
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CHAPTER 8: MAIN RESULTS REVIEW&CONCLUSIONS

Review of main results

Our literature review showed that PEF is a developing green processing
technology with numerous potential applications in the food sector. As the
importance of sustainability rises, it is anticipated that PEF utilization will
expand in the coming years. Based on existing studies on the effects of PEF
on the structure and technological qualities of plant and dairy proteins, the
following conclusions can be drawn:

a. The exact PEF parameters, including EFS, treatment chambers, pulse
duration, and pulse shape, have a substantial effect on the impacts of PEF on
proteins’ techno-functional and structure properties.

b. Depending on the type of protein being investigated, the PEF effects on
protein structure and technological properties differ.

Due to the limited number of studies undertaken on the PEF effects on
dietary proteins, several factors require additional research. It is essential to
examine the influence of varying EFS on protein structure and techno-
functional properties in order to determine the ideal PEF conditions for
enhancing these capabilities. In addition, future research is advised to
investigate the effect of nanoseconds PEF treatment on the structural and
functional aspects of dietary proteins.

In addition, PEF could potentially produce extremely efficient emulsifiers
or demulsify emulsion systems. The utilization of PEF as emulsification or
demulsification technology needs to be investigated. However, it is necessary
to address the difficulties associated with PEF applications, such as the impact
of PEF parameters on treatment outcomes. To clarify clear mechanisms,
research should focus on comprehending the thermal, chemical, and
biophysical effects of PEF on protein structures. To facilitate comparisons
between studies, it is imperative that authors disclose exhaustive details about
treatment conditions. Referencing standards and recommendations, such as
those provided by Cemazar et al. [80], help improve PEF application
reporting. In addition, collaboration between the food industry and academic

103



institutions is essential for designing and developing PEF devices with more
energy-efficient and controlled treatment conditions.

PEF treatment was utilized at an electric field strength ranging from 3.5 to
5.7 kV/cm, with a pulse duration of 50 ps, to examine the impact of PEF on
BSA/soluble starch glycation. The Maillard reaction between soluble starch
and BSA has been successfully facilitated using PEF treatment. The
physicochemical characteristics of BSA/ soluble starch conjugates are
significantly influenced by applying various EFSs during PEF treatment.
Regarding the BSA/starch conjugates, PEF treatment enhanced the degree of
grafting, protein solubility, and browning at EFSs between 3.5 and 5.7 kV/cm.
Additionally, the conjugate particle sizes, surface hydrophobicity and
fluorescence intensity were decreased. However, the protein solubility, DG,
and particle sizes of BSA/starch conjugates decreased when the EFS exceeded
5.7 kV/cm. These results demonstrate the potential of PEF treatment to alter
and improve the properties of food ingredients by highlighting the impact of
various EFSs on the physicochemical properties of BSA/soluble starch
conjugates. Emulsions stabilized by PEF-induced conjugates in the 3.5-5.7
kV/cm EFS range showed reduced droplet sizes and exhibited superior
stability across various environmental conditions, such as freezing, fluctuating
ionic strengths, and pH variations. On the other hand, emulsions stabilized by
PEF-induced conjugates at EFS> 5.7 kV/cm exhibited bigger droplet sizes and
less stability when exposed to these environmental factors.

Applying PEF treatment (0-30 kV/cm for 480 ns) proved effective in
modifying the physicochemical and structural properties of CSMs. The
treatment increased B-sheet contents, absolute {-potential values, and protein
solubility. Additionally, PEF treatment reduced surface hydrophobicity, a-
helix content, and particle sizes of the CSMs. Notably, no significant
differences were observed in the physicochemical properties of CSMs treated
at higher voltages (20-30 kV/cm) compared to those treated at 10 kV/cm.
These findings suggest that using a moderate electric field (MEF) treatment
could be a more energy-efficient approach when aiming to modify the
structure of casein.

nsPEF treatment (0-20 kV/cm, 90ns) was applied to alter the structure of
BSA and facilitate the BSA/EGCG binding. nsPEF increased the o-helix
content, particle sizes, absolute {-potential, and surface hydrophobicity values
of BSA. Moreover, the addition of EGCG to nsPEF-induced BSA resulted in
a significant increase in particle sizes of BSA and a decrease in fluorescence
intensity and surface hydrophobicity. nsPEF treatment of BSA/EGCG
mixtures induced changes in BSA structures as confirmed by Raman FTIR
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spectroscopy. Raman's results showed that nsPEF induced changes in protein
structure, mainly in S-S and S-C bonds. Changes in amide I and II were
observed in FTIR spectra of nsPEF-induced BSA/EGCG mixtures. Moreover,
nsPEF improved the particle sizes, absolute {-potential values and UV-vis
absorbance intensity while reducing the surface hydrophobicity values.
Molecular docking confirmed that BSA can bind with EGCG at specific active
sites on both molecules.

Conclusions

1.

PEF treatment can enhance the properties of BSA/starch
conjugates and their emulsions. Lower EFS (3.5-5.7 kV/cm)
improved the stability and various characteristics, while higher
strengths (> 5.7 kV/cm) had minimal effects. Future research
should focus on mechanism exploration and parameter
optimization.

PEF treatment effectively altered CSMs by increasing (-
potential values, reducing particle sizes, and changing protein
structures. These modifications were primarily due to PEF-
induced polarization, free radical formation, and bond changes.
Future plans involve developing a semi-automated continuous
processing system with a Marx-based PEF generator.

nsPEF modified BSA and enhanced its binding with EGCG. This
altered BSA's structure, and changed particle sizes, and surface
hydrophobicity. Further investigation should focus on the
stability of nsPEF-treated BSA/EGCG mixtures for potential
functional food applications.
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SANTRAUKA
IVADAS

Klimato kaita tampa itin svarbia miisy planetai, nes ji daro didziulj poveikj
maisto saugumui, zmoniy sveikatai ir biologinei jvairovei. Taigi ekologi§kos
perdirbimo technologijos tampa biitinos siekiant darnaus vystymosi tiksly.
Impulsinis elektrinis laukas (PEF), kaip ekologiska perdirbimo technologija,
pastaraisiais metais tapo potencialiu maisto produkty naudojimo biidu. PEF
naudoja trumpus, galingus elektros impulsus, taikomus maisto produktams,
sukelian¢ius jvairius struktdirinius ir fizikinius cheminius poky¢ius [1]. Sis
metodas tapo reik§mingesnis, nes gali padidinti fitocheminiy medZziagy
ekstrahavimo iSeigg, pagerinti maisto saugg, iSlaikyti maisting verte ir
pailginti galiojimo laikg [2—4]. Be to, PEF suteikia galimybe modifikuoti
baltymus, kurie yra labai svarbiis maisto sistemy stabilumui ir funkcinéms
savybéms [5].

Pieno baltymai ypa¢ svarblis maisto pramonéje dél savo funkcinés ir
maistinés vertés. Kazeinai ir iSrtigy baltymai, sudarantys pieno baltymus, turi
skirtingg strukttirg ir funkcijas [6].

Siy baltymy struktiirinés savybés turi jtakos jy saveikai su kitais maisto
komponentais. PEF sukelty baltymy struktiiriniy pokyCiy supratimas gali
padéti pagerinti jy techno-funkcines savybes. Buvo atlikti keletas tyrimy PEF
poveikio kai kuriems augaliniams ir gyviininiams baltymams [7-10]. Taciau
didelés galios PEF poveikis miceliniy kazeiny struktiirai dar néra pakankamai
iStirtas. Dél savo amfifilinés strukttiros baltymai naudojami daugelio maisto
produkty emulsijy sistemoms stabilizuoti [11]. Taciau baltymai yra jautriis
temperatiros, pH ir jony stiprumo pokyciams. Baltymy sgveika su
polisacharidais yra vienas i§ biidy, kaip jveikti baltymy jautruma supanciai
aplinkai. Taciau vis dar truiksta ziniy, susijusiy su PEF sukelto galvijy serumo
albumino (BSA) ir tirpaus krakmolo sgveikos analize.

Be to, daug démesio sulaukia baltymy ir polifenoliy — i§ augaly gaunamy
bioaktyviy medziagy — sgveika [12]. PrieSuzdegiminé ir antioksidaciné veikla
yra pagrindinés pripazintos polifenoliy sveikatg stiprinancios savybés [13].
Kai Sios medziagos sgveikauja su baltymais, gali pakisti maisto produkty
stabilumas, biologinis prieinamumas ir jutiminés savybés [14—16]. Mazai
zinoma apie baltymy ir polifenoliy saveika, kai jie veikiami PEF. Todél
pagrindinis Sio doktorantiiros darbo tikslas — istirti, kaip PEF veikia micelinio
kazeino struktiirg, saveika tarp BSA ir tirpaus krakmolo bei tarp BSA ir
arbatos polifenoliy (Epigallocatechin Gallate, EGCG).
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Siems tikslams pasiekti buvo suformuluotos $ios uzduotys:

1. I8tirti, kaip apdorojimas PEF (3,5-8,1 kV/cm) gali paveikti BSA ir tirpaus
krakmolo sgveika (Maillardo reakcija) (3 skyrius).

2. vertinti PEF (3,5-8,1 kV/cm) apdorotais ir neapdorotais BSA/krakmolo
konjugatais stabilizuoty emulsijy fizikinj-cheminj ir stabilumg (4 skyrius).

3. Istirti, kaip PEF (0-30 kV/cm) gali paveikti kazeino miceliy strukttirines
savybes (5 skyrius).

4. Istirti, kaip PEF gali tureti jtakos BSA ir EGCG sgveikai (6 skyrius).
METODIKA

A. Istirti, kaip apdorojimas PEF (3,5-8,1 kV/cm) gali paveikti BSA ir
tirpaus krakmolo saveika (Maillardo reakcija)

Tekste apraSytas tyrimo metodas apima BSA/krakmolo miSiniy apdorojimg ir
apibiidinima naudojant impulsinj elektrinj lauka (PEF). Cia yra tyrimo metodo
santrauka:

1. BSA/krakmolo miSiniy paruoSimas:

Tirpusis krakmolas iStirpinamas distiliuotame vandenyje, kurio
koncentracija yra 2 mg/mL, ir kaitinamas iki mazdaug 50 °C, kol visiskai
istirps.

Krakmolo tirpalas atSaldomas iki kambario temperatiiros ir sumaiSomas su
BSA (taip pat 2 mg/mL koncentracija).

- Misinys maiSomas 1 valanda kambario temperatiiroje.

2. Elektros laidumo matavimas:

BSA ir BSA/krakmolo miSiniy elektrinis laidumas matuojamas Mettler
Toledo konduktometru su InLab 738-ISM jutikliu.

Nurodytos laidumo vertés pries apdorojimg PEF kaip 1,43+£0,22 mS/cm
BSA ir 1,24+0,09 mS/cm BSA/krakmolo miSiniams.

3. PEF gydymas:

Dalis (0,9 ml) BSA/krakmolo miSinio perpilama j elektroporacijos kiuvete
su 4 mm tarpu.
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Kiuvetés, kuriose yra miSiniy, apdorojamos PEF naudojant impulsy
generatoriy, sukurtg Valstybiniame tyrimy institute, Fiziniy moksly ir
technologijos centre (FTMC) Vilniuje, Lietuvoje.

PEF poveikis apima 10 impulsy, kuriy impulso trukmé (t) yra 50 ps.

4. pH ir temperatiiros matavimas:

- Uzfiksuojamos méginiy pH vertés pries ir po apdorojimo PEF, rodo nedidelj
sumazéjimg, bet vis dar yra neutralioje ribose (6,98-7,34).

- Temperattros pokyciai PEF gydymo metu stebimi naudojant infraraudonyjy
spinduliy kamerg (FLIR one pro), prijungta prie Android iSmaniojo telefono.

5. BSA/krakmolo konjugaty apibiidinimas:

- Rudinimo intensyvumas ir UV-Vis spektrai: Maillard reakcijos produkty
rudumo intensyvumas matuojamas pagal absorbcija esant 420 nm, naudojant
UV-matomo spektrofotometrg. UV-Vis spektrai taip pat registruojami tarp
260 ir 340 nm.

- Skiepijimo laipsnis: Glikuoto BSA skiepijimo laipsnis nustatomas
naudojant OPA (1,2-ftalio dikarboksilato) metoda.

- PavirSiaus hidrofobiskumo (Hy) matavimas: BSA ir BSA/krakmolo
konjugaty hidrofobiskumo vertés matuojamos naudojant fluorescencinj zonda
1-anilino-8-naphthalenesulfonatg (ANS).

- Savosios fluorescencinés emisijos spektroskopija: BSA ir BSA/krakmolo
konjugaty vidinés fluorescencijos spektrai matuojami  naudojant
spektrofotometra.

- Daleliy dydis: méginiy daleliy dydis (zeta vidurkis) vertinamas naudojant
dinaming lazerio Sviesos sklaidg (DLS).

- Baltymy tirpumas: baltymy tirpumas matuojamas naudojant Bradfordo
baltymy tyrima.

6. Statistiné analizé:

- Visi eksperimentai atliekami trimis pakartojimais, o duomenys pateikiami
kaip vidurkiststandartinis nuokrypis.

- Statistiné analizé atliekama naudojant SPSS programa, taikant vienpuse
ANOVA, o po to Dunkano testg, siekiant nustatyti skirtumy tarp vidurkiy
reik§minguma (p<0,05).

B. JIvertinti PEF (3,5-8,1 kV/cm) apdorotais ir neapdorotais

BSA/krakmolo konjugatais stabilizuoty emulsijy fizikinj-cheminj ir
stabiluma
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Sis tyrimo metodas orientuotas j emulsijy paruo§ima ir apibadinima naudojant
BSA ir BSA/krakmolo konjugatus. Emulsijai paruosti buvo sumaiSomi BSA
arba BSA/krakmolo konjugatai su saulégrazy aliejumi, naudojant stikurj, o po
to miSinys buvo apdorojamas ultragarsu, kad biity galima emulsinti.
Ultragarsinio apdorojimo proceso energijos tankis buvo apskai¢iuotas
naudojant méginiy galig, laikg ir tirj. Emulsijos buvo apibiidintos nustatant
laseliy dydj naudojant Zetasizer analizatoriy ir jvertinant adsorbuotg baltyma
(AP %) aplink aliejaus laselius, naudojant centrifugavimg ir baltymy
koncentracijos matavimus.

Konfokaliné mikroskopija buvo naudojama emulsijy mikrostruktiirinéms
savybéms istirti, dazant aliejaus ir baltymy komponentus. Emulsijy Siluminés
savybés uzSalimo sglygomis buvo analizuojamos naudojant diferencing
nuskaitymo kalorimetrijg (DSC), kuri apémé méginiy ausinimg ir Sildyma
stebint Silumos srautg. Emulsijy stabilumas buvo jvertintas skirtingomis
salygomis, jskaitant BSA izoelektrinj taskg (pI) ir esant jvairioms jony
stiprumams. Buvo jvertinti laseliy dydziai, AP % ir emulsijy mikrostruktira,
siekiant nustatyti jy stabilumg tokiomis sglygomis.

Tyrimo metodas apima jvairiy instrumenty ir metody, tokiy kaip ultragarsinis
apdorojimas, Zetasizer analizatorius, centrifugavimas, Bradfordo tyrimas,
konfokalin¢ mikroskopija ir DSC, naudojima. Statistiné¢ analizé buvo atlikta
naudojant SPSS programa, o skirtumy tarp vidurkiy statistiniam
reik§mingumui nustatyti buvo naudojama vienpusé ANOVA, po kurios buvo
atliktas Duncan testas.

C. Istirti, kaip PEF (0-30 kV/cm) gali paveikti kazeino miceliy
struktiirines savybes

Sis metodas apima keleta matavimy ir analiziy, skirty jvertinti jvairias
baltymy méginiy savybes pries ir po apdorojimo PEF. Cia pateikiamas metodo
suskirstymas:

1. Apdorojimas PEF: Baltymy suspensijos ruosiamos kalio fosfato buferyje
ir maiSomos per naktj. Dalis suspensijos perkeliama j elektroporacijos kiuvete,
o PEF apdorojimas atlickamas naudojant naminj elektroporatoriy. Nurodoma
taikoma jtampa, srove, impulso trukmé ir impulso forma.
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2. Daleliy dydis ir {-potencialas: Baltymy méginiy (-potencialas ir daleliy
dydis nustatomi naudojant Malvern Zetasizer analizatoriy. Atliekant
matavimus atsizvelgiama j praskiesty méginiy lGzio rodiklius.

3. Baltymuy tirpumas. Baltymy méginiy tirpumas jvertinamas centrifuguojant
méginius ir iSmatuojant baltymy koncentracija supernatante, naudojant
Bradfordo baltymy tyrima.

4. PavirSiaus hidrofobiSkumas (Ho): baltymy méginiy pavirSiaus
hidrofobiskumas nustatomas naudojant ANS, kaip fluorescencinj zonda.
Paruostos skirtingos baltymy koncentracijos, o fluorescencijos intensyvumas
matuojamas naudojant spektrometra.

5. Fluorescencijos spektroskopija: baltymy méginiy vidinés fluorescencijos
spektrai registruojami naudojant spektrometra su nurodytais suzadinimo ir
emisijos bangy ilgiais. Fluorescencijos spektrai fiksuojami, kad biity galima
suprasti antrinius baltymo strukttrinius poky¢ius.

6. Furjé transformacijos infraraudonyjy spinduliy spektroskopija
(FTIR): Baltymy meéginiy IR spektrai gaunami naudojant infraraudonyjy
spinduliy spektrometrg. Spektrai apima platy diapazong, o programiné jranga
naudojama pasléptoms smailéms amido I srityje nustatyti, kad buty galima
analizuoti antrinius struktiirinius poky¢ius.

7. Ramano spektroskopija: Ramano spektrai renkami naudojant Ramano
spektrometra su specifiniu suzadinimo Saltiniu. Dviguby smailiy santykis
apskaiCiuojamas siekiant iStirti vandenilio jungimosi mikroaplinka fenolio
hidroksilo grupése.

8. Skenuojanti elektroniné mikroskopija (SEM): SEM mikrografijos
fiksuojamos naudojant SEM jrenginj, siekiant istirti baltymy méginiy
morfologijg. Méginiai paruoSiami dulkinant auksu ir stebimi skirtingais
padidinimais.

9. Statistiné analizé: Eksperimentai atlieckami trimis egzemplioriais, o
duomenys analizuojami naudojant statisting programing jrangg. Vidurkiy
statistiniam reik§mingumui nustatyti naudojama vienpusé¢ ANOVA ir Duncan
testas.
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D. NANOSEKUNDZIU TRUKMES IMPULSINIS ELEKTRINIS
LAUKAS (nsPEF) SKATINA BSA IR EPIGALLOCATECHIN
GALATO (EGCG) SUSIRISIMA

nsPEF poveikis (900 ns, 0-20 kv/cm) buvo pritaikytas tiriant BSA struktiiros
poky¢ius ir BSA/EGCG suri$ima.

Buvo naudojami anks¢iau minéti tyrimo metodai, tokie kaip daleliy dydziai,
pavirSiaus hidrofobiskumas, FTIR, Ramano ir CD spektroskopija. Be to,
siekiant patvirtinti BSA / EGCG suri§img, buvo pritaikytas molekulinis
prijungimas.

REZULTATAI

A. Istirti, kaip apdorojimas PEF (3,5-8,1 kV/cm) gali paveikti BSA ir
tirpaus krakmolo sgveika (Maillardo reakcija)

Pagrindinius skyriaus ,,Rezultatai ir diskusijos* rezultatus ir iSvadas galima
apibendrinti taip:

1. Baltymy ir polisacharidy saveika:

- PEF padidino BSA ir krakmolo konjugaty rudinimo intensyvuma (Ao
vertés), o tai rodo, kad Maillardo reakcijos intensyvumas padidéjo.

- BSA ir krakmolo konjugaty absorbcijos intensyvumas (UV-Vis spektras)
taip pat padidéjo po apdorojimo PEF, o tai rodo Schiff bazés ir pagrindinés
biisenos kompleksy susidaryma.

- PEF Zymiai padidino skiepijimo laipsnj, o tai rodo sustiprintg baltymy ir
polisacharidy sgveikg. Taciau esant stipresniam PEF, skiepijimo laipsnis
sumazgjo.

- BSA ir krakmolo konjugaty daleliy dydis sumazéjo po PEF apdorojimo, o
maziausias daleliy dydis pastebétas esant tam tikram eletrinio lauko stipriui
(EFS). Didesnis EFS padidino daleliy dydj.

- Baltymy tirpumas padidéjo po apdorojimo PEF ir pasieké maksimuma esant
tam tikram EFS, bet tirpumas sumazéjo esant didesniam EFS.

2. Fluorescenciné ir Hy analizés:

- BSA ir krakmolo konjugaty fluorescencijos intensyvumas sumazéjo po PEF
apdorojimo, o tai rodo krakmolo apsauginj poveikj Maillardo reakcijos metu.
- BSA Hp reikSmés palaipsniui mazéjo didéjant EFS, o tai rodo baltymo
tretinés struktiiros pokycius.
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Apskritai PEF paveiké baltymy ir polisacharidy sgveika, todél padidéjo rudos
spalvos intensyvumas, skiepijimo laipsnis, sumaz¢jo daleliy dydis ir padidéjo
baltymy tirpumas. Fluorescencijos intensyvumas ir Ho vertés rodo, kad BSA
tretiné struktira pasikeit¢ po konjugacijos su krakmolu ir PEF.

B. Ivertinti PEF (3,5-8,1 KkV/ecm) apdorotais ir neapdorotais
BSA/krakmolo konjugatais stabilizuoty emulsijy fizikinj-cheminj ir
stabiluma

Pagrindinius skyriaus ,,Rezultatai ir diskusijos rezultatus ir iSvadas galima
apibendrinti taip:

1. LaSeliy dydis ir emulsijy morfologija:

- Emulsijos, stabilizuotos BSA/krakmolo konjugatais, kurios buvo apdorotos
PEF, buvo mazesnio laSeliy dydzio, palyginti su stabilizuotomis natiiraliu
BSA.

- PEF apdoroti konjugatai su maZesniu elektrinio lauko stipriu parodé
patobulinta konjugacija, todél laseliy dydziai buvo mazesni ir emulsijos
stabilumas pageréjo.

2. Diferencinés nuskaitymo kalorimetrijos (DSC) analizé:

- BSA/krakmolo miSiniy apdorojimas PEF sumazino emulsijy uzSalimo
temperatlira, o tai rodo ledo kristaly susidarymo slopinima.

- Uzsalimo elgesio poky¢iai buvo siejami su sudétingesnés BSA / krakmolo
sudéties atsiradimu po apdorojimo PEF.

3. Emulsijos stabilumas:

- Emulsijos laSeliy dydziai kinta priklausomai nuo skirtingos NaCl
koncentracijos.

- BS-PEF 1 ir BS-PEF 3 emulsijos tur¢jo maziausius laseliy dydzius, kai NaCl
koncentracija buvo 150 mM.

- NaCl, kartu su BSA ir krakmolu, sustiprino baltymy plévelg aplink aliejaus
laselius, pagerindamas emulsijos stabiluma.

4. pH poveikis emulsijai:

- Emulsijos, stabilizuotos BSA/krakmolo konjugatais, turéjo mazesnius
laseliy dydzius, palyginti su stabilizuotomis nattiraliu BSA.

- PEF apdorotos emulsijos, kuriy pH 4,6, parodé didziausia adsorbuota
baltyma (AP%) ir maZziausig laseliy skersmenj.
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- BSA ir krakmolas kartu uzkirto keliag BSA agregacijai esant pH 4,6,
padidindami emulsijos sistemos stabiluma.

5. Siilomas BSA/krakmolo konjugaty glikacijos su PEF mechanizmas ir
ju emulsinimo savybés:

- PEF paskatino BSA molekuliy iSsilankstyma, sumazino daleliy dydj,
padidino tirpumg ir sukiiré daugiau laisvyjy aminoraigsciy.

- BSA ir krakmolo konjugatai po PEF pasizyméjo pagerintomis emulsinimo
savybémis dél bendros BSA ir krakmolo adsorbcijos, sudarydami dviguba
sluoksnj ir sumazindami saveikos jtampa.

C. Istirti, kaip PEF (0-30 kV/ecm) gali paveikti kazeino miceliy
struktiirines savybes

Pagrindiniai skilties ,,Rezultatai ir diskusija“ rezultatai yra tokie:

1. PEF poveikis daleliy dydZiui ir { potencialui:

- PEF apdorojimas 10 kV/cm padidino baltymy molekuliy daleliy dydj, o
didesnis PEF stiprumas (20-30 kV/cm) sumazino daleliy dydj.

- Po PEF apdorojimo padidéjo baltymy (-potencialas (elektros kruivis), o
tai rodo neigiamy kriuviy padidéjimg baltymo pavirsiuje.

2. Baltymy tirpumas ir drumstumas:

- Apdorojimas PEF pagerino baltymy tirpuma, todél tirpumo procentas
didesnis esant 10, 20 ir 30 kV/cm.

- Drumstumas (nurodantis Sviesos sklaidos kiekj) Zymiai padidéjo CSM,
apdorotiems 10 kV/cm, o tai rodo didesniy agregaty susidarymga ir daleliy
dydzio padidéjima.

3. Tretiné struktiira ir pavirsiaus hidrofobiSkumas:

- Fluorescencijos intensyvumas padidé¢jo po PEF apdorojimo esant 10
kV/cm, o tai rodo, kad aromatinés aminoriigstys pateko j hidrofobing aplinka.

- Hidrofobiskumas aplink fluorofora padidéjo, o tai rodo dalinj baltymy
molekuliy iSsiskleidima.

- Apdorojant PEF, atsirado daugiau paslépty hidrofobiniy zony, todél
padidéja pavirSiaus hidrofobiskumas.
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4. Mikrostruktura:
- SEM vaizdai parod¢, kad gydymas PEF sukélé kazeino pavirSiaus
strukttiros sutrikimus, o esant didesniam PEF stiprumui — sunkesni.

5. Antriné baltymo struktiira:

- PEF sumazino o spiralés kiekj ir padidino B posiikio ir B laksto kiekj
CSM.

- Hidrofobiniy sri¢iy poveikis ir baltymy sgveikos sutrikimas gali prisidéti
prie pastebéty struktiiriniy pokyciy.

6. Ramano spektroskopijos analizé:

- Ramano juostos, susijusios su disulfidinémis jungtimis, intensyvumas
padidéjo po poveikio PEF.

- Stebéti jvairiy cheminiy jung€iy vibracijos intensyvumo pokyciai,
rodantys konformacinius CSM pokycius.

D. NANOSEKUNDZIU TRUKMES IMPULSINIO ELEKTRINIO
LAUKO SKATINA BSA IR EPIGALLOCATECHIN GALATO
(EGCG) SAVEIKA

nsPEF apdoroto BSA ir (nsPEF BSA)+EGCG fizikinés ir cheminés
savybeés.

Istyréme BSA daleliy dydziy, { potencialo (pavirSiaus kriivio) ir pavir§iaus
hidrofobiskumo pokyc¢ius po apdorojimo nsPEF. Rezultatai parodé, kad
nsPEF padidino daleliy dydj, galbut dél dalinés BSA molekuliy agregacijos.
Panasiis pasteb¢jimai buvo atlikti kitame tyrime, kuriame naudojome CSM.
BSA ( potencialas padidéjo po poveikio nsPEF, greiCiausiai dé¢l neigiamo
kriivio grupiy poveikio ir dél dalinio BSA molekuliy iSsiskleidimo.

Nustatyta, kad BSA pavirSiaus hidrofobiskumas palaipsniui geréja po
poveikio nsPEF ir pasiekia auksCiausig taSka esant tam tikram nsPEF
intensyvumui. Sis pageréjimas gali biiti siejamas su hidrofobiniy grupiy
mazéjimu BSA molekulése. Tyréjai jvedé EGCG arbatos polifenolj j nsPEF
apdorotg BSA, kad istirty jy saveika. Pridéjus EGCG, padidéjo daleliy dydis,
o tai rodo BSA ir EGCG jungimasi. Si saveika taip pat sumazino pavirsiaus
hidrofobiskuma, o tai rodo, kad EGCG prisijungia prie hidrofobiniy
aminoriig§¢iy BSA pavirsiuje.
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Fluorescencijos intensyvumo matavimai parodé¢, kad esant mazesniam nsPEF
intensyvumui, tieck nsPEF apdoroto BSA, tieck su EGCG suristo BSA
intensyvumas padidéjo, taCiau jis sumazéjo esant didesniam intensyvumui.
EGCG prid¢jimas prie nsPEF apdoroto BSA sukélé mazesn;j fluorescencijos
intensyvuma ir bangos ilgio poslinkj, o tai rodo triptofano ir EGCG sgveika.

Ziedinio dichroizmo (CD) analizé atskleidé antrinés BSA struktiiros poky¢ius
po poveikio nsPEF. a-spiralés kiekis padidéjo, o B laksty, p postkiy ir
netvarkingy struktiiry sumazéjo. Sie struktiiriniai poky¢iai buvo panasis j
tyrimo, apimancio ultragarsinj BSA gydyma, rezultatus.

Sioje tyrimo dalyje gilinamasi j sudétingas fizikines ir chemines BSA-
EGCG kompleksy savybes po nanosekundZiy impulsiniy elektriniy lauky
(nsPEF) poveikio.

Norédami atskleisti poveikj, sumaiséme BSA ir EGCG santykiu 1: 1,
pasiekdami galuting 1% BSA ir 0,5 mmol/l EGCG koncentracija. Gautas
misinys buvo apdorotas nsPEF, apimantis 3 impulsus. Rezultatai, atskleidé
reikSmingus BSA molekuliy daleliy dydziy pokycius, o didZiausias
padidéjimas pastebétas, kai BSA-EGCG miSinys buvo apdorotas 8 kV/cm
nsPEF. Sis padidéjimas buvo siejamas su kovalentinio EGCG prisijungimo
prie BSA, dalinio baltymo struktiiros iSsiskleidimo ir naujo BSA-EGCG
biopolimero atsiradimo sgveika. Tai rodo, kad nsPEF gali paskatinti EGCG
susiejima su BSA, skatindamas dalinj baltymy atsiskleidimg ir padarydamas
poliarines grupes labiau prieinamas baltymo pavirsiuje.

Be to, absoliu¢ios {-potencialo vertés pastebimai padidéjo — nuo 8,7 mV
neapdorotam BSA-EGCG miSiniui (BE-0) iki 33,7 mV po gydymo nsPEF
esant 8 kV/cm. Sis poslinkis buvo suprantamas kaip nsPEF gebéjimo padidinti
baltymy molekuliy poliarizacija pasekmé, taip atskleidziant didesnj neigiamo
kriivio grupiy kiekj baltymo iSoréje. Si tendencija atkartojo kito Tan ir kt.
tyrimo iSvadas, kuriose buvo panasus absoliucios C-potencialo vertés
padidéjimas po apdorojimo aukstu hidrostatiniu slégiu panasiuose misSiniuose.

Be to, i BSA misinj jvedus EGCG, pavirSiaus hidrofobiskumas, jtakingas
faktorius, lemiantis baltymy saveika, smarkiai sumazé&jo. Sis sumazéjimas
galéjo biiti siejamas su fluorescencijos gesimu, atsirandanciu dé¢l EGCG ir
BSA prisijungimo. Sis reiskinys sustipréjo po nsPEF poveikio, tikriausiai dél
BSA issilankstimo, kuris gali atskleisti papildomas suriSimo vietas baltymo
pavirSiuje, sustiprindamas BSA ir EGCG saveika ir, atitinkamai,
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sustiprindamas fluorescencijos gesinima, o tai baigtysi sumazéjusiu pavirSiaus
hidrofobiskumu.

Norint toliau iSnagrinéti struktiirinius poslinkius, kuriuos sukelia nsPEF, buvo
naudojama UV-vis spektroskopija. Padidéjes UV spinduliy spektro
absorbcijos smailiy intensyvumas po nsPEF apdorojimo ir vélesnio EGCG
pridéjimo prie nattiralios BSA reiské sudétingy kompleksy, atsirandanciy deél
molekulinés sgveikos, susidaryma, galin¢iy sukelti naujus peréjimus,
susijusius su aromatinémis aminoragstimis.

Be to, Ramano spektroskopija buvo panaudota siekiant pagrjsti strukttrinius
BSA-EGCG kompleksy pokycius, kuriuos sukelia nsPEF. Pazymétina, kad
Ramano signalo, susijusio su disulfidiniais rySiais, intensyvumas padidéjo po
nsPEF poveikio, o tai rodo izomerizacijos reakcijas, susijusias su SS
jungtimis. Ramano tyrimai dar labiau atskleidé cisteino disulfido saveikos
pokyc¢ius, kurie gali bati priskirti S-S jungties izomerizacijos reakcijoms, o tai
rodo reikSmingg nsPEF poveikj baltymy disulfido jungtims.

Ramano spektro tirozino (Tyr) dubletas, jautrus vandenilio jungCiy
konfigiiracijoms ir vietinei hidrofobinei ar hidrofilinei aplinkai, parodé
mazéjant] 1850/1830 santykj, padidinus nsPEF intensyvuma. Si tendencija
patvirtina, kad Tyr liekanos atsiduria labiau hidrofobinéje aplinkoje, galbiit
dél to, kad susidaro naujas vandenilio jungtis, panaSiai kaip stebéjimai, atlikti
baltymy ir antocianino sgveikos kontekste.

Galiausiai  tiriant BSA-EGCG kompleksus Furjé transformacijos
infraraudonyjy spinduliy (FTIR) spektroskopija pastebéta, kad naujy smailiy
atsiradimas amido regionuose siejamas su BSA antriniy strukttry poky¢iais.
Sios i§vados pakartojo Ramano rezultatus, o tai rodo, kad nsPEF i§ tikryjy
paveiké BSA antring struktiirg, galbut tarnaujantis kaip BSA ir EGCG
sgveikos katalizatorius.

Apibendrinant, Sio skyriaus tyrimus atskleistas daugialypis nsPEF poveikis
sudétingoms BSA-EGCG kompleksy fizikinéms ir cheminéms savybéms.
ISvados pabrézé sudétinga saveika tarp nsPEF sukelty strukttriniy poky¢iy,
BSA-EGCG saveikos ir vélesniy daleliy dydziy, pavirsiaus krivio, pavirSiaus
hidrofobiskumo ir baltymy struktiiry poky¢iy.
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ISVADOS

PEF paveiké baltymy ir polisacharidy sgveika, todél padidéjo rudos spalvos
intensyvumas, skiepijimo laipsnis, sumazéjo daleliy dydis ir padidéjo baltymy
tirpumas. Fluorescencijos intensyvumas ir Hy vertés rodo, kad BSA tretiné
struktiira pasikeité po konjugacijos su krakmolu PEF poveikyje.

BSA / krakmolo konjugaty apdorojimas PEF sumazino laseliy dydzius,
padidino emulsijos stabilumg esant jvairiems aplinkos jtempiams ir pagerino
uzSalimo elgesj, todél jie buvo perspektyviis jvairiems maisto produktams.

Apdorojimas PEF paveiké baltymy molekuliy daleliy dydj, tirpuma,
drumstuma, treting ir antring struktiras, pavirSiaus hidrofobiskuma ir
mikrostruktiira. Sie rezultatai rodo, kad PEF gali sukelti struktiirinius kazeino
miceliy pokycius, galincius turéti jtakos jy funkcinéms savybéms.

nsPEF buvo taikomas siekiant pakeisti BSA struktiirg ir palengvinti BSA /
EGCG surisimg. nsPEF padidino BSA o-spiralés kiekj, daleliy dydzius,
absoliuty C potencialg ir pavirSiaus hidrofobiskumo reik§mes. Be to, pridéjus
EGCG j nsPEF sukeltag BSA, Zymiai padidéjo BSA daleliy dydis ir sumazéjo
fluorescencijos intensyvumas bei pavirSiaus hidrofobiskumas. BSA / EGCG
misiniy nsPEF apdorojimas sukélé BSA struktiiry pokycius, kaip patvirtino
Ramano FTIR spektroskopija. Ramano rezultatai parodé¢, kad nsPEF sukélé
baltymy struktiiros poky¢ius, daugiausia S-S ir S-C ry$iuose. Amido I ir II
pokyc¢iai buvo pastebéti nsPEF sukelty BSA/EGCG misiniy FTIR spektruose.
Be to, nsPEF pagerino daleliy dydzius, absoliucigsias {-potencialy vertes ir
UV-vis absorbcijos intensyvumg, tuo paciu sumazindamas pavirSiaus
hidrofobiskumo vertes. Molekulinis modeliavimas patvirtino, kad BSA gali
prisijungti prie EGCG tam tikrose aktyviose abiejy molekuliy vietose.
Rekomenduojama tirti nsPEF sukelty BSA/EGCG miSiniy stabiluma esant
skirtingoms salygoms (t.y. S$viesai, temperatiirai, virSkinimo sistemos
salygoms ir kt.), kaip pirminj etapg ruoSiant funkcinius maisto produktus su
EGCG kapsulémis.
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