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ABSTRACT

Protein based oil in water (O/W) emulsion systems have been widely used in the
food industry due to their good amphiphilic properties, healthy, nutritious, and
commercial availability. However, their application remains challenging under certain
environmental conditions, such as acidic pH, high ionic strength, and high storage
temperature. The first four sections of this thesis focused on the preparation of stable
nanoemulsions by using different biopolymers in combination with natural food
antimicrobial agents, to attain the target antibacterial activity. The effects of droplet size
and carrier oil nature on the stability and antibacterial activity of nanoemulsions were
investigated. In the second part, the effect of adding low methoxyl pectin (LMP) on the
physicochemical stability of sodium caseinate (CAS)-stabilized nanoemulsions under
certain conditions (high ionic concentration, acidic pH, freeze-thaw cycles, high
temperatures, accelerated oxidation) was evaluated. Meanwhile, the effect of pH on the
adsorption kinetics and interfacial dilatational rheology of CAS/LMP complexes at the
oil-water interface was studied. In the next section, to understand the molecular
mechanisms involved in the functionalities of our encapsulated system, the interactions
between CAS and two used aldehydes, citral and trans-cinnamaldehyde (TCA), was
carried out by interfacial properties and fluorescence quenching measurements. The
quenching of CAS induced by TCA was further analyzed by the Stern-Volmer equation
and the Van't Hoff equation to obtain the binding constant and the thermodynamic
parameters of binding. In the final section, the mechanism of the formation of
multilayer emulsions was investigated and compared by isothermal titration
calorimetry and dynamic light scattering. Overall, this research work would improve

the control of O/W protein-based emulsified products.

Keywords: Sodium caseinate; Low methoxyl pectin; Emulsion stability;

Antimicrobials; Interfacial properties; Multilayered interfaces.
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RESUME

Les systémes émulsionnés de type huile dans eau (H/E) a base de protéines sont
largement utilisés en industrie alimentaire en raison de leurs bonnes propriétés
amphiphiles, fonctionnelles, nutritionnelles ainsi que leur disponibilit¢ dans le
commerce. Cependant, leur application reste difficile dans certaines conditions
environnementales, telles qu'un pH acide, une force ionique élevée et une température
de stockage élevée. Les quatre premicres parties de cette thése se sont concentrées sur
la préparation de nanoémulsions stables en utilisant différents biopolymeéres en
combinaison avec des agents antimicrobiens alimentaires et naturels, pour atteindre
l'activité antibactérienne cible. L'effet de la taille des gouttelettes d’huile sur la stabilité
et l'activité antibactérienne des nanoémulsions a été tout d’abord étudié. Dans la
deuxiéme partie, l'effet de 1'ajout de la pectine faiblement méthylée (LMP) sur la
stabilité physicochimique des nanoémulsions stabilisées par le caséinate de sodium
(CAS) sous certaines conditions (force ionique élevée, pH acide, cycles de gel-dégel,
températures élevées et oxydation accélérée) a été évalué. Parallelement, I'effet du pH
sur la cinétique d'adsorption et la rhéologie interfaciale des complexes CAS/LMP a
l'interface huile-eau a ¢été étudié. Pour comprendre les mécanismes moléculaires
impliqués dans les fonctionnalités de nos systemes d’encapsulation, les interactions
entre le CAS et les deux aldéhydes utilisés, le citral et le frans-cinnamaldéhyde (TCA),
ont été évaluées via 1’¢tude des propriétés interfaciales et des mesures d'extinction de
la fluorescence. L'extinction de la fluorescence du CAS induite par le TCA a été
analysée par I'équation de Stern-Volmer et 1'équation de Van't Hoff pour obtenir la
constante d’interaction ainsi que les parameétres thermodynamiques de ces interactions.
Dans la derniére partie, le mécanisme de formation des émulsions multicouches a été
étudié par calorimétrie a titrage isotherme et par diffusion dynamique de la lumiere.
Dans I'ensemble, ce travail de recherche ouvrirait plus de possibilités pour 1’élaboration

d'émulsions H/E a base de protéines.

Mots clés : Caséinate de sodium ; Pectine faiblement méthylée ; Stabilité de I'émulsion ;

Antimicrobiens ; Propriétés interfaciales; Interfaces multicouches.
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INTRODUCTION

Over the last decade, many efforts have been devoted to the incorporation of
bioactive compounds into food formulations to provide products with additional
functional benefits like antibacterial, antioxidant, anticancer, antiallergic, and anti-
inflammatory molecules. However, certain compounds with great health benefits, such
as essential oils (EOs), carotenoids, phytosterols, and vitamins, are lipophilic
components that are difficult to introduce in food products or have limited effects when
used directly. Indeed, there are several issues, such as low water solubility, chemical
instability, and sensitivity to oxidative degradation, that should be overcome for further
application of these fat-soluble compounds in food industries. Nowadays, the
development of systems based on oil-in-water (O/W) emulsions could address these
deficiencies to some extent. On the other hand, with increasing consumer awareness,
there has been in recent years a strong interest in replacing synthetic emulsifiers with
natural emulsifiers.

Difterent sources of proteins have been widely studied as natural emulsifiers for
food encapsulation systems due to their good amphiphilic, healthy, and nutritional
properties, as well as their commercial availability. Particularly, caseins from milk are
the most common natural commercial emulsifiers in the food industry, which are
generally produced and sold in the form of sodium caseinate (CAS). Protein-based
emulsions have been shown to meet current industrial requirements for food emulsion
stability, but under certain conditions (acidic pH range, high ionic strengths, and high
storage temperatures), their instability still limits their further applications. In this
consideration, many researchers have focused on improving the adaptability of
emulsions to environmental conditions by using a combination of other emulsifiers
rather than a single emulsifier. On the other hand, the addition of polysaccharides to
protein emulsifiers could combine the advantages of the two biopolymers, allowing to
obtain hybrid protein/polysaccharide interfaces able to surround oil droplets, thereby

improving emulsifying performance against environmental stresses.
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Proteins adsorbed at O/W interfaces can form interfacial layers which may exhibit
viscoelastic or even elastic behavior. The properties of these interfacial layers such as
interfacial tension, interfacial elasticity, and viscosity, have been regarded as key
parameters to determine the physical stability of emulsions. These characteristics are
generally performed using Langmuir troughs or drop tensiometers. In addition, the
presence of polysaccharides at different pH values greatly affects the structural
properties of proteins, which in turn affects the interfacial and functional properties of
protein-coated droplets.

Besides, some EOs contain aldehyde compounds, which have chemically reactive
functional groups that interact with protein molecules. These chemical interactions
between oil phase components and emulsifiers will further affect the formation and
stability of the emulsion-based delivery systems. Therefore, it would be very important
to study the interfacial properties and molecular interactions of the oil-water interfaces
for obtaining more information about evaluating or predicting the stability of emulsions.

In this thesis, two biopolymers, sodium caseinate (CAS) and low methoxyl pectin
(LMP), and two natural antibacterial molecules, citral and #rans-cinnamaldehyde
(TCA), were used to prepare nanoemulsions. The antibacterial activity and
physicochemical properties of these nanoemulsions were systematically investigated
under different conditions. In addition, the interfacial properties of the O/W interfaces
formed by CAS/LMP, the interactions between the different components in the
emulsion system, and the mechanism of forming the multilayer interfaces were also
investigated. In detail, food-grade emulsifiers and natural antibacterial molecules were
firstly selected according to their antimicrobial activity and their physicochemical
properties. The physical stability of the nanoemulsions based on selected materials
(CAS and TCA) was then further optimized by adding carrier oil to the oil phase to
avoid Ostwald ripening. To improve the stability of emulsions to environmental
conditions, emulsions prepared from CAS-LMP complexes at different pH values were

studied. Meanwhile, the effects of LMP concentration on the interfacial dilatational



rheology of the complexes at O/W interfaces were carried out under different pH values.
Thereafter, for better understanding the molecular mechanisms involved in the
formation of the developed encapsulated systems, the interactions between CAS and
the two used aldehydes were investigated by interfacial properties and fluorescence
quenching measurements. Finally, the mechanism of the formation of multilayered
interfaces was studied by both isothermal titration calorimetry and dynamic light

scattering.



Organization of the thesis

The purpose of this thesis is to prepare nanoemulsions containing antibacterial
molecules by food-grade emulsifiers (sodium caseinate and lecithin), to study the
stability of nanoemulsions under certain application conditions, and to investigate the
molecular interactions between different components in the emulsion system. Chapter
1 is a literature review, including two parts. The first part discusses the key factors
affecting the performance of sodium caseinate (CAS) stabilized emulsions. Part II
summarized the state of the art concerning nanoencapsulation of essential oils (EO) as
natural food antimicrobial agents. Chapters 2 to 7 present the main results achieved in
this thesis, based on 6 articles that have been published or will be submitted to
international journals. In details, Chapter 2 describes the preparation of stable
nanoemulsions by using different biopolymers in combination with natural food
antimicrobial agents, to attain the target antibacterial activity, Chapter 3 presents the
effect of carrier oil on stability of CAS stabilized nanoemulsions containing EO,
Chapter 4 focuses on the effect of adding low methoxyl pectin (LMP) on lipid
oxidation and physical stability of CAS based nanoemulsions at neutral pH, Chapter 5
investigates the effects of pH and LMP concentration on the interfacial dilatational
rheology of CAS/LMP complexes at O/W interfaces and the stability of CAS/LMP
based nanoemulsions, Chapter 6 studies the interactions between CAS and two used
aldehydes (citral and frams-cinnamaldehyde (TCA)) by interfacial properties and
fluorescence quenching measurements, and finally, Chapter 7 explores the
mechanisms of the formation of multilayer emulsions by isothermal titration
calorimetry and dynamic light scattering.

In the final chapter, a general discussion, conclusion, and perspectives will be

presented.
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Summary of literature review I

Sodium caseinate (CAS) provides comparable emulsifying properties that allow it
to meet current consumer demands for the stabilization of food emulsions, but
instability on some specific conditions limits their application. Therefore, there is an
urgent need to better understand the effects of different environmental and processing
conditions on emulsion stability, and how to improve the stability of CAS-formed food
emulsions. The objective of this literature review was to introduce the general factors
affecting the stability of sodium caseinate (CAS) - stabilized O/W emulsions, such as
environmental stress and process conditions, and the relative importance of the various
instability mechanisms of CAS-based emulsions as well as their relationships. The
commonly used methods for detecting emulsion stability are also introduced. In
addition, the state-of-the-art strategies to combine CAS and polysaccharides via
complexation or conjugation methods to improve emulsion stability are presented and
summarized. This part is expected to provide theoretical basis for the application of
CAS in food emulsification in the future. In summary, this review is expected to provide
a template for researchers to understand the fundamental properties of CAS-stabilized

emulsions and study their stabilization methods.
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1 | INTRODUCTION
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Abstract

Emulsions can be easily destabilized under various conditions during
preparation and storage. Therefore, it is necessary to understand the fac-
tors that influence the stability of emulsions, which is essential for their
subsequent studies. Sodium caseinate (CAS) is a well-used nutritional and
functional ingredient in emulsion preparation due fo its good solubility and
emulsifying properties. CAS-stabilized emulsions can be considered good food
emulsion delivery systems, but their applications are still limited under certain
conditions due to their instability to creaming and aggregation. Therefore,
the purpose of this review is to provide a complete overview of how different
environmental stresses and processing conditions affect the stability of CAS-
stabilized emulsions and how to improve their stability. Initially, the general
properties of CAS as emulsifiers and the characterization of CAS-stabilized
oil-in-water (O/W) emulsions were summarized. Second, the major instability
mechanisms that operate in CAS-stabilized emulsions were presented. Further-
more, the general factors such as pH, emulsifier concentration, ionic strength,
oxidation, and processing conditions, affecting the stability of CAS-stabilized
O/W emulsion, were discussed. On this basis, the commonly used methods for
evaluating emulsion stability are introduced. Finally, state-of-the-art strategies
to improve CAS-based emulsion stability are also described and summarized.
This review is expected to provide a theoretical basis for the future applications
of CAS in food emulsions.

KEYWORDS
emulsion characterization, emulsion stability, instability mechanisms, sodium caseinate

the oil-water or water—oil interface. Until now, synthetic
emulsifiers food additives, such as sorbitan esters, sugar

Food emulsions, a dispersion system composed of two or
mote incompatible phases, play an essential role in food
systems since they directly affect the color, the texture,
and the mouthfeel of food products (McClements, 2015).
Typically, emulsions can be prepared in the presence of
emulsifiers, which are usually composed of hydrophilic
and hydrophobic parts to reduce the interfacial tension at

esters, and polysorbates, are still intensively applied in the
most frequently consumed foods, although some reports
showed their possible harmful effects on intestinal barri-
ers and microbiota (Csiki & Sebestyén, 2019). Currently,
there is a growing worldwide trend in the food field to
replace commercial synthetic emulsifiers with natural
“label-friendly” ones. Consequently, food manufactures
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have focused on identifying and characterizing natural
emulsifiers, such as proteins, lipids, polysaccharides,
saponins, and so forth (Dammak et al., 2020), that can be
labeled as “clean” in emulsion-based food products. Some
food proteins from different sources such as milk, whey,
egges, legume, oilseed, and so on (Kim et al., 2020) have
been shown to act as natural emulsifiers by adsorbing at oil
droplets because of their good solubility and amphiphilic
ability.

At present, the most widely applied commercial protein-
based emulsifiers are casein proteins (Wang et al., 2013),
which are generally sold industrially in the form of
sodium caseinate (CAS). CAS are composed of all casein
fractions—ag - and ag-caseins, S-casein, and x-casein—
which have strong amphiphilic properties and have the
ability to rapidly reduce the oil-water interfacial tension
during emulsification process (Walstra & Jenness, 1984).
Different emulsification techniques, such as high-pressure
homogenization (Liao, Gharsallaoui, et al., 2021), ultrason-
ication (Wanetal., 2022), microfluidizer (Ebertetal., 2017),
and so forth, have been employed to produce stable CAS-
based oil-in-water (O/W) emulsion systems. Nevertheless,
CAS-based emulsions are prone to instability at certain
unfavorable compositional and environmental conditions,
such as different solution conditions (pH, protein concen-
tration, ionic strength, homogenization conditions) and
different environmental stresses (thermal processing and
oxidation). These specific conditions limit the application
of CAS-based emulsions in certain high-value fields. In
recent years, several reviews have summarized various for-
mulations of nanoemulsions, preparation methods, food
applications, and methods to improve stability through
using mixed emulsifiers, protein—-polysaccharide complex-
ation, or conjugates (Dammak et al., 2020; Evans et al.,
2013; Kim et al., 2020; Mcclements, 2007; Ribeiro et al.,
2021). In this context, it is necessary to understand the fac-
tors that influence the stability of emulsions. Nonetheless,
there are still few review papers that have systematically
explored the factors affecting CAS-stabilized emulsions. In
the present review, we will provide general factors affect-
ing the stability of CAS-stabilized O/W emulsions, such as
environmental stress and process conditions, and the rel-
ative importance of the various instability mechanisms of
CAS-based emulsions as well as the relationships between
them. In addition, the methodology for detecting emulsion
stability and how to improve the stability of CAS-stabilized
food emulsions will be discussed.

2 | CASANDITS EMULSIFYING
ABILITY

CAS shares similar composition with casein micelles,
which is a partially aggregated mixture of four individ-
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ual caseins, ag- and wg,-caseins, S-casein, and x-casein. In
industry, CAS is generally manufactured by acid precipi-
tation of casein micelles and then neutralized with alkali
for spray drying (Wusigale et al., 2020). By adding the
cation of the alkalizing agent, various types of caseinate
could be produced, such as sodium, calcium, potassium,
and ammonium caseinate. Among those, CAS is more
commercially available. The aqueous suspension of CAS
has been reported to be a particle suspension with a
weight-average molar mass of 1200—4700 kDa and a diam-
eters range of 50-120 nm (Wusigale et al., 2020). As an
important dairy ingredient, CAS can endow food with
certain functionalities in terms of water solubility, viscos-
ity, emulsification, foamability, and encapsulation ability.
The application of CAS as an alternative source of food
emulsifiers in the food industry has attracted considerable
attention, such as coffee whiteners, cream liqueurs, and
whipping ingredients (Euston & Goff, 2019).

Compared to the most other food proteins, CAS is more
disordered and hydrophobic with an extremely open and
flexible conformation (Dickinson, 1999). ag-Casein and -
casein are the two main individual caseins that account
for approximately 75% of the total milk casein. Both casein
proteins have been shown to be the main contributors to
the emulsifying properties of CAS and they can rapidly
adsorb at the O/W interface during emulsification to pro-
tect newly formed droplets against incipient flocculation
and coalescence. This is the fact that the high proportion
of proline residues disrupts a-helix and jS-sheet secondary
structures and there are almost no cysteine residues in «g-
and p-casein (Dickinson, 1994). Even though both caseins
proteins exhibited strong tendency to adsorb at hydropho-
bic surface, the mechanisms of ay- and S-casein acting
on the O/W interface are significantly different. Dickinson
(1988) compared the adsorption of oy - and g-casein in O/W
emulsion and the data indicated that $-casein predomi-
nates at the interface since its equilibrium interfacial free
energy is slightly lower than «g-casein. The train-loop-
tail model has been used to explain the adsorbed layer
structure by CAS (Dalgleish, 1996). As shown in Figure 1a,
fS-casein develops a highly charged tail dangling away
from the droplet sutface as the N-terminal of the chain is
the hydrophilic charged residue, and the remaining parts
adsorbed on the surface in the shape as “trains” and small
“loops” are predominantly hydrophobic. The adsorbed
layer thickness is mainly determined by the distribution
of “loops” and the dangling “tails” that also provide steric
repulsions in the emulsion systems. The “tails” parts are
very sensitive to the solution environmental parameters
such as pH and ionic strength, but the hydrophobic parts
“loops” of the chain are relatively insensitive (Dickinson,
1999). ag-Casein-adsorbed layer also develops the “loops”
(Figure 1a) on the O/W interfaces as it contains three
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FIGURE 1

(a) Schematic diagram of typical adsorption configurations of aS81-casein and S-casein at oil/water interface. (b) Mechanisms

for adsorption of CAS at oil/water interface. Adapted from Kim et al. (2020)

discontinuous hydrophobic regions (Shimizu et al., 1986).
Tt was reported that a,-casein provides less surface cover-
age and thinner layer during emulsification than j5-casein
(Dalgleish, 1996), which inefficiently provides steric repul-
sions. However, ag-casein provides higher electrostatic
repulsions than S-cascin since the amino acid sequence is
significantly different. On the other hand, the hydrophobic
plots of amino acid residues in &,- and x-casein indicated
that they have surface-active properties (Su & Bverett,
2003) and these caseins could also be adsorbed on the
(/W inlerfaces and contribute to the surface stability. Kim
et al. (2020) drew a schematic diagram (Figure 1b) of the
adsorption of four casein proteins at the O/W interface
based on the research of Dickinson (1989), which is mainly
divided into three steps: (1) simultaneous adsorption of
ag- and x-casein in the initial diffusion stage; (2) subse-
quent displacement of @ - and x-casein by 3-casein from
the interface; and (3) formation of a mixture with S-casein
as the main component film. In fact, due to the interactions
between casein molecules and other food ingredients, the
characteristics of the CAS layer adsorbed in many food
emulsions are much more complicated than just described.

3 | THE MAJOR INSTABILITY
MECHANISMS IN CAS-STABILIZED O/W
EMULSIONS

Generally, a food emulsion system is prepared using a
high shear device (e.g., colloidal grinding, high-speed
agitator, and high-pressure homogenizer) in which the
emulsion mixes oil and water in the presence of emulsi-
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fiers (McClements, 2015). For instance, the basic process of
preparing a CAS-based emulsion by high-pressure homog-
enizalion is o force a coarse mixiure of oil and CAS
aqueous solution through narrow crevices, resulting in
cavitation and intense laminar shear to disperse well. In
this process, the casein molecules arc adsorbed to the O/W
interface through unfolding and rearrangement, forming a
stable interface layer around the oil molecules. The degree
of protein molecules unfolding relies on the flexibility of
their molecular structure, which depends on the strength
ol the [orces that maintain the secondary and lertiary struc-
tures. As CAS has a fairly flexible structure, it can expand
rapidly at the interface and then form an extended layer of
about 10 nm (Dalgleish, 1990). The colloidal stability of the
CAS-stabilized emulsion systems is eventually determined
together by electrostatic repulsions and steric repulsions
caused by all the interactions between adsorbed casein
layers.

Tt is well established that emulsions are thermodynam-
ically unstable, therefore various physical and chemical
mechanisms (including creaming, flocculation, coales-
cence, Ostwald ripening, and phase separation, as shown
in Figure 2) occur over time (Dickinson, 2019). Indeed,
these instability mechanisms can occur simultaneously
in CAS-stabilized emulsion systems, and the emergence
of one instability mechanism encourages other mecha-
nisms. When the free energy of surface interactions is
repelling at all droplet surface-to-surface separation val-
ues, the emulsion will be stable. [Towever, when the free
energy of interactions has an attraction within a certain
separation range, the droplets will tend to flocculate, which
may adversely alfect coalescence and creaming. These
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FIGURE 2 Schematic diagram of the major instability mechanisms undergone by oil-in-water emulsions

instability mechanisms occur in CAS-based emulsion
depending on the overall balance among electrostatic
forces, steric forces, and van der Waals forces. Gener-
ally, CAS-based emulsions are unstable under unfavorable
compositional and environmental conditions, such as apH
value close Lo the isoelectric point (pI) of CAS (pIl 4.6)
(Bhat et al., 2016}, high pressure processing (Mao et al.,
2010), high temperatures (Mao et al., 2010), freeze-thaw
cycles (Wang et al., 2020), and high ionic strength (Sharma
et al,, 2017). In the following part, we discuss several
common instability mechanisms in CAS-based emulsion.

3.1 | Flocculation

Flocculation is a process in which two or more droplets
combine with each other, bul each remains intact. When
attractive interactions between droplets outweigh repul-
sive interactions, droplets tend to flocculate (Dickinson,
2019). Due to the Brownian motion, droplets are usually
close to each other. The occurrence of flocculation will
depend on the forces acting on the droplets and the time
whether they stay close together for long period time.
Under cerlain siluations, the presence of [locs is related Lo
visible changes in the appearance of emulsion {Martinez-
Padilla et al., 2021). The concentration of emulsifiers plays
an essential role in the stability of CAS-based emulsions.
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For example, to avoid flocculation, even in emulsions
prepared at pH 7, the oil/protein ratio must be neither
too low nor too high. At low caseinate content, casein
molecules are generally shared by two or more oil droplets
in emulsion systems that can lead to bridging flocculation,
apparently accompanied by some coalescence. This Lype of
tflocculation is, at least partly, irreversible. In the presence
of an excess of nonabsorbent caseins in the continuous
phase, depletion [occulation will occur that is reversible
with no measurable change in droplet size distribution
after dilution (Dickinson et al., 1997). Typically, only strong
shear forces such as high-speed homogenization could
destroy the bridging flocculation, while depletion floccula-
lion can be simply disrupted by gentle stirring or dilution.
Qur recent study (Liao et al., 2022) supported that depleted
flocculation-induced droplet aggregation is reversible, The
high content of peclin promoted exlensive aggregalion
of CAS-based droplets {observed by microscopy), but the
droplet size of the emulsion did not change significantly.
In addition, caseinate molecules are sensitive to both pH
and ionic strength. Different pH values and ionic forces
in the continuous phase can affect the dissociation of ion-
ized groups, thus determining the states of flocculation
in emulsion systems. The macroscopic properties ol CAS-
based emulsions like appearance, rheology, and sensory
property are strongly influenced by the degree and nature
of emulsion flocculation. Generally, the occurrence of
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flocculation is harmful, which leads to an increase in
particle size to speed up gravity separation in some
foods such as emulsion-based soft drinks. However, in
some specific cases, flocculation can be used to control
the creation of an ideal texture feature. On the other
hand, the flocculation state has a significant influence on
other instable phenomena, such as droplet coalescence,
phase separation, and Ostwald ripening (Ma & Chatterton,
2021)

3.2 | Coalescence

Coalescence is defined as the process of two or more
droplets coming into contact and merging, creating larger
droplets. This can happen if two droplets are very close for
a while. As described above, the occurrence of flocculation
in the emulsion is usually accompanied by coalescence.
Moreover, the mechanism and the intermolecular forces
of flocculation and coalescence are similar. One is con-
sidered reversible (flocculation), in which a strong force
can be used to separate the aggregates. The other is irre-
versible (coalescence). The occurrence of coalescence in
emulsion systems significantly affects the processing or
shelf life of O/W emulsions. It was reported that appro-
priate content of CAS-based emulsion systems was very
stable toward creaming and coalescence due to the thicker
interfacial film formed by casein proteins (Dickinson etal.,
1997). The adsorbed film formed by the emulsifier may
rupture spontaneously during storage. The formation of a
thicker water phase film at the O/W interface helps pre-
vent droplet coalescence (droplet melting) and achieve
reasonable stability, thus providing the appropriate life
for the final emulsified product (Costa et al., 2019). The
larger the droplet diameter, the thinner the film thickness,
and the lower the O/W interfacial tension, the easier the
film ruptures to lead to irreversible coalescence (Fredrick
et al., 2010). However, under certain circumstances, CAS-
based emulsions have a tendency to coalesce. A recent
study (Lamothe et al., 2019) reported that, under gastric
conditions, CAS-stabilized emulsions showed extensive fat
droplet coalescence, whereas coalescence was very limited
in the whey protein-stabilized emulsions. They attributed
this difference to the fact that CAS has highly flexible and
disordered molecules that are more sensitive to the gas-
tric environment. In an O/W emulsion, the coalescence
eventually forms a layer of oil on top of the solution,
called demulsification. In the manufacture of some prod-
ucts, partial coalescence is desired to obtain the specific
properties in products like ice cream. It contributes to
the structure and physical and sensory flavors like fatti-
ness and creaminess of the final products (Chen et al.,
2019).
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3.3 | Gravitational separation

Emulsions tend to be divided into different layers of oil
and water due to the different densities and the differ-
ent polarities between oil and water molecules. Under
the effect of gravitational separation, if the density of the
droplets is lower than that of the surrounding liquid, they
tend to move upward, which is termed creaming. Con-
versely, if they are denser than the surrounding liquid, they
tend to move downward, which is termed sedimentation.
This phenomenon is usually accompanied by emulsion
separation, resulting in a droplet-rich cream layer and a
droplet-depleted watery layer. Gravitational separation can
be used to measure emulsion stability by visual or opti-
cal imaging, but it usually takes a long time. In addition,
the correlation between creaming and bridging floccula-
tion was observed in the CAS-stabilized O/W emulsion
(Dickinson et al.,, 1997). In a dilute O/W emulsion, the
occurrence of bridging flocculation can speed up the
creaming of emulsion since the larger buoyance forces
acting on flocs are stronger than those acting on individ-
ual droplets (Dickinson et al., 1997). On the contrary, in
a higher concentrated O/W emulsion, bridging floccula-
tion can retard creaming as a network structure is formed
in emulsion system. Meanwhile, the creaming generally
occurs before coalescence, followed by phase separation,
anditsdegree in O/W emulsion can be described by cream-
ing index (Onsaard et al., 200a). Therefore, the creaming
index can predict the degree of droplet aggregation: the
higher the index, the more the droplet aggregation.

3.4 | Ostwald ripening

Ostwald ripening is a time-lapse phenomenon, as the oil
molecules diffuse through continuous phases and smaller
droplets in the emulsion system increase the size of larger
droplets at the expense of themselves (Jiao & Burgess,
2003). The driving force in this process is the curvature
effect, in which oil molecules near smaller droplets are
more soluble than larger droplets. Prof. Laplace pointed
out that the concave pressure of the curved interface is
higher than the convex pressure, which is proportional to
the tension of the interface multiplied by the curvature.
For a sphere, the curvature is given by the reciprocal of
its radius. As a result, the dispersion of the smaller par-
ticles increases their solubility in the continuous phase,
the smaller particles shrink (eventually disappear), and
the larger particles become larger. Generally, Ostwald
ripening is negligible in food emulsions containing low
water-soluble long chain triglycerides. However, when
more water-soluble oils (essential oils, flavor oils, short-
chain triglycerides) are used in O/W emulsions, Ostwald
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ripening is a major obstacle that should be carefully con-
trolled during long-term storage (Park et al., 2020). Our
previous study indicated that altering the oil composition
by adding medium or long-chain carrier oil before homog-
enization can significantly inhibit Ostwald ripening of
CAS-based emulsions containing essential oils (Liao et al.,
2021). In addition, to prevent or delay Ostwald ripening in
food emulsions, another effective method is to combine
protein emulsifiers with some amphiphilic polysaccha-
rides to form a thicker interfacial film around the oil
droplets (Artiga-Artigas et al., 2020; Dickinson, 2019).

4 | MAIN FACTORS DETERMINING
THE STABILITY OF CAS-STABILIZED
EMULSIONS

Physical instability refers to changes in the spatial arrange-
ment or size distribution of the emulsifier droplets over
time, such as gravitational separation, flocculation, and
aggregation, while chemical instability involves changes
in the composition of the emulsion, such as oxidation and
hydrolysis (McClements, 2015). To meet the requirements
of industrial applications, researchers must understand
the factors that determine emulsion stability. As reported
by McClements (2007), effective methods to prevent
adverse changes in food emulsions need to be determined
based on the physical and chemical properties of the ingre-
dients used to stabilize these emulsions. As we described
above, fine O/W emulsions prepared by CAS as the only
emulsifier are very sensitive to the influence of various fac-
tors such as temperature, pH, ionic strength, calcium ion
content, protein/oil ratio, and so forth. These most impor-
tant factors influencing the stability of CAS-stabilized O/W
emulsions will be discussed in the following section.

4.1 | Effectof pH

One disadvantage of using CAS as an emulsifier is known
to be its limited applicability in acidified foods (Perugini
etal., 2018). Ttiswell known that the environmental pH has
a great influence on protein solubility, surface charge (zeta
potential), and surface hydrophobicity. Casein proteins in
milk are very stable systems that can withstand the strin-
gent conditions imposed during commercial processing
(Bhat et al., 2016). Howevet, they are still destroyed under
certain temperature and pH conditions, especially acidic
pH (near their pl: ~4.6), resulting in reduced stability,
which is reflected by visible flocculation or serum separa-
tion. Perrechil and Cunha (2010) studied the effect of pH
on the stability of CAS-stabilized W/O emulsions and their
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results showed that the creaming behavior of emulsions
was largely influenced by the pH of the emulsions.

As expected, the weakest emulsifying property of CAS
was observed around its pI (Wang et al., 2019). When the
pH value is far from its pl, the absolute value of zeta
potential of CAS-coated droplets increases and then it can
provide enough electrostatic repulsions between droplets
against flocculation. This is the fact that more negatively or
positively charged proteins allow for more protein-solvent
interactions and greater diffusion rates to the interface,
which also contributes to increased interfacial tension of
particles and the stability of emulsions. The interfacial ten-
sion can also be changed by pH. Amine e et al. (2014)
reported thatthe interfacial tension of CAS particlesis usu-
ally lower at alkaline pH than at pH 7, which contributes
to a more expansive structure of the protein at the inter-
face and then leads to a smaller emulsion size. Dickinson
(1999) described that the “tail” extension around oil droplet
formed by jS-casein and the maximum extent of the loop-
like region formed by «g-casein are diminished as pH is
reduced from 7 to 5.5, resulting in lower steric repulsion.
Nevertheless, by mixing other emulsifiers such as adsorbed
polysaccharides (Shietal., 2021; Surh et al., 2006) and non-
ionic surfactants (Perugini et al., 2018), CAS can also be
used in acidic environments to stabilize emulsions. Perug-
ini et al. {(2018) used a nonionic surfactant (Tween 20) in
combination with CAS as blending emulsifiers of O/W
nanoemulsions to prepare nanoemulsions and their results
showed that the addition of Tween 20 effectively enhanced
the stability of the emulsion under acidic conditions. As
shown in Figure 3, the effects of pH and pectin type on the
zeta potential and creaming stability of O/W emulsion sta-
bilized by CAS were well investigated (Surh et al., 2006).
The addition of pectin to CAS-based emulsions leads to
an obvious change in the pH dependence of the surface
droplet charge. At pH value around the pl of caseinate, the
blending emulsifier is negatively charged. Optical micro-
scope measurements from their results also showed that
CAS-stabilized emulsion is dispersed well at a pH value
higher than 5.0 and aggregates neat the plL.

4.2 | Effect of ionic strength

As the ionic strength is able to screen the electrostatic
repulsions between the droplets, the presence of cer-
tain fons, especially calcium, may affect the interactions
between protein-stabilized droplets and induce floccula-
tion (Dickinson, 2019). Targeted screening can promote
aggregation and reduce adsorption at the emulsion inter-
face, depending on the type and concentration of ions.
Generally, protein-based food products usually need to be
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FIGURE 3
encapsulated by CAS (Surh et al., 2006)

TABLE 1 Influence of ionic strength on the mean particle
diameter and {-potential of the sodium caseinate-stabilized
emulsions (Qin et al., 2018)

Concentration Z-average diameter

(mg/ml) (nm) {-potential (mV)

NaCl 0 199.27 + 1.56> -36.74 0.7
0.1 197.76 + 1.59¢ —369 + 0.4
0.35 202.25 + 2.51% —36.8+11°
0.60 203.65 + 1.92* —369 + 0.7*
0.85 202.62 + 1.65°° —37.5+ 0.8
1.10 204.20 + 2.82° —372+ 0.3

CaCl, © 199.27 + 1.56° —-36.7 + 0.7
0.25 197.50 4 0.75° —32.6 + L.6°
0.55 210.94 + 1.944 —31.7 + 0.9°
0.85 230.37 + 2.38° —-29.3 + 0.6°
115 254.43 + 1.74° —26,6 + 0.5
1.45 265.18 + 4.39* —259 + 0.4*

Note: Mean values within the same column followed by the same lowercase
letters are not significantly different (p > .05) between NaCl (or CaCl, ) levels.

used in combination with various minerals in practical
applications to meet different needs. Thus, the effect of
different minerals on emulsion stability should be better
taken into account. It has been shown that the addi-
tion of 15 mM CacCl, to a CAS-stabilized emulsion caused
destabilization (Dickinson, 2010). Qin et al. (2018) inves-
tigated the effect of ionic strength on the diameter and
zeta potential of CAS-stabilized emulsion by sodium and
calcium ions, respectively. As shown in Table 1, the addi-
tion of NaCl in different concentration (0.0-1.1 mg/ml)
exhibited no obvious effect on the size and zeta poten-
tial of caseinate-stabilized emulsions, while the addition
of CaCl, showed a higher influence. With the increase of
CaCl, concentration, the zeta potential was significantly
decreased, which may be caused by higher ionic strength
shielding the surface charge of CAS-stabilized droplets.
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Dependence of (a) electrical charge of droplets ({-potential) and (b) creaming index on pH and pectin type for emulsion

The reduction of electrostatic repulsions between droplets
promoted flocculation and then increased the size of
droplets. A similar phenomenon was reported in the study
of caseinate-stabilized clove oil nanoemulsion (Sharma
et al., 2017). Multivalent counteracting ions such as Ca?*,
Fe*, or Fe3* are more effective than monovalent ions in
promoting emulsion instability because they are shielded;
electrostatic interactions are more effective and they can
be combined with the droplet surface, thus reducing the
zeta potential (Liang, Matia-Merino, et al., 2017). More-
over, Dickinson and Davies (1999) found that the addition
of calcium salts before or after homogenization had signif-
icantly different effects on the stability of CAS-stabilized
emulsions under the same preparing process. These differ-
ent behaviors of electrostatic force can be regarded as the
changes of charge density and protein aggregation state,
and these changes will further work on the adsorption
layer structure and protein surface coverage.

It is worth noting that, in the presence of excessive unab-
sorbed CAS, the addition of appropriate amounts of CaCl,
to emulsions can eliminate the effect of depletion floccula-
tion (Ye & Singh, 2001). This is the fact that the addition
of ionic molecules in the aqueous phase results in an
increased size of casein aggregates due to the screen effect,
thereby decreasing the amount of depleting unabsorbed
proteins.

4.3 | Effect of emulsifier concentration

The protein concentration plays an important role in the
stability, color, nutrition, and taste of the final emulsion.
To improve stability against aggregation, it is significant to
make sure that the protein/oil ratio is in the appropriate
range even for an emulsion formed at neutral pI and low
ionic strength. Otherwise, protein-stabilized emulsions
are susceptible to different types of flocculation during
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FIGURE 4 The effect of CAS concentration (% w/w) on mean
particle diameter of O/W emulsions in the absence of SDS (A) or in
the presence of SDS (O) with the schematic diagram of bridging
flocculation and depletion flocculation in emulsion systems.
Adapted from Sanchez and Patino (2005)

storage, leading to increased creams or serum separa-
tion. As reported by Singh (2011), with sufficient CAS
molecules to cover the oil droplets during homogenization,
emulsions are usually stable for long-term storage against
coalescence. However, when the concentration is relatively
low, casein proteins are insufficient to completely cover
the O/W interfaces during the homogenization process.
As a result, casein molecules are shared by two or more
droplets, leading to bridging flocculation. The effect of
CAS concentration on the stability of emulsion through
high-pressure homogenization was studied by Sdnchez
and Patino (2005). As shown in Figure 4, their results
indicated that there is a critical concentration of CAS in
the aqueous phase: when CAS concentrations were above
1% (wiw), the emulsifying capacity was constant and the
size distribution of droplets was monomodal; however,
at CAS concentrations below 1% (w/w), the size distri-
bution of droplets in the emulsion was bimodal and the
emulsions exhibited some degree of flocculation, which
was inhibited to some extent by the presence of sodium
dodecy! sulfate (SDS). It is worth noting that excess of
caseinate (>2% [w/w]) increased the rate of creaming that
may be attributed to the presence of depletion floccula-
tion. Dickinson (1997) similarly reported that attractive
depletion interactions may exist between pairs of dispersed
particles when a colloidal system contains a large amount
(>3.0wt.%) of smaller size of unabsorbed molecules. How-
ever, a recent rheological study of nanoemulsions prepared
with CAS as the sole emulsifying agent found no evi-
dence of depletion flocculation over awide range of protein
contents (Roullet et al., 2019). This could be attributed
to the relatively small droplet size (d43 ~ 130 nm). It
has been reported that sufficiently high protein concen-
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trations may lead to a stronger droplet network and this
network can lead to partial restabilization of the emulsion
against creaming and serum separation (Dickinson, 2019).
Liang et al. (2014) investigated the relationship between
creaming behavior and depleted flocculation of CAS-
stabilized O/W emulsions with different contents of CAS
(1%—10% |w/w]). At low CAS concentrations (less than 3%
[w/w]), depletion-induced droplet networks formed and
showed fast phase separation. At middle CAS concentra-
tions (3%—5% [w/w]), the increase of nonadsorbed casein
concentration increases the number of droplets involved
in the network, thus stabilizing the emulsion structure
dynamically to prevent creaming. Surprisingly, at higher
caseinate concentrations (=6% [w/w]), the formation of
droplet network shows obvious delay that was probably
caused by the higher continuous phase viscosity decreas-
ing the formation of the droplet network. These results
show that there is an optimal protein concentration for
CAS that can produce good, saturated surface coverage
and maximum emulsion stability against these instability
mechanisms.

4.4 | Effect of homogenization process

The stability of an emulsion during storage is closely
related to its homogeneity, especially its size distribution.
Indeed, nanoemulsions (diameter <200 nm) generally
have better physical and chemical stability than conven-
tional emulsions (>1 um) because they are kinetically
stable which are more stable to gravitational separation,
coalescence, and flocculation than conventional emul-
sions (Sneha & Kumar, 2021). There are two types of
emulsification techniques used to produce emulsified sys-
tems: a top-down approach and a bottom-up approach
(Liao, Badri, et al., 2021). The top-down methods gener-
ally need large energy input for breaking up the dispersed
phase into small structures by reducing the size and
shaping the structure. The bottom-up methods generally
include self-assembly, phase inversion, and spontaneous
emulsification, which require the use of organic solvents or
the addition of industrial surfactants. For food emulsion-
based products, a top-down approach was normally
selected for security reasons. High-speed homogenization,
high-pressure homogenization, ultrasonic emulsification,
membrane emulsification, microfluidization, and so on
have been widely used in different experimental laborato-
ries for the preparation of nanoemulsions. The advantages
and disadvantages of these techniques are summarized
in previous reports (Saffarionpour, 2019; Sneha & Kumar,
2021). There are significant differences in droplet size and
distribution available in different homogenization devices,
and these differences will further affect the stability of
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the emulsions (Jacobsen, 2016). For example, it has been
reported that high-pressure homogenizers can be used to
produce nanoemulsions, but excessive ultrasonic power
or ultrasonic time course can lead to increased tempera-
ture, resulting in flocculation or coalescence (Mao et al.,
2010). Hebishy et al. (2017) compared different methods
to prepare CAS-stabilized emulsions. Their results showed
that nanoemulsions produced by high-pressure homog-
enizers exhibited lower size and much higher stability
than those produced by conventional homogenization.
At the same time, different pressure settings in high-
pressure homogenization also have a significant effect on
the stability of the emulsion. When sufficient CAS concen-
trations are used, pressure higher than 200 MPa resulted
in physically and oxidatively stable emulsions, while the
use of lower homogenization pressure (100 MPa) resulted
in significant creaming. A similar trend was observed in
Carpenter and Saharan’s (2017) study where mustard oil
nanoemulsions were prepared by different ultrasound
powers, and they found that time and power parame-
ters of ultrasonic can lead to increases or reductions in
mean particle size. Another study (Let et al., 2007) indi-
cated that less lipid oxidation of milk-based emulsions was
obtained athigh pressure (22.5 MPa) than atlower pressure
(5 MPa).

4.5 | Effect of heating process

Food products based on emulsions generally undergo heat
treatmentat higher temperatures such as cooking and ster-
ilization. One of the reasons why CAS has been widely
used in food emulsions is that it has a relatively higher
heating resistance ability than other common protein
emulsifiers such as whey proteins and pea proteins (Liang,
Matia-Merino, et al.,, 2017). This is the fact that relatively
flexible casein molecules do not undergo significant heat-
induced conformational changes like globular proteins
(Srinivasan etal., 2002). Nevertheless, dephosphorylation,
proteolysis, and polymerization of CAS solutions can occur
at higher temperatures and longer heating time (Liang,
Gillies, et al., 2017). Therefore, it is still important to fully
understand the physical and chemical changes in CAS-
stabilized emulsions caused by heating and to develop
strategies to control the destabilizing processes. Qin et al.
(2018) studied the effect of different heating temperatures
on CAS-stabilized emulsions, and their results indicated
that CAS has an excellent heating tolerance. The average
diameter of CAS-based emulsions did not show obvious
change even when the emulsions were heated to 90°C.
McSweeney (2004) reported that higher heating can affect
the particle size of milk protein-stabilized emulsions. The
particle size distribution (PSD) curve of the model emul-
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sions (at pH 6.8) gradually increased from 1 gm before
heating to ~10 um when heated at 140°C for 80 s. In
this case, the unadsorbed caseinate protein fraction acts
as “glue,” causing the emulsion droplets to entangle into
large aggregates. On the other hand, the disulfide bond
between the milk proteins during the heating process
can also grow the particle size due to the flocculation
of the droplets. Liang, Gillies, et al. (2017) found that
the phase separation of CAS-stabilized emulsions was
markedly dependent on the duration of the heat treat-
ment. The heat treatment at 120°C caused casein proteins
degradation and changed the intact CAS concentration
in the continuous phase, thereby resulting in a greater
extent of flocculation. Srinivasan et al. (2002) found a very
interesting phenomenon: after heating treatment (121°C
for 15 min), the stability ratings of heated emulsions were
higher than that of unheated systems. In fact, at high tem-
peratures, the molecular structure of the protein will fully
unfold, and all hydrophobic residues will enter the oil
phase, making the droplets less likely to aggregate. How-
ever, it wasreported that adsorbed CAS molecules are more
susceptible to thermally induced degradation than unad-
sorbed ones in solution (Liang, Gillies, et al., 2017). This
difference has been attributed to protein structure and con-
formational differences between adsorbed and unadsorbed
caseinate. In some cases, especially when the final prod-
uct is a gelatinous system (such as the formation of a gel
matrix for casein emulsions), thermally induced emulsion
destabilization is ideal (Silva et al., 2019).

4.6 | Effectof oxidation

Preventing oxidation is an important consideration when
designing food emulsion systems since oxidation of an
emulsion can greatly affect flavor, sense, and color of the
food products during storage. The factors that cause lipid
oxidation in an emulsion are very complex because they
may include oxidation or electron transfer events in all the
different phases of the system (Jacobsen, 2016). CAS has
been reported to be very effective in protecting coated oils
from oxidation, due to its unique iron-chelating properties
and ability to generate thick interfacial layers around small
oil droplets (McClements & Decker, 2018). For this reason,
CAS has been used as an emulsifier to design delivery sys-
tems for omega-3 fatty acids, as well as for real food emulsi-
fied systems such as milk, yogurt, and cheese (Walker etal.,
2015). Currently, a variety of methods and techniques can
be used to detect the oxidation process of lipids in emul-
sions, such as peroxide value, p-Anisidine (para-anisidine)
value, and thiobarbituric acid reactive substances (TBARS)
assays (Jacobsen, 2016). O’ Dwyer et al. (2013) measured
the lipid hydroperoxide values and p-Anisidine values to
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monitor the oxidative stability of CAS-stabilized emul-
sions containing various oils (sunflower, camelina, and
fish). Their results showed that CAS, as emulsifier, was
able to improve their oxidative stability compared to pure
oils. Hebishy et al. (2017) reported that higher oxida-
tive stable emulsions wete prepared by ultrahigh-pressure
homogenized emulsions with sufficient CAS concentra-
tion (5 g/100 g). The oxidative stability of O/W emulsions is
also related to the size of the droplets, the interfacial prop-
erties of the droplets, and the type of emulsifier. Ries et al.
(2010) found that CAS and whey protein-stabilized emul-
sions with small droplet size had greater oxidative stability
than emulsions with large droplet size. Meanwhile, the
antioxidant capacity of CAS-stabilized emulsion was pro-
portional to the concentration of CAS in the preparation.
Higher concentrations of protein molecules can even offset
the effects of milk droplet size and protein type (Ries et al.,
2010). This may be because higher concentrations of unab-
sorbed casein molecules in the continuous phase inhibit
free radical invasion of the O/W emulsion. In general, oxi-
dation occurs faster in O/W emulsions than in bulk oils
(Jacobsen, 2016), which may be due to the relatively harsh
processing conditions required to produce the emulsion,
such as exposure to air (oxygen), higher heating temper-
atures, or direct production through ultrasonic cavitation.
These processes will promote the oxidation of the emul-
sion. In addition, the higher the unsaturated lipid content
in O/W emulsion, the more it is sensitive to lipid oxidation
in general (Chen et al., 2022).

5 | GENERAL TECHNOLOGIES FOR
DETECTING AND EVALUATING CAS
EMULSION STABILITY

To meet specific applications needed in food industries,
detailed information on the emulsion matrix and droplet
properties should be obtained to understand and estimate
the stability of O/W emulsions. Essential emulsion charac-
teristics such as droplet size, droplet charge, morphology,
and rheological behavior could be measured and moni-
tored by analytical instruments and standardized meth-
ods. These characteristics could be used to represent the
physicochemical, appearance, and sensory properties of
emulsion systems. For this reason, researchers can achieve
information about instability mechanisms by combining
several techniques such as particle size and surface charge
with microscopic observations. Table 2 summarizes the
advantages and limitations of the various techniques most
commonly used to test the stability of O/W emulsions.
In the following section, these techniques for evaluating
the stability of O/W emulsions stabilized by CAS will be
discussed.

18

5.1 | Visual observation

The stability of an emulsion substantially affects the qual-
ity, appearance, color, and odor of food products. In turn,
changes in appearance, color, and odor of emulsion-based
products can also be used to determine whether the
emulsion is still stable. In some cases, the instability of
the emulsion, such as creaming or precipitation, can be
directly observed by the naked eye. Visual observation
is probably the simplest, cheapest, and fastest method of
evaluating emulsion gravity separation without the need
for expensive and complex analytical devices. From the
viewpoint of gravity separation, the macroscopic changes
of emulsions may have two mechanisms: creaming and
sedimentation. As shown in Figure 5a, creaming can be
observed clearly as the density of the dispersed phase is
lower than that of the continuous phase. Conversely, sed-
imentation occurs when a dispersed phase with a higher
density than the continuous phase moves upward and pro-
duces a thicker separation layer. In this regard, the degree
of precipitation or creaming generally can be assessed by
observing the thickness of the cream or precipitation layer
with the naked eye, and then by instrumental measure-
ment and recording. However, visual observation, though
convenient, is not suitable for studying the mechanisms of
instability phenomena such as flocculation, coalescence,
and Ostwald maturation. In addition, the emulsion layer is
usually visible only when the degree of instability is quite
high. Therefore, the initial stage of emulsion stability usu-
ally needs to be observed accurately with the help of other
analytical instruments.

5.2 | Microscopy observation

Visual observation is insufficient to study most instabil-
ity mechanisms and smaller droplets, such as individual
droplets, flocs, fat crystals, bubbles, and ice crystals.
Several microscopy techniques have been established to
observe these fine features of emulsions. Currently, the
most widely used are optical, confocal fluorescent, scan-
ning electron microscopy (SEM), transmitting electron
microscopy (TEM), and atomic force microscopy (AFM).
These techniques provide detailed information about com-
plex systems in the form of “images” that are often
relatively easy to understand. Meanwhile, each technique
is based on a different physicochemical principle and
can be used to further study the stability mechanism of
emulsions with different particle sizes and types.

Among the developed techniques, the optical micro-
scope is the most commonly used emulsion observation
equipment, because it is very convenient in handling and
sample preparation, especially suitable for the observation
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TABLE 2

Visual
observation

Microscopy
observation

Particle size
analysis

Surface charge

Techniques

Appearance, color, and
odor of emulsions

Optical microscopy

Confocal laser scanning
microscopy (CLSM)

Scanning electron
microscopy (SEM)

Transmitting electron
microscopy (TEM)

Atomic force microscope
(AFM)

Laser diffraction
measurement

Electrical pulse counting

Ultrasonic spectrometry

Microelectrophoresis

Electroacoustic
spectroscopy

Advantages

Simple and rapid. The extent of creaming or
sedimentation can be observed with
naked eyes.

Easy sample preparation; easy to operate
and available in most research facilities;
quick view at the shape and integrity of
emulsions

Three-dimensional images and surface
profiles can be available. The ability to
eliminate or reduce background
information far from the focal plane
resultsin better optical resolution and
contrast.

In-depth study of the structure and
morphology of the emulsion is possible;
able to obtain detailed size,
three-dimensional images, and surface
structure as well as multifunctional
information

Very high magnification and resolution of
emulsion droplet are available; provides
detailed information on morphology, size
distribution, homogeneity, and surface
structure

High resolution; easy sample preparation;
accurate height information; works in
vacuum, air, and liquids;
three-dimensional images and surface
roughness

The measuring range for static light and
dynamic light scattering is 100 nm to
1000 gm and 3 nm to 5 gm, respectively;
easy to operate; easy sample preparation;
provides detailed information about
droplet size and homogeneity in a short
time

The measuring range is 0.4 and 1200 gm;
easy to operate; rapid and accurate;
volume distribution and particle account
are available

The measuring range is 10 nm to 1000 um;
samples with high concentration (>>50%)
can be measured; suitable for measuring
opaque emulsions; nondestructive

Fasy to operate; easy sample preparation;
provides detailed information about the
sutface charge of particle

Samples with high concentration (>50%)
can be measured; nondestructive
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Advantages and limitations of various techniques for detecting the instability of emulsions

Disadvantages

Long measuring period; unable to
study other instability phenomena,
such as flocculation, coalescence,
and Ostwald ripening

Unable to provide compresence
information about the physical
status of the dispersed phase. The
contrast between the different
components of an emulsion is
usually poor.

The ingredients in the emulsion need
to be stained prior to analysis; not
suitable for light sensitive samples;
depending on the target sample and
its stain agent; the dyeing process is
complex.

The emulsion needs to be dried and
gold/platinum coated before
visualization; detailed information
on the pellet layering and internal
structure cannot be provided; hard
to operate

Staining and dehydration can result in
structural artifacts; hard to construct
three-dimensional image from
two-dimensional slices; tedious
operating procedure

Limited vertical range; small scan size
and slow scan speed; data not
independent of tip; tip or sample can
be damaged

The sample needs to be diluted, which
may damage the sample structure;
the instrument should be flushed
frequently to ensure the accuracy of
the results

The samples should be diluted before
analyzing; pores are easily clogged

Not suitable for sample with
concentration less than 1%; tedious
operating procedure

The sample needs to be diluted; the
instrument should be flushed
frequently to ensure the accuracy of
the results.

Not suitable for sample with
concentration less than 1%

(Continues)
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A wider dynamic range of control and
measurement parameters are available;
detailed information about flow,

Disadvantages

Tedious operating procedure;
equipment cleaning is complicated;
device islarge and less portable.

deformation, and the tackiness is

TABLE 2 (Continued)
Techniques Advantages
Rheological Rheometer
properties
available.
Viscometer

fluids available

of micron-scale emulsions. However, the main compo-
nents of emulsion droplets captured by optical microscopy
(the location of the O/W phase) are often difficult to detect
when using bright light fields since they have similar
refractive indices or colors (Mcclements, 2007). The good
news is that various methods using chemical stains have
been established to enhance the contrast between differ-
ent components, resulting in improving the overall image
quality and providing spatial information about compo-
nent locations (Malvehy et al., 2020). Emulsion compo-
nents can be prestained using various types of chemical
stains that bind to specific components of the emulsion
{such as proteins, polysaccharides, orlipids). After homog-
enizing, different colors are distributed in the oil phase
or water phase, which therefore can be observed by using
a conventional optical or fluorescent microscope because
some chemical dyes are fluorescent. As an example, the
photographs of CAS-based emulsion obtained for optical
microscopy (Xu et al.,, 2020) and fluorescent microscopy
(Li & Xiang, 2019) are presented in Figure 5b,c. Very clear
droplet distribution can be observed as the oil droplets
were stained with Nile red fluorescent dye. Confocal laser
scanning microscopy (CLSM) is another important inno-
vation in microscopy for studying the interfacial structure
of emulsions. The device focuses a very narrow laser beam
on a specific point on the sample being analyzed, and the
resulting laser signal is then sent through an adjustable
pinhole before reaching the detector to prevent defocusing.
This equipment allows to obtain cross-section images of
emulsions with basic morphology, structure, and interface
information (Kwok & Ngai, 2016). Alvarez Cerimedo et al.
(2010) used CLSM to observe CAS-stabilized emulsions as
shown Figure 5d. Their results showed that the droplet dis-
tribution profiles of confocal images obtained after 24 h
were consistent with the emulsion stability data obtained
from Turbiscan™P stability analyzer (a technique that is
able to quickly and sensitively identify instability mech-
anisms of emulsions, such as creaming, sedimentation,
flocculation, coalescence, etc. [Jiang & Charcosset, 2022]).

However, from the perspective of magnification factor
(as low as about 1 um), the image obtained from the opti-
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Simple and rapid; small and portable;
accurate viscosity for a wide variety of

Speed and torque capabilities are
limited; difficult to clean the
capillary tube

cal microscope cannot provide clear information about the
structural characteristics of the emulsion (such as particle
aggregation, interfacial layer thickness, etc.) (Low et al.,
2020). Electron microscopy is an alternative to optical
one and uses electron beams with much smaller wave-
lengths than light to help visualize material structures that
are much smaller than visible light. Two types of elec-
tron microscopes, SEM and TEM, are used to study the
structure and physicochemical properties of nanoparti-
cles, nanoemulsions, or Pickering emulsions. SEM allows
observing the surface morphology of a sample by measur-
ing the secondary electrons produced when the sample
is bombarded with an electron beam (McClements, 2015).
Typically, SEM sample preparation requires stringent con-
ditions (fixation and dehydration) because electrons are
easily scattered by atoms or molecules in the gas. Unfor-
tunately, the sample preparation procedures are generally
not applicable to emulsions, as dehydration of emulsions
usually results in droplet rupture and oil leakage. The
recent development of Cryo-SEM enables us to visualize
the microstructure of an emulsion in a frozen state. High-
pressure freezing could help inhibit ice crystal formation
and preserve emulsion integrity. Xu et al. (2021) observed
the complete structure of CAS-coated nanoemulsions by
crvo-SEM (Figure 5¢), through rapid emulsion freezing in
a liquid nitrogen environment. The morphology, particle
size, and thickness of solid particles on the surface of the
emulsion can be clearly calculated by the corresponding
software. TEM has also been widely used to character-
ize the structure and morphology of CAS emulsions. For
TEM, the electron beam can pass directly through the
sample to be analyzed, where the electron beam trans-
mitted to the sample is amplified and captured as an
image, as shown in Figure 5 (Zhang et al., 2020). Tt should
be noted that the droplet distribution of emulsion sam-
ples can be visualized by TEM without additional sample
preparation steps. However, in some cases, the difference
between the dispersed and continuous phases of emul-
sion in the resulting image remains unclear. This problem
can be solved by the staining of emulsion (Zhai et al.,
2018).
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(a) Visual observation

(¢) Fluorescent microscopy

(b) Optical microscopy

(d) Confocal laser scattering
microscopy

(e) Scanning electron microscopy (f) Transmission electron microscopy

FIGURE 5

(a) Appearance of CAS-stabilized nanoemulsions at different pII (3-7). (b) Optical image of a tea seed oil emulsions

stabilized by CAS (Xu et al., 2020). (¢) Fluorescent microscopy of a coconut O/W emulsion stabilized by CAS (1.i & Xiang, 2019). (d) Confocal
laser scattering microscopy of a fish oil emulsion stabilized by 0.5 wt.% CAS (Alvarcz Cerimedo et al., 2010). (¢) Scanning electron microscopy
of a soybean oil emulsion stabilized by CAS (Xu et al., 2021) and (f) transmission clectron microscopy of a CAS-stabilized nanoparticles

(Zhang et al., 2020)

5.3 | Particle size analysis

Under certain storage conditions, the stability of the orig-
inal emulsion can be studied by measuring the droplet
size of the sample. Meanwhile, by monitoring changes
in PSD of the emulsion system, the incidence of floccu-
lation between droplet interactions can be delermined.
As descript by Stoker’s Law, the stability of an emulsion
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increases with the decrease of droplet size:

Vstokes = =281 (02 — £1) /91,

where Vgiores 1S Separation rate, r is the radius of the
particles, g is the action of gravity acceleration, p; and
P, are the density of the two phases, and 7 is the shear
viscosity of the target system. According to the droplet size,
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the emulsion was further divided into three types, namely,
conventional emulsion (d > 200 nm), nanocmulsion
(d < 200 nm), and microemulsion (d < 100 nm). As stated
by Piorkowski and McClements (2014), microemulsions
are usually a combination of specific components (high
levels of synthetic surfactants) through simple mixing and
they are considered to be thermodynamically stable sys-
tems, therefore they usually have good long-term stability.
Both conventional emulsions and nanometer emulsions
are thermodynamically unstable systems and are conse-
quently decomposed during storage by various instability
mechanisms. In addition to microscopy techniques, a vari-
cty of commercially available analytical instruments have
been developed to provide more information about the size
and droplet distribution of emulsions, such as light scat-
tering (static or dynamic light scattering), electrical pulse
counting, and ultrasonic spectrometry, which are com-
monly used (McClements, 2015). Figure 6a summarizes
the measurement ranges of several commonly used par-
ticle size analysis techniques (Zhang ¢t al., 2021). These
particle size analysis techniques are suitable for emulsion
with different droplet sizes and concentrations and have
the following advantages: casy to use, fully automatic, and
large amount of information about droplet size provided
in a short time. Even so, since dilferent instruments oper-
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(a) The measuring range of common droplet size analysis techniques and (b) schematic diagram of particle size distribution

ate on dilferent physical principles, they must be chosen
carefully.

Light scattering (also called laser diffraction) particle
sizing instrument is a well-established technique to inves-
tigate properties of particles in solutions, as shown in
Figure 6b. The basic principle is that the laser beam is
irradiated on the sample, and the scattered intensity is
detected by the detector at a certain angle 8 (Blott et al.,
2004). The evaluation of fluctuation is often referred to
“dynamic light scattering (DLS),” and the analysis of abso-
lute mean intensity is known as “static light scattering
(SLS).” DLS-based devices usually operate with a specific
scattering angle (fixed or variable), and then convert the
flocculation strength math to PSD, which is used to detect
smaller particles between 3 nm and 5 um (Zhang et al,,
2021). SLS is assessed by measuring the angle change of
scattering light intensity when laser passes through emul-
sion medium. The droplet size of emulsions directly alfects
the diffraction angle, and the emulsion with larger particle
size will 1ead to a lower diffraction angle, and vice versa
(Blott et al., 2004). Meanwhile, the laser diffraction sys-
tems generally use the precise input particle characteristics
(such as refractive index, shape, and siz¢) to determine the
particle size between 100 nm to 1000 um (Zhang et al.,
2021). Our previous studies have successlully used DSL and
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laser diffraction to detect the average droplet size of CAS-
based nanoemulsions and conventional emulsions (Liao
et al., 2021). Multiple scattering is a common problem in
light scattering measurements that leads to overestimation
of particle size. This problem can generally be solved by
diluting before the measurement process.

The electrical pulse counting (i.e., electro-zone sensing)
technique is based on measurements of the change of elec-
trical conductivity as the diluted emulsion passes through
a small orifice (Church et al., 2019). Since oil has a lower
conductivity than water, the current decreases with each
drop of emulsion passing through the pores. The emul-
sion droplet size can be calculated since larger particles
move more slowly and it will generate larger electrical
pulses. The droplet concentration and PSD are determined
by calculating the collected information from these elec-
trical pulses. Commercial pulse counting techniques are
currently available for measuring particles with diameters
ranging from 0.4 to 1200 um. However, this measurement
is limited by the size of the holes in the glass tube and
may require constant modification in the device to accom-
modate the measurement range. Brakstad et al. (2018)
measured 2.0-60 and 5.6-100 um oil droplets by 100 and
280 um aperture, respectively. A recent study (Fang & Nak-
agawa, 2020) applied tunable resistive pulse sensing with
micropores (2-10 um) to analyze the particle size of CAS
suspensions. Notably, electrical pulse counting instru-
ments are usually only suitable for relatively low droplet
concentrations (<0.1 wt.%) so that only one particle passes
through the hole each time. Consequently, this method
is particularly appropriate for particle size analysis, but
is not fit for studying flocculation in the system, because
dilution will destroy the aggregated particles and lead to
misunderstanding of sample stability (Church et al., 2019).

Ultrasonic spectroscopy is another technique that relies
on measuring ultrasonic attenuation and/or changes in
ultrasonic velocity as a function of frequency. The atten-
uation level of ultrasonic velocity frequency is related to
concentration and PSD in emulsion samples. Unlike other
techniques, it is usually not necessary to dilute the emul-
sion before measurement as electroacoustic spectroscopy
can be applied to high concentrated emulsions (<50%).
Nevertheless, the strength of the received signal is related
to the density ratio between the particle and the surround-
ing liquid; therefore, the application of electroacoustic
measurements in some systems should be limited. The
droplet size of CAS-based emulsions by DLS and ultrasonic
attenuation has been compared (Giilseren & Corredig,
2011). The results indicated the mean diameter from DLS
was larger than that measured by ultrasonics. This differ-
ence is attributed to the differences in the size dependence
of the ultrasonic and light scattering signals.
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5.4 | Charge analysis

The strength and sign of the surface charge on the dis-
persed droplets are derived from the ionization properties
of the absorbing CAS; therefore, the surface charge is
another important factor for detecting emulsion stabil-
ity (McClements, 2015). The droplet charge of emulsion
is subject to a variety of environmental factors including
pH, ionic strength, and chemical reactions, which may
ultimately lead to changes in surface charge and stability
throughout the emulsion system. Electrostatic repulsions
occur between droplets with the same surface charge sym-
bol, which prevents particle flocculation and inhibits the
propagation of most emulsion instable paths. On the con-
trary, electrostatic attractions occur when particles with
opposite charges come into contact, depending on the
degree of attraction, and may cause droplet instability
(McClements, 2015). It should be noted that when the
attraction is weak, the droplets tend to gather close to one
another but do not physically coalesce into larger particles,
while when the attraction is greater, the droplets coalesce,
resulting in larger droplets at the expense of smaller ones.
As we described above, the charge characteristic of CAS
is really sensitive to the pH and the presence of ions as
well as other charged species in the aqueous phase. Zeta
potential () is the potential at the “shear plane” that is
a good reflection of the electrical properties of emulsion
droplets because it stems from the fact that ions tend to
adsorb onto the droplets (Mcclements, 2007). In our pre-
vious study, measuring the {potential of the CAS-coated
droplets can reflect the stability of the emulsion to a certain
extent (Liao et al., 2021).

A variety of analytical instruments have been used to
measure the &potential on emulsion droplets and the most
widely used analytical systems include microelectrophore-
sis and electroacoustic spectroscopy. Microelectrophoresis
measures the electrochemical properties of the surface of
a charged drop based on the velocity and direction at
which it moves in the emulsion when an electric field is
applied. In the development of recent technologies, the
combination of microelectrophoresis and DLS was used to
measure electrophoretic mobility, from which zeta poten-
tial can then be calculated. The emulsion sample is placed
in the measuring cell and an electric field is applied to
it through a pair of electrodes. Any charged particles in
the emulsion will then move toward the opposite charge
at different speeds, depending on their charge. Thus, the
symbol and magnitude of the charges on the particles can
be collected and then converted into particle potentials
by fitting software. Similarly, samples analyzed by light
scattering techniques should be diluted to a lower con-
centration to avoid multiple scattering effects. Moreover,
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special care should be taken when diluting samples, as the
electrical properties are sensitive to changes in the sur-
rounding water environment (Li et al., 2017).

Electroacoustic spectroscopy can also be used to deter-
mine the {potential of the emulsion (Giilseren & Corredig,
2011). Unlike other techniques, it is usually not neces-
sary to dilute the emulsion before measurement because
electroacoustic spectroscopy can be applied to high con-
centrated emulsions (<50%). The measurements using
electroacoustic spectroscopy can be designed in two oper-
ating modes: Electro-Sonic Amplitude (ESA) and Colloid
Vibration Potential (CVP). For both modes, the mea-
surements use an electrical or acoustic signal applied to
the emulsion and record the acoustic or electrical signal
produced by the oscillating particles, which are then con-
verted to zeta potential by software fitting. Nevertheless,
the strength of the received signal is related to the den-
sity ratio between the particle and the surrounding liquid;
therefore, the application of electroacoustic measurements
in some systems should be limited.

5.5 | Rheological properties
The rheological properties of emulsions strongly influ-
ence the processing behavior and shelf life stability of
liquid foods, as well as their appearance, texture, taste, and
flavor release. As reported by Tadros (1994), the rheologi-
cal properties of emulsions are related to pH, electrolyte
concentration in the continuous phase, shape, size distri-
bution, internal viscosity and concentration of oil droplets,
as well as their ability to participate in various inter-
actions with other components. Therefore, studying the
rheological properties of CAS emulsions can provide more
information for studying their instability mechanisms.
Currently, the most commonly used instruments for
characterizing the rheological properties of food emul-
sions are rheometer and viscometer. The viscometer is
a very convenient system to obtain viscosity informa-
tion by applying a fixed rate of shear force in a short
period, but the information obtained is limited and can-
not be used to deeply study the instability mechanism and
rheological properties of emulsions. According to Stokes
Law, as viscosity increases, O/W emulsions are generally
more resistant to instability caused by particle floccula-
tion. The rheometer is another device designed to apply
shear deformation forces to study liquids, solids, or other
viscoelastic samples that are the most widely used instru-
ments for measuring the rheological properties of fluids
(Tavares et al., 2022). It can provide detailed information
on viscosity, yield stress, elastic modulus, and fracture
behavior of emulsion systems by controlled-stress and
controlled-strain modes. A typical method for measur-
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ing rheological properties of emulsions is to measure the
system’s resistance to applied stresses, such as rotary or
oscillating stresses, where stress can cause emulsion sys-
tem deformation (Tavares et al., 2022). Briefly, the greater
the deformation resistance, the higher the viscosity of
the system, and the linearity of the deformation depends
on the interactions between its components. Sosa-Herrera
et al. (2008) studied the relationship between rheological
properties of CAS-stabilized emulsions (30 wt.% sunflower
oil) and the physicochemical characteristics of the water
phase. They found that the addition of gellan gum into
emulsion can help to prevent both flocculation and cream-
ing, as the rheological behavior strongly increased. This
is the fact that the polysaccharides act as filler particles
between the ofl droplets and the casein aggregates. A
recent study also reported that the presence of polysaccha-
rides (inulin and konjac glucomannan) has the potential
to modulate the stability and rheological properties of
CAS-based emulsions (Xu et al., 2020),

6 | STRATEGIES TO IMPROVE THE
STABILITY OF CAS-STABILIZED
EMULSIONS

CAS-stabilized emulsions are considered excellent systems
for providing protection and transportation of nutrients
in the food industry, but instability under certain condi-
tions still limits their further applications. For example,
at pH values close to their pl, the charge of casein pro-
teins adsorbed at the O/W interface is gradually lost, and
the thickness of the adsorbed layer becomes thinner as the
“loops” and “tails” change, resulting in droplet instability.
Based on the characteristics of CAS stable emulsions, this
protein can be used in combination with other emulsifiers
to deal with these unstable conditions, ensuring effective
control of the emulsion, thereby reliably producing prod-
ucts with a consistent appearance, uniform consistency,
and satisfactory shelf life. In this section, the main meth-
ods that can be used to improve CAS-stabilized emulsion
properties will be discussed and some recent cases are
summarized in Table 3.

6.1 | Optimizing emulsion formulation

First, optimizing the process of producing the emulsifica-
tion is one of the most and safest ways to improve emulsion
stability. During this process, several factors such as pro-
tein concentration, homogenization conditions, protein
solubilization, ionic strength, and pH conditions can be
optimized at the laboratory level to achieve better emulsion
stability. At the same time, optimization of the formula-
tion, selection of the right type of emulsifying equipment,
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TABLE 3

Methods

Optimizing
emulsion
formulation

Mixed
emulsifiers

Biopolymer
addition

~

Soy protein
isolate

Pea protein

‘Whey protein

Sucrose stearate

Tween 20

Tween 20

Phosphatidyl-
choline
(PC)

Soy lecithin

Soy lecithin

Core material

Sunflower and
olive oils

Sunflower,
carmnelina, and
fish oil

Sunflower oil

Cinnamaldehyde,
MCT oil, and
sunflower oil

Soybean oil

Canola oil

MCT oil

Canola oil

Canola oil

Thymol

Rice bran oil

Rice bran oil

Fish oil

MCT

Coconut oil

Summary of recent progress in improving the stability of sodium caseinate-stabilized emulsions

Results

Pressure (200—300 MPa) and 5 g/100 g CAS
increased emulsion stability; the droplet size of
CAS-based emulsions has an effect on the
oxidation rate.

Lipid hydroperoxide and p-Anisidine values of
emulsions generally decreased as CAS
concentration increased.

When ethanol was added after processing
emulsions, CAS-based emulsions suffered from
a slower destabilization.

Mixing medium or long-chain carrier oil before
homogenization can significantly inhibit
Ostwald ripening of CAS-based emulsions
containing essential oils.

Ultrasound treatment improved oxidative stability
of CAS-based emulsions containing high level
of soybean oil and enhanced the concentration
of adsorbed CAS.

Depletion interaction energy calculation showed
that droplet size reduction makes
nanoemulsions more resistant to flocculation
than conventional emulsions.

Mixed proteins contributed to good stability of the
encapsulated liposoluble nutrient.

Mixed protein-based nanoemulsions were more
stable than the individual ones and SDS-PAGE
confirmed the presence of both proteins at the
O/W interface.

Mixed protein-based emulsions had better
oxidative stability to protect volatile
compounds.

Interactions between the emulsifiers enhanced
the exposure of tryptophan and tyrosine
residues, favoring binding to thymol during
heating.

Mixed emulsifier systems offered a suited solution
to absorption because they allow the intake of a
high amount of curcumin together with a low
fat content.

The presence of Tween 20 ensured the steric
stabilization promoting the use of CAS as an
emulsion stabilizer at acid pH.

The partial substitution of CAS by PC increased
the oxidative stability of the emulsions while
maintaining their physical stability.

Blends of CAS and lecithin produced O/W
emulsions with similar appearance, color,
particle size, and electrical properties as those
stabilizers used alone.

The addition of amphiphilic lecithin could help
decrease the droplet size of emulsion and
increase the solubility of microcapsules.
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TABLE 3

Methods

Complexation
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(Continued)

Biopolymer

addition

Konjac
glucomannan

Low methoxyl
pectin (LMP)

Lactoferrin

Four different
polysaccha-
rides

Sulfated fucan

y-Cyclodextrin
and alginate

Quillaja saponin

Pectin and gum
Arabic

Trehalose

Carboxymethyl
cellulose

Dexfran sulfate
(DS)

mulin and
konjac
glucomannan

Gellan gum

Core material

Canola oil

Sunflower oil

Sunflower oil

Fish oil

Fish oil

Corn oil

MCT oil

a-Tocopherol and
resveratrol

Fish oil, sunflower

oil, or olive oil

Corn oil

n-Tetradecane

Tea seed oil

Sunflower oil

Results

Theincrease in the concentration of konjac
glucomannan is beneficial to strengthen the
emulsion gel network and prevent creaming of
the emulsion.

At low LMP concentrations, CAS/LMP
complexes-stabilized emulsions were more
stable than layer-by-layer (LBL)-stabilized
emulsions, while at high LMP concentrations,
LBL-stabilized emulsions exhibited better
stability.

The formation of heteroaggregates by mixing two
emulsions stabilized by proteins with opposite
charges, varying the emulsion volume ratio and
ionic strength, allowed producing systems with
distinct properties.

Multilayer emulsion with targeted functions was
Tormulated using polysaccharides; especially,
x-carrageenan could reach the demand of rapid
digestion.

The sulfated fucans with higher molecular
weights could significantly increase the
initial digestibility rate of CAS-based emulsions.

y-CD/CAS/alginate-stabilized nanoemulsions
exhibited nanoscale droplet diameter and high
stability even under acid, alkali, and
high-temperature conditions.

The emulsifying performance of the mixed binary
emulsifier and the subsequent stability of the
emulsion are highly dependent on the
concentration ratio of the emulsifier.

Both polysaccharides enhance the accumulation
and stability of resveratrol at the oil-water
interface.

The addition of trehalose diminished the
volume-weighted mean diameter and the
protein-sugar interactions played a key role in
creaming and flocculation processes.

The results indicated that the complex formed at
O/W interfaces can protect the oil droplets
against flocculation and coalescence upon
acidification.

CAS-based emulsions containing 1 wt.% DS
exhibited good shelf life stability on quiescent
storage for 3 weeks, especially when the
emulsion was prepared at low pH.

Above the critical inulin/KGM ratio of 2:0.1, the
droplet size of CAS-based emulsions was
significantly decreased, and the creaming
stability was greatly enhanced.

CAS-based emulsions containing gellan gum were
stable against both flocculation and creaming.
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TABLE 3

Methods

Conjugation

(Continued)

Biopolymer

addition

Succinylated
alginate

Propylene glycol
alginate
(PGA)

Maltodextrin

Dextran

Locust bean
gum (LBG)

Sodium alginate

Corn starch
hydrolysates

Pectin

Maltodextrin

Bitter almond
gum

Lactose

Soybean soluble
polysaccha-
rides

Maltodextrins
and pectin

Core material

Fish oil

Soybean oil

Palm-based
triacylglycerol

Fish oil

Soybean oil

Corn oil

Palm oil

Conjugated linoleic

acid

MCT oil

Fish oils

Canola oil

Sunflower oil

Bugenol-olive
mixed oil

Results

The modified alginate increased the stability of
the emulsion, and the emulsion had a lower
creaming index.

PGA and CAS undergo transacylation during pH
changes. This reaction imparts a gel-like
structure to the emulsions and improves
thermal stability of emulsions.

Glycation has the ability to reduce moisture and
surface ofl content and produce larger particle
size of spray-dried powders.

Glycoconjugates of CAS and dextrans were
explored and glycoconjugates of CD70 displayed
the best emulsifying antioxidant activity and
emulsion stability with improved activity.

Emulsions prepared by CAS-LBG biopolymers
presented high stability and reduced particle
size at pH 3.5 and 7, which could be regarded as
promising alternative to emulsifying agents in
neutral or acidified products.

The conjugates produced stable emulsions with
low surfactant to oil ratios, and the content of
CAS played a major role in determining droplet
sizZe.

Protein-polysaccharide conjugates have lower
interfacial tension, and the conjugates formed
by heating improve their ability to stabilize
emulsions.

The aggregation and creaming stability of the
emulsions formulated by conjugates increased
as the pectin-to-caseinate ratio increased.

CAS and maltodextrin conjugates-stabilized
W,/0/W, double emulsions had improved
general stability when compared to
CAS-stabilized W, /O/W, double emulsions.

The conjugate-based emulsions showed similar
physical stability to CAS-stabilized emulsions,
and lower antioxidant capacity.

Better CAS-lactose interactions were achieved at
pH 11, with enhanced adsorption of the
conjugates at the oil droplet particles and
stability.

Conjugated-based emulsions exhibited a
decreasing trend in droplet size and
emulsification index and have better
performance at low pH and higher heat
conditions.

Higher stability of nanoemulsions was obtained
by Maillard conjugate compared to protein or
polysaccharides alone.
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addition of antioxidants, and optimization of packaging
and storage conditions will also contribute to the stability
of emulsions and prolong the shelf life of food products.

Hebishy et al. (2017) studied the effects of protein con-
centration and pressure on the stability of CAS stable
emulsions and demonstrated that high-pressure treat-
ment with sufficient CAS content can produce nanoscale
emulsions with unimodal peaks and high physical prop-
erties. Compared with emulsions produced by conven-
tional homogenization, oxidation stability of emulsion
produced by high-pressure homogenization was improved.
In another study by O’ Dwyer et al. (2013), the effects
of CAS concentration on the emulsion stability of O/W
emulsions were examined. The authors reported that lipid
hydroperoxide and p-Anisidine values of emulsions gener-
ally decreased as CAS concentration increased. Erxleben
et al. (2021) investigated the effect of ethanol on the
stability of CAS-stabilized emulsions and they observed
a slower destabilization mechanism for these emulsions
when ethanol was added after the processing step.

6.2 | Noncovalent hbond
Compared to emulsions prepared with CAS as the sole
emulsifying agent, emulsions prepared from mixed emul-
sifiers (Cuomo et al., 2019; McClements & Jafari, 2018)
and protein-polysaccharide complexes (Cheng et al., 2020;
Cheng & McClements, 2016) have been reported with
increased resistance to environmental stresses such as pH,
ionic strength, and temperature. This is because CAS can
noncovalently bond with other biopolymers on the droplet
surface, via electrostatic interactions, hydrophobic bonds,
hydrogen bonds, and van der Waals interactions, among
which electrostatic interactions are widely used.
Arecentreview (McClements & Jafari, 2018) detailed the
many advantages of using mixed emulsifiers in improving
emulsion formation, stability, and performance. Generally,
proteins, small molecule surfactants, and phospholipids
are the most used emulsifiers in food applications. Ji et al.
(2015) used CAS and soy protein isolate (SPI) as natu-
ral emulsifiers to successfully develop an enteral nutrition
system with enhanced stability. The results showed that
the flexible protein CAS and the rigid globular protein
SPI were adsorbed on the O/W interface. Another study
(Yerramilli et al., 2017) also showed that by using CAS
and pea protein, the mixed protein-based nanoemulsion
was more stable than individual ones. They confirmed
the presence of both pea protein and casein at the inter-
face by SDS-PAGE. Perugini et al. (2018) used a nonionic
surfactant (Tween 20) in combination with CAS as blend-
ing emulsifiers to prepare nanoemulsions and their results
showed that the addition of Tween 20 effectively enhanced
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the stability of the CAS-based emulsion under acidic con-
ditions. Another study (Cuomo et al.,, 2019) also used a
blend of CAS and Tween 20 to prepare O/W nanoemul-
sions. The results showed that, after an in vitro simulated
digestion process, the mixed emulsifier system provided
higher amounts of lipophilic compounds and lower fat
intake compared to the CAS-stabilized nanoemulsion. In
addition to proteins and small molecule surfactants, soy
lecithin (Chung et al., 2019; Wu et al., 2022; Xue et al,,
20115) is also used as a co-emulsifier with CAS in preparing
food emulsions. Xue et al. (2015) reported that the com-
bination of CAS and soy lecithin facilitates the formation
of transparent and stable thyme oil nanoemulsions when
compared with treatments applying the two emulsifiers
individually. Nonetheless, there may be adsorption compe-
tition between the different emulsifier components, which
may adversely affect emulsion formation and stability
(McClements & Jafari, 2018).

Unlike other emulsifiers, polysaccharides are gener-
ally not used as the only emulsifiers in food emulsions
because typical hydrophilic polysaccharide molecules are
nearly surface inactive unless they contain protein moi-
eties responsible for their emulsifying ability, such as gum
Arabic (Ishii et al.,, 2018). However, polysaccharides are
widely used as stabilizers in emulsion preparation, usu-
ally in combination with proteins, which can effectively
improve the viscosity, texture, and appearance of food
products as well as for introducing some nutritional com-
ponents. As Ghosh and Bandyopadhyay (2012} described,
the relative thickness of the liquid films between two
approaching droplets lies in the order of hydrocolloids
(5-10 nm) > proteins (1-5 nm) > surfactants (0.5-1 nm).
Thus, the stability is expected to be higher when the emul-
sion is stabilized by protein—polysaccharide complexes or
conjugates compared to the same systems stabilized by
protein or surfactants alone. Effective binding of CAS and
polysaccharides can be achieved by utilizing electrostatic
attractions (noncovalent binding) through complexation at
acidic pH (Artiga-Artigas et al., 2020; Xu et al., 2020) or
by covalently binding polysaccharides (Consoli et al., 2018;
Sato et al., 2015).

The prerequisite for the formation of electrostatic com-
plexes is naturally the presence of opposite charges on the
different polymers. Our previous study (Wang et al., 2019)
has investigated the formation of CAS and low methoxyl
pectin (LMP) complexes at different pH values (Figure 7).
The charge density of CAS is strongly dependent on the
suspension pH, which can induce the formation of com-
plexes with LMP through strong electrical interactions at
pH 3. The complexes formed by CAS and anionic polysac-
charides could be used to prepare emulsions containing
oil-soluble active molecules. The effect of complexation on
CAS emulsion has been reported in many literatures by
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either one- or two-step complex coacervation techniques.
As shown in Figure 8a, the one-step method uses a mix-
ture of two biopolymers to form a complex coacervate
before preparing the emulsion, while the two-step method
(Figure 8b) uses only CAS to form the emulsion and then
adds the polysaccharide as a second layer. Yesiltas et al.
(2018) used CAS and commercial sodium alginate as com-
bined emulsifiers to prepare fish O/W emulsions. Their
results indicated that mixed emulsifiers performed better
in terms of physical stability compared to emulsions pro-
duced with only CAS. Cheng et al. (2020) also used the
one-step method to prepare emulsions with CAS/pectin or
gum Arabic. Both polysaccharides exhibited the ability to
enhance the accumulation and stability of resveratrol at
the O/W interface, while also increasing the absolute value
of the droplet zeta potential. However, one-step methods
tend to promote droplet flocculation or coalescence in the
process, and aggregation is generally irreversible (Burgos-
Diaz et al., 2016). Liu et al. (2012) prepared multilayer
emulsions using carboxymethyl cellulose (CMC) and CAS
by the two-step method that can result in more uniform
droplets. First, CAS emulsion containing CMC in an aque-
ous phase was prepared under neutral pH, in which two
biopolymers were negatively charged, and then the pH
was adjusted to acidic values. A complex interface layer
can be formed at a pH around the pI of proteins, con-
sisting of a first layer generated by the direct adsorption
of CAS molecules on the exposed interfaces, and a sec-
ond layer composed of CMC molecules interacting with
CAS molecules through attractive electrostatic interac-
tions. Emulsions containing drops prepared by CAS/CMC
exhibited fairly stability since polysaccharide outer layers
increase the net surface charge and create steric hindrance
(Liu et al., 2012). A recent study compared the effect of
different anionic polysaccharides on the stability of CAS-
based emulsion by the two-step method (Shi et al., 2023).
All four polysaccharides tested in this study were able to
adsorb to the surface of CAS-based lipids when the pH
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of the mixture was reduced from neutral to 5, 4, and 3,
and enhanced the performance of the multilayer emul-
sion. In particular, multilayer emulsions prepared from
k-carrageenan were showed to accelerate the digestion in
the gastrointestinal tract.

Furthermore, it was also reported that the presence
of free polysaccharides can improve the salt stability
of protein-stabilized emulsion even without interactions
with proteins (Qiu et al., 2015). This result was attributed
to the fact that the unadsorbed xanthan gum increased
the viscosity of the emulsion and formed a thickening
network around the protein, which reduces the particle
movement rate and thus improves the emulsion stability.
However, improving the stability of CAS-stabilized emul-
sions by electrostatic complexing (sequential adsorption or
mixed emulsification) still suffers from a major disadvan-
tage: improvements may be limited to narrow pH or ionic
strength ranges.

6.3 | Covalent bond (conjugation)

The chemical modification of proteins, such as acetyla-
tion, deamidation, succinylation, and glycation, is another
considering modification method to improve physico-
chemical and functional properties of protein-stabilized
emulsions. In food industries, the most common protein-
polysaccharide conjugation method is the Maillard reac-
tion, which is a series of nonenzymatic browning reactions
that occur naturally between reducing sugars and amino
acids (Evansetal., 2013). Unlike other protein modification
methods, Maillard reaction is usually triggered by temper-
ature elevation without other chemical reagents. In recent
years, protein-polysaccharide conjugates as emulsifiers
provided more diverse possibilities for the improvement
of emulsifying, stabilizing, solubility, and thermal stabil-
ity as well as better stability against pH variations. Casein
and CAS have been reported to bound to a variety of
galactose, lactose, and dextran under controlled conditions
and these glycoconjugates showed improved emulsifying
properties compared to natural CAS (Barbosa et al., 2019;
Consoli et al., 2018; Liu et al., 2018). In fact, the open
and hydrated random structure in caseins makes them
more likely than globular proteins to benefit from glyco-
sylation via the Maillard reaction (Consoli et al., 2018).
Furthermore, as mentioned above, CAS has higher stabil-
ity to temperature, which is required for glycosylation. A
recent study formulated the Maillard conjugates biopoly-
mers by CAS-locust bean gum {(Barbosa et al., 2019).
These conjugates appeared to be a promising alterna-
tive emulsifier to address the application deficiencies of
CAS in acidic situations. Furthermore, the emulsions pre-
pared from the conjugates showed a reduction in droplet
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size, which can be attributed to the formation of conju-
gates that promote steric repulsion between droplets and
avoid attractive droplet interactions. Similar explanations
were also reported by the study of CAS-sugar beet pectin
conjugates (Juyang & Woll, 2021). Improved antioxidant
stability and creaming stability of emulsions have been
also reported when CAS Maillard reaction products were
applied as emulsifiers (Consoli et al., 2018; Lee et al.,
2015). Li et al. (2017) investigated the effect of pH varia-
tion on the emulsion stability of CAS-lactose conjugates
formed via the Maillard reaction for better oil encapsu-
lation in spray-dried powder. They found that conjugates
formulated at pH 11 exhibited better emulsifying proper-
ties and stability and enhanced conjugate adsorption on
oil droplets. This improvement was due to the change of
the hydrophilic/hydrophobic balance of emulsion systems
and the resulting strong steric repulsions allowing slow
droplet flocculation. Finally, although Maillard reaction
products can demonstrate these improved physicochemi-
cal properties of emulsions, rigorous safety testing should
be performed before using these products as ingredients, as
Maillard reaction might produce advanced glycation end-
products, causing side effects in healthy individuals (Wei
et al., 2018).

In addition, modifying the protein by breaking down its
structure has been investigated as an alternative strategy to
improve the emulsification properties, which can be done
enzymatically (Sato et al., 2015) or by heating treatments
(Liang, Gillies, et al., 2017), where controlled hydrolysis
can increase the solubility, emulsification, and foaming
properties of protein emulsifiers.

7 | CONCLUSIONS

CAS provides interesting emulsifying properties that allow

it to meet current consumer demands for the stabilization
of food emulsions, but instability under some specific con-
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ditions limits its applications. Therefore, there is an urgent
need to better understand the effects of different environ-
mental and processing conditions on emulsion stability,
and how to improve the stability of CAS-formed food emul-
sions. This review presented the structural properties of
CAS and its emulsifying ability and summarized the recent
applications of CAS for stabilizing food emulsions. From
our results and others discussed in the literature, it is clear
that the stability of emulsions is strongly affected by pH,
protein concentration, ionic strength, heating process, and
oxidation. The instability mechanisms occurred in CAS-
stabilized emulsions can be recorded and tracked by some
instruments and methods, such as microscopy observa-
tion, droplet size distribution, droplet charge, and rheolog-
ical measurements. Those technologies have advantages
and disadvantages and provide different insights into
the destabilization mechanisms. According to the general
factors that control the stability of CAS-stabilized emul-
sions, some general strategies for preventing instability are
pointed out: using enough protein emulsifier to fully satu-
rate the interface during emulsification; avoiding any large
excess of nonadsorbed protein; working away from pH val-
ues around the protein’s pl; keeping the ionic strength as
low as possible; and using high-energy methods in order
to reduce particle size. In addition to the above propos-
als, a reliable strategy for preventing instability in CAS-
stabilized emulsions can be improved by binding proteins
to other biopolymers, especially polysaccharides by using
complexation or conjugation. In summary, this review
can serve as a template for researchers to understand the
fundamental properties of CAS-stabilized emulsions and
study their stabilization methods.
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As consumer awareness increases, there is a growing concern of the potential
carcinogenic and mutagenic risks associated with chemical preservatives. “Fresher,”
“more natural,” and “minimally processed” food is being demanded. Essential oils
(EOs) possess strong antimicrobial activity that could play a remarkable role as a novel
source of food preservative. Despite the excellent efficacy of EOs as antimicrobials,
their use is limited due to some major inherent barriers, such as low water solubility,
bioavailability, volatility, and stability in food systems. Nanoencapsulation has been
shown to be an effective mean of addressing these issues. In addition, nanoemulsions
have been reported to have better bioavailability than conventional emulsions to
encapsulate bioactive ingredients due to their nano-size (20-500 nm) and high specific
surface area. In this review, we explore recent advances concerning the natural active
molecules as antibacterial agents and the different strategies for the nanoencapsulation
of these natural antibacterial agents, especially EOs. On this basis, the advantages and
limitations of nano-encapsulation technology and “traditional” packaging technology
are compared and discussed. The state-of-the-art antibacterial properties of EOs were

summarized. Finally, the latest applications of nano-encapsulated antibacterial agents

in food systems were introduced in detail.
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Abstract: The global demand for safe and healthy food with minimal synthetic preservatives is
continuously increasing. Natural food antimicrobials and especially essential oils (EOs) possess
strong antimicrobial activities that could play a remarkable role as a novel source of food preservatives,
Despite the excellent efficacy of EOs, they have not been widely used in the food industry due to some
major intrinsic barriers, such as low water solubility, biocavailability, volatility, and stability in food
systems. Recent advances in nanotechnology have the potential to address these existing barriers in
order to use EOs as preservatives in food systems at low doses. Thus, in this review, we explored
the latest advances of using natural actives as antimicrobial agents and the different strategies for
nanoencapsulation used for this purpose, The state of the art concerning the antibacterial properties
of EOs will be summarized, and the main latest applications of nanoencapsulated antimicrobial
agents in food systems will be presented. This review should help researchers to better choose the

most suitable encapsulation techniques and materials.

Keywords: essential oils; antimicrobial activity; nanoencapsulation; food preservation

1. Introduction

In recent decades, the global food loss caused by microbial spoilage has increased
year by year [1]. Moreover, the recent outbreaks of foodborne diseases associated with
Escherichin coli O157:H7, Salmonella Saintpaul, Listeria monocytogenes, and so on, have made
microbiological safety a priority, especially during food processing and storage [2].

Food antimicrobial agents are chemicals which can prevent and inhibit the growth of
microorganisms, and they are usually used in conjunction with other preservation proce-
dures to extend the shelf life of foods. Currently, the main preservatives used in the food
industry are chemically synthesized ones [3]. As consumer awareness increases, there is a
growing concern of the potential carcinogenic and mutagenic risks associated with chemi-
cal preservatives like nitrites and parabens. “Fresher”, “more natural”, and “minimally
processed” food is being demanded. In this sense, the development of alternative natural
and low-toxic antimicrobial agents to replace traditional synthetic antimicrobial substances
has received a lot of attention.

Essential oils (EOs) are volatile and aromatic secondary metabolites of plants, which
are mainly developed for their flavor, fragrances, and biological properties. In recent
years, EOs and their biologically active compounds have been widely explored for their
antibacterial and antifungal efficacy against foodborne pathogens (bacteria, molds, and re-
lated toxins) [4]. However, the use of EOs in food preservation is often limited because of
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their processing costs and other disadvantages, such as their low efficacy as compared to
synthetic antimicrobial agents, their intense aroma, and their instability or insolubility in
water. Therefore, an effective intervention system is necessary to preserve the activity of
natural food antimicrobials when using them in the food industry. Nanotechnology has
proven to be a useful tool for this purpose, which could provide the protection of natural
antimicrobial agents against degradation, and improve the bicavailability and the target
delivery of antimicrobial agents, thereby decreasing the amount of antimicrobials required
for effective food preservation [3]. Hence, the application of nanotechnology in the food
industry has been one of the fastest growing fields in the past few years.

Based on what has been learned so far, the aim of this review is to summarize the
up-to-date account and advances concerning the potential of EOs as food antimicrobial
agents. Meanwhile, the strategy for nanoencapsulation of EOs and its application in food
are also discussed.

2. Synthetic and Natural Food Antimicrobial Agents

Food antimicrobial agents can destroy and inhibit the growth of microorganisms and
consequently improve food safety for the consumers, as well as extend the shelf life of
food products. According to their sources, they can be classified in two groups: synthetic
antimicrobial agents and natural antimicrobial agents.

2.1. Synthetic Antimicrobial Agents

Although consumers have begun to worry about the safety of synthetic antimicrobials
used in food products, they are still widely used in the food industry to date. The main syn-
thetic antimicrobials used are sorbic acid and its salts, benzoic acid and its salts, parabens,
propionic acid and its salts, and sodium diacetate (Table 1). They have the advantages of
having strong antimicrobial activity at low concentrations, high industrial availability, and
low cost, but most of the end products of their metabolism can lead to food color change
and flavor and nutrient deterioration, and even endanger human health [5].

Table 1. Commeoenly used synthetic antimicrobial agents for Food.

Chemical Compound

Application Range Mechanism of Action or Application Effect

Benzoic acid and benzoates

Destruction of bacterial cell membrane, inhibition of
cell membrane absorption of amino acid and
respiratory enzymes, blocking condensation of
acetyl-CoA, etc.

Particularly used in acidic foods

Sorbic acid and sorbates

Binding to biological enzymes and inhibiting

Dried meats and acidic foods -
enzyme activity.

Paraben (Hydroxybenzoates)

Destruction of cell membranes, denaturation of
intracellular proteins, inhibition of the activity of
respiratory enzymes and electron

transport enzymes.

Bakery products, soft drinks,
cosmetic

Propionic acid and propionates

Binding to biological enzymes and inhibiting their
biological activity. They have a good inhibitory

Baked products such as pastries, effect on molds and Gram-negative bacteria under

bread, etc. acidic pH, especially to prevent the production
of aflatoxins.
Passing through the cell membrane and interacting
Dimethyl dicarbonate Beverages with enzymes in the microbial cells to block

intracellular metabolism.

Sulfur dioxide and sulfites

Hydrogen ions generated by the decomposition of
sulfite can cause damage of bacterial surface
proteins and nucleic acids to kill microorganisms.

Dried fruits, wine making

39



Appl. Sci. 2021, 11, 5778

3of24

2.2. Natural Antimicrobial Agents

“Natural antimicrobial agent” refers to natural active substances extracted from plants,
animals, or microorganisms, such as polyphenols, flavonoids, tannins, alkaloids, ter-
penoids, isothiocyanates, polypeptides, and oxidized derivatives thereof. Based on the
safety issues and the exploration of healthier and natural products, natural antimicrobial
agents are more acceptable to consumers than synthetic antimicrobials [6]. The activi-
ties of some common natural antimicrobials against bacteria and fungi are summarized
in Table 2. In the past few years, many researchers have conducted a large number of
experiments about active substances to study their antibacterial effects. The main an-
tibacterial mechanisms are; (i) destruction of cell membranes; (ii) complexation of metal
ions; (iii) damage of the genetic material of microorganisms; (iv) leakage of cell contents;
(v) inhibition of metabolic enzymes; and (vi) consumption of cellular energy in the form
of ATP [7,8]. The bacteriostatic effects of these natural active substances are influenced
by many factors, such as their own chemical properties (acid dissociation constant, hy-
drophobic/hydrophilic ratio, solubility, and volatility), target microorganisms (species,
strains, and genes), environmental factors (pH, ionic strength, water activity, tempera-
ture, and atmospheric composition) and food properties (ingredients and initial bacterial
amount) [8].

Table 2. Commonly used natural antimicrobial agents for food preservation.

Target Microorganism

Antimicrobial Main Source i Reference
Compound Gram-Positive Bacteria GraBm-Negatlve Fungi
acteria
Plant Origin
Shigelln sonnel
Shigella flexneri o
G f . Botrytis cinerea
Tme  flghecseos  Edeowelonan Gl p)
Salmonelia enteritidis Penicillium digitatum
Satmonella typhimurivm
S. auvens E. coli C. albicans
Essential oils Clove Bacillus cereus o x Trichophyton [10,11]
L S. enteritidis
. monocytogenes mentagrophytes
! Lactobacillus delbrueckii ) Saccharommices
Cinnamon L mgngggggsems E. coli cerevist ﬂz [12]
E. coli ,
L. monocytogenes : C. albicans
Oregano Bacilius subtilis P Sggmz iﬂ;ﬁ;ﬂm P digita'tz{m [10,13]
S, auretis S, typhimurium S, cerevisine
Grape seed L. monocytogenes §. typhimurtum Candida maltosa [14,15]
P : yiog E. coli O157:H7 .
Olive leaves B. cereus E. coli . .
Plant Extracts extracts L. monocytogenes E.coli O157:H7 Candidg oleophila (el
B. cereus E. coli Aspergillus
Rosemary L. monocytogenes S. enteritidis S. cerevisine [17]
5. aurens S, typhimurium C. albicans
Animal origin
Asperfil lus,
Chicken eggs lBuciléus Candida, ﬁsmium,
Clostriditm g Sporothrix,
Lysozyme VeIgetables L. monocytogenes Weak inhibitory effects Precilomyces, [18]
nsects L. spp. Penicillium,
Saccharomyces.
B. cereus E. w.”, .
Lactoferrin Milk Bacillus stearothermophilus Igl eiz;:ﬁgﬁi; No effect [18]
L monocytogeres S. enteritidis
S aurens . Aspergillus flavus
. . . S. fmurium S, cerevisine
Chitosan Shellfish L mgmég%tzéems Yersinia enterocolitica Zygosu%ch;zromyces (el
' ailii
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Table 2. Cont.
e . Target Microorganism
Antimicrobial Main Source i Reference
Compound Gram-Positive Bacteria GraBm-Negatlve Fungi
acteria
Microbial
origin
Penicillium candidum
Aspergillus. flavus
S. cerevisiae
Natamycin Szdeﬁfe%{:ses No effect No effect Byssochlamys nivea [20]
Hemerocallis fulva
Zygosaccharomyces
bailii
C. botulinum (spores)
Nisin Lactococcus lactis L mgns;}:iggsenes No effect No effect [21]
Lactobacillus. plantarum
S, aureus . . .
. . E. coli Aspergillus niger
Polylysine Streptomyces. Lactococcus lactis . perg 8 22]
¥y promy B, sublilic S. typhymurium T. mentagrophytes (22

3. Essential Oils as Food Preservatives: Current Status and Challenges

Essential oils (EOs) are synthesized as secondary metabolites in different plant organs
to provide protection against external factors [23]. They have strong antibacterial activity
and are often used as sanitary products and cosmetics, and so on [6]. EOs are naturally
derived substances that can be distilled by water vapor from different tissues of plants,
such as flowers, leaves, stems, roots, and fruits. EOs are volatile, usually lipophilic, with
a low molecular weight and a strong odor [23]. In addition, most of the EOs have low
mammalian toxicity and are ephemeral in nature, which makes them relatively safe for the
health and environment [24].

3.1. Advances in Research on EOs as Antimicrobial Agent

A large body of literature has shown that EOs are proven to have antimicrobial
properties, allowing them to be used for the preservation of several food products [6].
Many EOs have been tested in vitro against different microorganisms, such as hacterial
cells to fungi as summarized in Table 3. The chemical constituents of plant EOs are mainly
divided into four types: terpenoids, aromatic compounds, aliphatic compounds, and sulfur-
containing nitrogen compounds [23]. The bacteriostatic mechanism of different components
is usually not a single mode of action, but a multi-point mechanism of action [25,26]. There
are two main ways in which plant EOs and their main components affect microorganisms:
one is to change the morphological structure and composition of microbial cells and
mycelia, such as cell membrane, cell wall, and organelles [27]; the second is to reduce or
inhibit the production and germination of spores, reducing or blocking the pathogens from
continuing to harm the offspring [28].

Table 3. Summary of the main recent studies concerning the antibacterial mechanisms and effects of essential oils (MIC:
Minimum Inhibitory Concentration).

Essential Qils

Bacteriostatic Mechanism Antimicrobial Activity

Cuminaldehyde and cuminalcohol

Antimicrobial activity against Aspergilius flavus (MIC: 650 ug/mL) [29]; ciumin
EQs (>30 uL/100 mL) combined with nisin (>>0.5 ug/mL) can inhibit S.
himurium; camin EOs (3>15 pl /100 mL) in combination with nisin

can destroy cell membrane (0.5 pug/mL) inhibited 5. aureus [30]; inhibition of S. typhimuritm and E. colf

(MIC: 0.125% and 0.250%, /o) [31].

Oregano

2% (w/v) oregano EOs inhibited S. aureus, E. coli, and Pseudomonas aeruginosa

Caused by carvacrol and thymol (inhibition zone diameters: 342.36, 21.53, and 9.70 mm, respectively) [32];

antimicrobial activity against L. monocytogenes, S. typhimurium, E. coli, ete. [33].

Lemon

Limonene

Antimicrobial activity against C. jejuni C338, C. coli, and B. cereus (inhibition
zone diameter: 28.3, 35.3, and 23.7 mm, respectively) [34]; inhibition of 5.

inhibits cellular respiration  cerevisine MB-21 ,S/I;A',‘ssian veast MB-89, Geotrichum candidum MB-102, and Pichin
pastoris MB-196 (MIC: 0.245~0.51, 0.06~0.25, 0.5~1.0, and 0.5~0.73 puL/mL,
respectively) [35].
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Table 3. Cont.

Essential Qils

Bacteriostatic Mechanism

Antimicrobial Activity

Cinnamaldehyde can act on enzymes
and cell wall. It can alter cell
membrane permeability, inhibit

0.1-0.3% (z/7) cinhamon EQ inhibited L. monocytogenes (6.0 log CFU/mL) [36];

Cinnamon ATPase activity and amino acid 2.0% (z/v) dnnamon EQ inhibited E. coli O157:H7 (2.0 log CFU/mL) [37].
synthesis, and deplete proton
potential energy
Ethanol steroids (protein denaturation
Mariotam ?Eiﬁgf‘agfogﬁtzfnﬁiﬁgeMg Antimicrobial activity against S. cerevisiae, Fission yeast, Geotrichum candidum,
1] tesults, leakage of intracellular and Pichia pastoris (MIC: 0.5~1.0, 0.0625, 0.5 and 0.5 pL./mL, respectively) [35].
substances) [38]
Gaseous peppermint EOs inhibits E. coli O157:H7 (MIC: 0.625 uL/mL);
Peppermint Caustﬁdlb M mentl;one, menthodl, inhibition of S. aureus, Bacillus cereu, E. coli MTCC108, and Yersinia colitis (0.10%:
PP g‘_mmeﬁ;eacetatef Imonene an 1.3-4.8log CFU/ mlL, 0.20%: 1.8-5.7 log CFU/mL, 0.25%: 0.4-2.6 log CFU/mL
P and 0.15%: 1.1-5.2 log CFU/mL, respectively) [39].
Eugenol cah desttoy the structire Antimicrobial activity agaihst 5. mutans (MIC: 1000 ug/mL) [40], L.
Clove & Yy ty ag g
of cells monocytogenes (1.6-4.3 log CFU/mL), L. sinensis (0.2-0.8 log CFU/mL) [37].
Qrganic sulfur compounds destroy Inhibition of E. coli O157:H7, S. aureus, S. enteritidis, L, monocytogenes, and L,
Garlic cell membrane and intracellular plantarum, (inhibition zone diameter: 9.3-11.36, 11.36-13.45, 8.43-10.48,
macromolecular structure 9.89-11.96, and 6.13-9.21 mm, respectively)) [41].
Ethanol steroids (protein denaturation
and dehydration), linalool (destroying ~ Antimicrobial activity against S. cerevisiae, Lission yeast, Geotrichumn candidum,
Clary sage cell membrane structure, inhibiting and Pichia pastoris (MIC: 0.5-1.0, 0.375-0.875, 1.0, and 0.5-1.0 uL/mL,
ary sag Gram-negative bacteria), respectively) [35]; 20,000 ug/mL EOs prolonged the lag phase of E. colf
caryophyllene (inhibiting (3.20~6.40 h) and inhibited L. monocytogenes [12].
Gram-positive bacteria) [35]
Camphor and eucalyptus oil have an . . .. . . .
Rosemary oxidizing effect and enhance the Antimicrobial activity against S. aureus, L. monocytogenes, E. coli, and Vibrio

cholerae [42].

antibacterial activity of terpenoids

3.2. Challenges in the Use of EQs as Food Antinticrobials

Due to their “green” nature, essential oils have received consumer attention for their
use as a substitute for traditional food preservatives, which is a considerable market.
However, EOs have a variety of internal and external critical challenges hindering their
process as food preservatives: (i) EOs normally have low solubility in aqueous mediums
and the reached concentrations are not able to exert significant biological activities; (ii) the
scarcity of raw materials means that the quantity of EO obtained after extraction is generally
insufficient for commercial applications; (iii) the high processing cost are also some of the
major challenges; (iv) EOs are unstable due to their volatilization and oxidation, and thus
are difficult to store, which may change the functional composition of active compounds
(in actual production, it is necessary to rely on suitable carriers or adopt appropriate
methods to achieve good antibacterial and fresh-keeping effects); (v) some EOs have a
strong aroma even at low doses (in food systems, EOs can bind to lipids, proteins, and
carbohydrates, so for a certain dose to achieve antibacterial effects, it may have a negative
impact on food sensory qualities) [29]; and (vi) the collection and identification of plants,
as well as the quality of raw materials, require a more systematic evaluation, especially
safety assessment.

There is still a lack of systematic research on the effects of plant EOs and their main
components on the quality of food, fruit, and vegetable flavor [43]. Until now, most of
the current studies are studying EOs as a whole or selecting single components in EOs.
However, there are few studies about the interactions between various components and
different EOs. Most of the research is carried out in the presence of a single microorganism
and constant environmental conditions [26]. There are few studies on the coexistence of
various microorganisms and the mode of action in food systems, hecause temperature,
moisture, pH, and other factors in food products have a certain influence on the bacterio-
static effect and can be a barrier factor. Therefore, it is necessary to conduct an in-depth
study on the synergistic antimicrobial effect of the barrier factors [25].
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The main challenges of using EOs as food-preserving agents can be overcome to some
extent by using nanoencapsulation, rather than applying the EOs directly to food products
as free antimicrobials. The incorporation of EOs into nanosized encapsulation systems can
significantly improve their physical properties, such as dispersibility, dispersion stability,
turbidity, and viscosity, and thus promote their functional activities, in comparison to
free EOs [44]. Moreover, nanoencapsulation can also be used to protect EOs against
oxygen, light, pH, moisture, and degradation during processing and storage; to improve
the solubility of lipophilic compounds in aqueous media; to mask unpleasant taste and
aroma; and to release them in the desired location at an appropriate rate through efficient
design of the capsules and proper selection of wall materials [45].

4. Nanoencapsulation versus Microencapsulation

In order to enhance the applicability of active compounds for food products, or to
protect them against deteriorating environmental conditions, encapsulation is considered
a viable alternative [46]. In general, encapsulation is defined as a carrier matrix in which
a bioactive substance is entrapped, which allows one to control the rate of biocactive
release [47]. A comparison of the functionality of micro- and nanoencapsulation has been
reported by [48], as shown in Figure 1.

e N
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narrow particle distribution
~
—Grolccnon of bioactive compounD Higher surface area =
g . )| 2
= = . — 2
= . Enhanced delivery of bioactive =
= Controlling release profile : s
7 protection 2
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<
[ ( ) 2
z (Maskmg of undesirable ﬂ:l\'ors> Improving bioavailability o
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b r =
= Enhancement of physical stabilit
£ Yy Yy =
= Improving flow propertics L and long shelf life s
>
Z e = : =
= ) . Better precision targeting and ?é
g Increasing shelf life passing through minute body S
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) \L e o _/ =
S
= . B ; s - ”
= Product enrichment with specific Enhancement of reactivity barrier =
nutrients between bioactive and other
compounds or ingested medium )
Improving intraccllular uptake }"

Figure 1. Advantages of nano- and microencapsulation [48]. Reprinted with permission from Ref. [48]. Copyright

2018 Elsevier.

Particle size has been shown to be an important factor affecting the functional char-
acteristics of capsules [49]. Nanoencapsulation is considered to be the use of a carrier
with a size of less than 1 micron (1000 nm), possessing different properties than ordinary
encapsulation. According to some specific regulations, however, particularly in the phar-
maceutical field, the size of carriers should be less than 100 nm for them to be considered
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as nanocapsules [50]. The nanometric size of delivery systems can increase the surface area
and consequently the dispersion in the food matrices. They are easier to disperse and to
suspend in water to form uniform and stable colloidal suspensions and may have good
sustained-release effects in comparison to microsized delivery systems. Based on their
smaller size, nanocapsules have the potential to increase the passive cellular absorption
mechanisms, promoting the effective release of active substances inside the target cells,
and consequently increasing the efficiency of active substances and their bioavailability.
Meanwhile, nanoparticles may penetrate into the tissues (such as the liver) through the
capillaries, and are absorbed by the cells in the tissues; thus, the active substance can be effi-
ciently delivered to the target cells in the body [51]. In the case of emulsions-based delivery
systems, there are some interesting physical properties that can be used to distinguish nano-
and microemulsions. Microemulsions generally exhibit multiple scattering of visible light,
which means they have an opaque white appearance. Conversely, nanoemulsions are much
smaller than visible wavelengths, and therefore, appear almost optically transparent [52].
This character can be considered as a very advantageous feature for nanoemulsions in the
beverage industry.

Despite the numerous technologies for the encapsulating of biologically active com-
pounds which have been studied, only a few techniques, namely spray-drying and freeze-
drying, are widely applied in the food industry [53]. Typically, emulsification technology
is the first step of encapsulation. There are two types of emulsification techniques used
to produce encapsulation systems: a top-down approach and a bottom-up approach.
The top-down methods involve changing large structural materials into small structures by
reducing the size, and shaping the structure through external mechanical destructive forces.
Top-down methods generally include high-pressure homogenization, microfluidization,
and microchannel homogenizers [48]. They are commonly used for the encapsulation of
hydrophilic and hydrophobic compounds, but have less control over the particle size and
structure of the produced emulsion, and are only suitable for a limited type of matrix [54].
The bottom-up approach generally includes self-assembly, phase inversion, and sponta-
neous emulsification, which are affected by factors such as pH, temperature, concentration,
and ionic strength. Meanwhile, low-energy methods are also used as preparatory steps
for other nanoencapsulation methods (e.g., spray-drying, complex coacervation, extrusion,
electro-spinning, and electro-spraying [55]). They allow better control of the properties
of the capsules and consume less energy. However, low-energy methods require large
amounts of stabilizers and are used with limited types of oils and surfactants. [56]. Various
techniques for encapsulating have been proposed in the literature, but none of them can
be considered as standard and suitable for the encapsulation of all biclogically active
compounds [55]. However, the best strategy could be selected according to the properties
of the core compound and the encapsulated material, including their molecular weight,
polarity, solubility, particle size distribution, and food matrix composition.

To date, for microencapsulation, a number of methods have been developed. However,
for nanoencapsulation, the method is more complex than those used for microencapsula-
tion [48]. Table 4 summarizes the commonly used encapsulation techniques to encapsulate
active substances and lists some recent research reports about nano- and microencapsulation.
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Table 4. Summary of recent studies on micro- and nanoencapsulation of food bioactive compounds.

Encapsulation

Method Description Nanoencapsulation Microencapsulation
Emulsification is a process of mixing two
immiscible solvents, and the resulting Curcumin encapsulated b
product is referred to as an emulsion. It can Teveen 80 and };1 1 ceroslr
be divided into top-down approaches Vitamin E encapsulated by L PoyEly
o A . B i polyricinoleate [59]; lycopene
e (high-shear stirring, high pressure Tween-80 [57]; vanillin )
Emulsification - . M : encapsulated in plant (soy
homogenization, microfluidization, and encapsulated in poly and pea) or dairy (whey and
ultrasonication) and bottom-up (phase (lactic-acid) nanoparticles [58] o dilI:m caseinag) i
inversion temperature, emulsion phase .
inversion, and spont proteins [6(]
, pontaneous
nanoemulsification) approaches.
. L Propolis extracts bicactive
The basic theory of spray-drying is to feed cotr}?poun ds encapsulated by
the liquid into a drying chamber in the Folic acid encapsulated by maltodextrin matrices with or
form of tiny droplets containing whey proteins and resistant )
. . . ) . . without nature gums [63];
Spray drying biclogically active compounds, supplying starch [61]; curcumin latil d
hot air to the drying chamber, forming encapsulated by Z?‘L((::Za :lfl;el de l;:ompoun s
microcapsules in the drying chamber, and  chitosan/ Tween 20 [62] ltp dextr Y d modified
recovering them through a cyclone. ;?aarci [Z]rms and maodiiie
Blackberry by-product extract
The basic principle of freeze-drying is to Fish ol encapsulated b encapsulated by
Freeze drvin freeze water contained in a solution or oly-e-ca rorl)actone anzif maltodextrins [66]; flaxseed
ying suspension and then evaporate the water }I?’lu}rronic Fp 68 [65] oil encapsulated by sodium
molecules from the sclution or suspension. alginate, whey protein, and
maltodextrin [67]
Extrusion technique involves the injection : Car.mla oll enc;lipsulated by
. L Seed oils encapsulated by alginate and high methoxyl
\ of a bio-based solution into another ) . , . )
Extrusion . . sodium alginate and high pectin [69]; quercetin
solution to promote gelation and produce a .
. methoxyl pectin [68] encapsulated by carnauba
hard and dense encapsulation system. .
wax, shellac, or zein [70]
Coacervation is a well-known
implemented technique to produce micro-  Folic acid encapsulated by Algal oil encapsulated by soy
Complex and nanosystems. The basic mechanismis  casein nanoparticles [71]; protein isolate and chitosan
pex the formation of an emulsion by anthocyanins encapsulated by [73]; B-carotene encapsulated
coacervation . R . .. .
electrostatic attraction between oppositely ~ whey protein isolate and beet by casein and gum
charged molecules to produce the pectin [72] tragacanth [74]
encapsulating structure.
Flectro-spinnin. They are two modes of Rose hip seed oil encapsulated  D-limonene encapsulated by
and P g electrchydrodynamic processes that use a by zein prolamine fiber [75]; seed gum and tween 20 [77];

electro-spraying

charged jet to rotate or spray a polymer
solution to produce fibers or particles.

j-carotene encapsulated by
zein prolamine fiber [76]

fish oil encapsulated by a
composite zein fiber [78]

5. Main Strategies for Nanoencapsulation of Essential Oils

Nanoencapsulation has promising applications to solve the existing problems of
essential oils (EOs), since it has been shown to be an effective means to enhance the
stability of EOs against degradation during storage, mask unpleasant taste, and release the
antimicrobial at a controlled rate [44,79]. In this review, data surveys in the literature have
found the most applied methods for essential oils and various types of nanocarriers, which
are summarized in Figure 2. According to the different encapsulating materials, they are
mainly divided into two categories: lipid-based nanoencapsulation systems and polymer-
based nanoencapsulation systems. In addition, some nanoencapsulation of antimicrobial
agents can be implemented with specially developed equipment, such as electro-spinning,
electro-spraying, and nanospraying dryer.
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Figure 2. Schematic representation of the different nanoencapsulation systems for EOs.

5.1. Biopolymer-Based Nanoencapsulation

Biopolymers are widely used as a wall material for the encapsulation of antimicrobial
agents. Various sources serve as the origin of the biopolymer, which can be used in its
native form or modified to acquire certain required properties. In general, EOs can be
encapsulated in food-grade biopolymers such as proteins (whey proteins, caseins, zein,
gelatin, etc.) and polysaccharides (starch, chitosan, cyclodextrin, pectin, alginate, etc.),
as well as derived composite materials [2]. Biopolymer-based nanoencapsulation can
produce nanocapsules (Figure 2D) or nanospheres (Figure 2E). In nanocapsules, the oily
core is surrounded by polymer walls, while nanospheres are matrix systems in which the
core is dispersed in the polymer matrix [80]. Several different technologies are normally
used for the production of nanocapsules or nanospheres, such as complex coacervation [71],
freeze-drying [81], spray-drying [61], and ionic gelation [82].

5.1.1. Polysaccharide-Based Biopolymers

Polysaccharide-based biopolymers can be classified as homopolysaccharides or het-
eropolysaccharides depending on the number and types of monosaccharide units consti-
tuting the chain, Because of the different chemical properties of the monosaccharide units,
the polysaccharides also have different degrees of polymerization (unit monosaccharide
number), molecular weight, hydrophobicity/hydrophilicity, electrostatic charge, gelation
properties, and viscosity, which are different from each other. Polysaccharides used for
encapsulation usually have the following advantages: low toxicity and low cost, high
stability in a wide pH range, and good biodegradability [81].

Cyclodextrins (CDs) are cyclic oligosaccharides with a truncated cone shape and are
derived from starch, which is a traditional wall material used to prepare nanocapsules [83].
In this process, the inner side of p-cyclodextrin is an inner wall of a cavity formed by a
combination of a hydrophobic epoxy group and a C-H bond, and the outer side of the
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ring is a primary alcoholic hydroxyl group on Cg, which exhibits a hydrophobic inner side
and a special structure of the outer hydrophilic structure. The molecular structure can
form an inclusion complex with many guest molecules, and the core material is coated
in the cavity, which can slow down the reaction with the control of light and oxygen.
Meanwhile, B-cyclodextrin can mask the pungent odor of some oils, compared with other
wall materials. Lee et al. [84] used B-cyclodextrin as a cryoprotectant to prepare eugenol
nanocapsules by the emulsion diffusion method. The morphology and structure of the
nanocapsules were analyzed by scanning electron microscopy. The results showed that
[-cyclodextrin can be used as a cryoprotectant to maintain the physical stability of eugenol
and protect eugenol from freezing damage [85].

Chitosan (CS) is a cationic polysaccharide found in nature, which is obtained by
deacetylation of chitin. CSis suitable for the preparation of nanocarrier systems because
of its biodegradability, pH sensitivity, and easy chemical modification [86]. Although
chitosan nanoparticles can be prepared by different methods, ionic gelation is the most
widely used method. The method is simple and mild, and the activity of the encapsu-
lated substances can be maximized. Mohammadi, Hashemi et al. [87] prepared chitosan
nanoparticles (125-175 nm) by this method, and their results showed that encapsulated
EOs improved stability and enhanced antifungal activity against Botrytis cinereal. In another
study, ionic gelation, applied to prepare O /W emulsion, was carried out to obtain chitosan
nanoparticles enclosing thyme essential oil [88].

Starch is an interesting renewable polysaccharide and one of the main sources of
glucose in the human body. Moreover, the modifications of its physical, chemical, or bio-
chemical characteristics can impart a variety of unique properties to this biopolymer.
Therefore, starch and/or its derivatives are often used for the encapsulation of active
substances such as carotenoids and essential oils [89]. Chin et al. [90] obtained starch
nanoparticles (300400 nm) by dissolving sago starch in NaOH /urea, adding the obtained
starch solution dropwise to absolute ethanol under magnetic stirring, and centrifuging the
obtained suspension.

5.1.2, Protein-Based Biopolymers

Proteins are promising nanocarriers for delivery purposes due to their interesting func-
tional properties: their molecular structures are dependent on their amino acid sequence
and environmental factors such as pH, ionic strength, temperature, good emulsifying
capacity, solubility, stability, and so on, as well as their ability to modify the texture, the
flavor, and the color of the food matrices into which they will be incorporated [2].

Casein is an amphiphilic protein that has a strong tendency to spontaneously self-
assemble into micelles in aqueous solution, and it can also interact with other proteins
or organic compeounds to form micellar complexes. Casein or caseinate have heen found
to be of valuable use as nanoencapsulating natural biopolymers due to their balanced
hydrophobic and hydrophilic amino acid moieties. Zimet et al. [91] self-assembled omega-
3 polyunsaturated fatty acids and casein to prepare nanomicelles with a particle size
of 50-60 nm. Narayanan et al. [92] used a polylactic acid-glycolic acid copolymer to
assemble with casein to prepare nanoparticles with a distinct core-shell structure. In another
study, the authors used casein micelles and nano-gold particles to obtain casein-nanc-gold-
conjugated nanoparticles with a particle size of about 200 nm [23]. The interactions between
iron oxide nanoparticles and casein micelles were also studied to prepare iron oxide/casein
composite nanoparticles with an average particle diameter of 38 nm [94].

Zein is a group of prolamins that are insoluble in water. It has both hydrophilic and
lipophilic properties and good biocompatibility. Its hydrophobic region can be polymerized
into colloidal particles with a diameter of 50-550 nm. Using the phase separation tech-
nique, [95] encapsulated three essential oils—oregano, red thyme and cassia seed essential
oils—into zein nanospheres. Whey proteins have been reported as an effective encapsu-
lation system for different hydrophobic antimicrobial agents, and they were widely used
in the design of protein-polysaccharide complex systems [96]. Polysaccharides-protein
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encapsulation systems are more valuable than pure single biopolymer systems because
of their higher chemical and colloidal protection. Ghasemi et al. [97] embedded orange
peel oil into whey protein and pectin matrices by complex coacervation. Their results
showed that the obtained nanocomposites had particle sizes of 360, 182, and 185 nm at
pH 3, 6, and 9, respectively. Encapsulating materials based on complexed biopolymers are
discussed in the next section.

5.1.3. Complexation of Biopolymers

The combined use of various biopolymers provides different functions and promising
properties compared to a single biopolymer [98]. Biopolymer nanoparticles can be syn-
thesized from food-grade biopolymers by self-association of individual biopolymers or
by phase separation in biopolymer mixtures [29]. The ability to control and modify the
interactions involved can help food technicians in designing new molecular structures to
develop foods with more desirable structural properties.

Among the cited techniques, the most widely used to prepare nanocapsule systems is
the complex coacervation method, as shown in Figure 3. Two kinds of polyelectrolytes with
opposite charges are used as the wall material, and the core material is dispersed in the
wall material solution. By changing the pH value, temperature, and concentration of the
solution, or by adding an inorganic salt electrolyte to modify the electrostatic interactions in
the system, the solubility of the wall material can be reduced to form nano/microcapsules.
The commonly used polyelectrolytes are oppositely charged proteins and polysaccharides,
such as gelatin, gum Arabic, carboxymethyl cellulose, alginate, chitosan, and polylysine.
To obtain stable complexes, it is important to control the environmental conditions to form
oppositely charged polymers with sufficient intensity of ionic interactions. The process
of the complex coacervation method is relatively mild. Esfahani et al. [100] successfully
prepared nano-sized fish oil capsules (26114 nm) with high encapsulation efficiency using
gum Arabic and gelatin.

Change of pH, temperature
or addition of salt

————————

Coacervate

Bioactive compounds

Figure 3. General process scheme for capsule preparation by complex coacervation.

5.2. Lipid-Based Nanoencapsulation

Although biopolymer-based nanoencapsulation methods have different advantages,
they do not have the potential for mass production due to the need to apply different
complicated chemical or thermal processes for monitoring. Lipid-based nanocarriers
have the potential for industrial production with the advantages of high encapsulation
efficiency and low toxicity [101]. Lipid-based nanoencapsulation, such as nanoemulsions,
liposomes, and solid lipid nanoparticles, are formed from lipid components, which are
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generally biodegradable and are believed to be available in the pharmaceutical and food
industries [101].

5.2.1. Nanoemulsions

Nanoemulsions (Figure 2A) are nanoscale droplets of a multiphase colloidal dispersion
formed by dispersing one liquid in another immiscible liquid by mechanical agitation [102].
Depending on the hydrophobic or hydrophilic nature of the antimicrobial agent, an O/W
or W/O emulsion system can be used to stabilize the oil-soluble or water-soluble agent,
respectively. Emulsions containing nanodroplets with a size range less than 100 nm have
properties different from those of conventional emulsions, especially the viscosity, color,
and dispersion [52]. The emulsion stability is also different. In fact, while microemulsions
are thermodynamically stable and form spontaneously, nanoemulsions are kinetically
stable [103]. On the other hand, nanoemulsions are generally prepared by both top-
down (high-energy) and bottom-up (low-energy) approaches, while microemulsions are
produced by low-energy approaches only [104]. Top-down approaches use mechanical
energy to form nanodroplets; however, low-energy methods are based on changes in
process parameters, such as temperature and phase composition, to achieve nanoemulsions
with less energy input [105].

For high-energy methods, the most generally used methods are high-shear mixing,
high-pressure homogenization, microfluidization, and microchannel homogenization [2].
The emulsification process is divided into two stages: (i} breaking down the coarse droplets
into smaller droplets, and (ii) absorbing the emulsifier onto the newly formed interface
to prevent re-coalescing [106]. Nanoemulsions obtained by high-energy methods are
thermodynamically unstable colloidal systems dispersed in the second phase in the form
of 50-1000 nm droplets. Since the droplets of the nancemulsions are small, they have
kinetic stability under certain conditions, and phase separation, flocculation, coalescence,
or precipitation in the system will not occur for a long time. Hashtjin and Abbasi [107]
used ultrasonic as the external energy source, and used the response surface method
to optimize the nano-emulsification of orange peel EOs. The results showed that when
the ultrasonic power was 94%, the ultrasonic time was 138 s, and when the ultrasonic
treatment temperature was 37 °C, the prepared orange peel EOs nanoemulsion can reach
a particle size of 12.68 nm. Nirmal, Mereddy et al. [108] successfully incorporated lemon
myrtle EOs (LMEQ) into a water systemn by using ultrasonication to form a nanoemulsion.
The minimum average droplet size achieved for LMEO was 16.07 & 0.13 nm, and LMEO
nanoemulsions showed higher antibacterial activity than LMEO alone. For low-energy
methods, the most commonly used techniques are phase inversion temperature, emulsion
phase inversion, and spontaneous nanoemulsification. Nanoemulsions cbtained by low
energy are thermodynamically stable systems formed by the action of oil phase, water
phase, and a large amount of emulsifier or surfactant. Meanwhile, the compatibility is
better, and the droplets are uniform and small in size [109]. A limitation of this approach
is that a large amount of organic solvent surfactant is required to prepare the emulsion,
so the application of the low energy method is limited in the food field. JTun et al. [110]
used Span-80 and Tween-80 as surfactants and glycerin as a co-surfactant to prepare
grapefruit EOs oil-in-water type nanoemulsions. The particle size was about 21 nm, and
the stability was good. Xue et al. [111] used casein and soy lecithin to finely emulsify thyme
oil by nanoemulsification and obtained a thyme oil nanoemulsion with better antibacterial
activity than free oil. In another study, the authors successfully prepared a thyme HEOs
nanoemulsion with a particle size of 150-250 nm using triglyceride as an additive [112].

5.2.2. Nanoliposomes

Nanoliposomes (Figure 2B) (also known as lipid vesicles) are lipid-based encapsulation
carriers commonly used in foods and drugs [113]. Their structure is a phospholipid bilayer.
Liposomes have many excellent properties, such as the ability to bring drugs into cells (cell
targeting), biological affinity, and low drug toxicity, as well as increasing drug stability
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and tolerance [114]. Compared to common liposomes, nanoliposomes can simultaneously
embed two active substances with different solubilities [115]. Another important advantage
of nanoliposomes is targeting, delivering and releasing their load at target sites in vivo
and in vitro [116]. In order to encapsulate lipophilic antimicrobials and essential oils into
liposomes, these compounds should be pre-dissolved together with the phospholipids.
This procedure needs to input energy, allowing the phospholipids to aggregate to form a
double-layered capsule and to obtain a thermodynamic equilibrium in the aqueous phase
to attain the nanoscale size [117]. Various nanoliposome preparation techniques have been
employed, including lyophilization, freezing, spray-drying, and supercritical fluid (SCF)
technology [101]. Nieto et al. [118] used a membrane dispersion ultrasonic method to
prepare liposome-embedded EOs, and found that the liposomes played a better role in the
protection of foods, especially meat. Bai et al. [119] used ethanol injection combined with
spray-drying technology to prepare liposome-encapsulated coix seed oil, thus overcoming
the shortcomings of coix seed oil instability and its poor water solubility, and enhancing its
absorption in the intestine. Detoni et al. [120] developed a liposome-based carrier agent for
the Zanthoxylum tinguassuiba EO in multi- and unilamellar vesicle, and they observed that
the carrier system successfully enhanced the thermal stability and bioactivity of EO. The
liposome-encapsulated nisin fully inhibited the growth of E.coli O157:H7 at concentrations
lower than that reportedly required for unencapsulated nisin.

5.2.3. Solid Lipid Nanoparticles

Solid lipid nanoparticles (SLNs), also known as nanostructured lipid carriers, are
suspensions of nano-sized solid lipid particles dispersed in an aqueous medium. SLNs
(Figure 2C) are mainly prepared from solid lipids, such as fatty acids (e.g., palmitic acid),
triglycerides (e.g., trilaurin), stercids (e.g., cholesterol), and partial glycerides (e.g., glyceryl
monosterate) [114]. From a formulation point of view, SLNs are very similar to emulsions,
but they are obtained using a lipid that is solid at room temperature to form a lipid
phase, which results in solid dispersed particles rather than oil droplets. Due to the
solid nature of SLNs, they have higher stability and longer storage time than aqueous
liposomes [121]. The volatility and instability of EOs could be significantly reduced by
SLNs systems [122,123]. Nevertheless, there are only two basic production techniques
for large-scale production of SLNs in food processing: thermal homogenization and cold
homogenization [124]. Nasseri et al. [123] prepared Z. multiflora essential oil-loaded SLNs
as delivery agents of eugenol using glyceryl monostearate (lipid phase), Tween 80, and
Poloxamer (surfactant). Their results showed that solid lipid nanoparticles exhibited
stronger antifungal activity at low doses than free oil. Prisa et al. [125] prepared cholesterol-
loaded curcumin SLNs using the high-pressure homogenization method. The prepared
SLNs showed a particle size range of 112-163 nm, and the drug embedding rate was up to
71%. The results have shown that cholesterol lipid structure leads to enhanced permeability
of bacteria, and this can improve the antibacterial ability of curcumin.

5.3. Equipment-Based Nanoencapsulation

In order to encapsulate bioactive compounds, it is usually necessary to use some gen-
eral equipment, including homogenizers, grinders, mixing equipment, and so on. However,
certain specific requirements, such as nanofibers and nanofibrous scaffolds, can be imple-
mented only by specialized developed equipment such as electrospinning and electrospray
(Figure 4) [126]. Electrospinning and electrospray are two types of electrohydrodynamic
procedures that use charged jets to rotate or spray a polymer solution to produce fibers
or particles. The prospect of using both technologies in food preservation is promising
due to the following advantages: amendable size with large surface area, ability to carry
heat-sensitive compounds, and possibility of mass production. Electrospinning technology
has been used to prepare antimicrobial nanofibers (Figure 2F) to encapsulate bacteriocin
in probiotics for sustained release during food processing and storage [127]. Ghayem-
pour and Mortazavi [128] successfully encapsulated peppermint essential oil into alginate
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biopolymer using the electro-spraying method. Their results showed that the peppermint
EOs did not degrade during the encapsulation process and showed a high encapsulation

efficiency (96.4%).
Phenolics

Equipment based nanocapsules

Wall material
‘mnocs

\ Single core Multiple core ) \Core sheat nanofibers Composite nanofibers )
Electro and nanospraying particles, typicals size ~10-1000 nm Electrospun nanofibers ~500-nm thick
: Liquid jet
( A) Spinneret au /]e

Syringe Collector
High voltage power supply

Nanodroplets

B)

Figure 4. Examples of equipment-based nanoencapsulation: (A) electrospinning and (B) electrospraying [129]. Reprinted
with permission from Ref. [129]. Copvright 2017 Elsevier.

6. Effect of Nanoencapsulation on the Antimicrobial Activity of Essential Oils

Asmentioned above, the direct application of essential cils as food antibacterial agents
in the food industry faces challenges such as water insolubility, physical and chemical
degradation, and effects on the sensory properties of foods. In the past few decades,
nanotechnology has gradually become one of the most important technologies in the food
industry, especially to improve the anti-corrosion potential of EOs, which may solve these
shortcomings in their application [79]. Table 5 reports the latest studies on the efficacy of
encapsulated EOs and their bioactive compounds against foodborne pathogens.

Aguitar et al. [130] and Pesavento et al. [131] reported studies about the antibacterial
effects of clove basil, left-handed aroma, oregano, rosemary, and thyme EOs against
Staphylococcus aureus, Escherichia coli, Pseudomonas aeruginosa, and Listeria. They found the
low water solubility and oxidizability of EOs reduce the antibacterial activity of EOs. It has
been reported that the EOs are encapsulated by a suitable wall material to prepare nano-
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sized particles, which can improve the low water solubility of the EOs and improve the
stability of its biological activity, thereby improving the antibacterial properties of EOs [132].
Salvia et al. [133] found that emulsified citronella oil and clove EOs with nanoemulsification
had a stronger antibacterial effect on Escherichia coli. Li et al. [134] studied the effect of
surfactant and oil phase composition on the antibacterial activity of eugenol cyanophenol
nanoemulsion. It was found that the antibacterial activity could be strengthened after
nanoemulsification. In the process of nanoemulsification of eugenol, when adding the ionic
surfactant (Tween-80), the antibacterial activity of the nanoemulsion is higher than that of
the added non-ionic surfactant (dodecyl sulfate) during the ripening process. Moreover,
the lower the amount of soybean oil added to the clove oil, the stronger the bacteriostatic
action against Escherichia coli. Esmaeili et al. [135] used chitosan to encapsulate sesame
oil into nano-sized granules to explore its sustained-release effect and biological activity.
As a result, the antioxidant activity of unencapsulated celery oil was stronger than that
of chitosan-embedded EOs nanoparticles, but the encapsulated EOs showed stronger
antibacterial ability against Staphylococcus aureus, Staphylococcus epidermidis, Cactus rod,
Escherichin coli, Salmonella typhimurium, and Bacillus subtilis than unencapsulated EOs. The
same situation was observed when studying the antibacterial activity of D-limonene and
oregano BEOs after emulsification [136].

Compared with the free EOs, encapsulation can improve the water solubility of EOs,
and when the size of EO droplets reaches the nanometer level, this helps to reduce the
mass transfer resistance of the nano-scale transport system and enhances the ability of
somatic cells to passively adsorb droplets of EOs, thereby reinforcing the antibacterial
activity of EOs [137]. Acevedo et al. [138] found that the emulsified thyme EOs after
nano-emulsification had a significant enhancement effect on the bacteriostasis of E. coli.
Moghimi et al. [139] prepared EQ nanocapsules from thymus daenensis by sonication. They
then compared the antibacterial effect of nanocapsules on food spoilage bacteria with that
of unencapsulated EO. The results showed that the minimum inhibitory concentration
of EOs nanoemulsions was 0.4 mg/mL, and its antibacterial activity was 10 times that of
unencapsulated EOs. Studies have found that different sizes of limonene and cinnamic
acid nanoemulsions have no significant difference in the inhibitory effect on spoilage yeast
or Escherichin coli, which was closely related to the composition of the emulsion system [12].

In addition, compared to a conventional emulsion, nanoencapsulated lipophilic an-
timicrobial agents are generally believed to penetrate more easily through the microbial
membrane, resulting in an improved bactericidal activity. This is because the dispersion
of the lipophilic antimicrobial agent in the nanocemulsion will result in an increase of
the interactions with the binding sites on the targeting bacteria. It can be assumed that
antimicrobial agents may more fully contact the cells and promote efficient release of the
active substance in the cell, thereby providing an opportunity to increase its bioavailability
and consequently enhancing the bacteriostatic effect. However, there have been results
reported by Salvia-Trujillo [133] and Buranasuksombat et al. [140] which showed that the
antibacterial activity of encapsulated EOs was not affected by the droplet size. These clearly
controversial results suggest that a decrease in droplet size does not necessarily mean the
enhancement of the function of the essential cil nanoemulsions.

Table 5. Efficacy of nanoencapsulated essential cils and other bioactive compounds as food preservatives.

Bioactive

Encapsulating

Delivery System Compounds Material Techniques Size Major Findings References
Compared with the control, the
Zein-Sedium Emulsion encapsulated thymol was more
Thymol caseinate polymerization 65.8-87.6 nm effective in lowering 5. aureus counts [41]
during a period of 13 days
Nanoemulsion High encapsulation efficiency close to
(prepared by S Edible mustard oil Emulsion 100%; the antioxidant and
low-energy Vitamin E with Tweean-80 diffusion ~86nm antimicrobial activity of [57]
methods) nancemulsions was improved
When tested under unsealed condition,
Cuminum Chitosan-caffeic . . nanogel-containing oils showed better
cyminum oil acid lonic gelation <100 nm antimicrobial activity than the free oils (9]

against Aspergillus flavus
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aple 5, Lo,
Table 5. Cont.
Delivery System Cgrir?;g\.il:\eds Enie/l[[:::rlie;tling Techniques Size Major Findings References
Nanoemulsions containing EO
Penpermint oil Medium-chain High pressure 200 nm showed improved antimicrobial [12]
PP triacylglycerol homogenization activity against Listeria monacytogenes
and Staphylococeus aureus
Nanoemulsions containing eucalyptus
Eucalyptus oil Tween 80 Ultrasenication 17.1 nm showed to inactivate B. cereus at 0 min, [142]
S, aureus at 15 min, and E. cofiat 1 h
) Essential oils
Nanoemulsion (Lemongrass,
(p}'epamd by clove, tea tree,
high-energy thyme, Sodium alxinate The antibacterial activity depends on
methods} geranium, and tweengSO Microfluidization <20 nm the type of essential oil used in the [133]
marjoram, formulation, not their dreplet size
palmarosa,
rosewood, sage
or mint)
Sovb iland Nanoencapsulated EQ exhibited
Thymus S]ODSé éi“dﬁ:"?“ High pressure 110 nm higher antibacterial inhibition [143]
capitatus oil dodecylsulfate) micro-fluidizer diameters against Staphylococeus mireus
ek compared to those formed by free EO
. The antibacterial activity of
geftty_'lpalgl;;ate, nisin-loaded SLNs against L.
oftisan 378, i
Nisin Softisan 154, High pressure 119 nm monocyfoganes and L plantarion was up [144]
Imwitor 900 and omogenization to 20 and 15 days, respectively, while
Witepsol E85 the free nisin was only 1 day and 3
SLNs days, respectively.
. Z. mudtiflora essential-oil-loaded SLNs
Zataria Glyceryl ihgh&he:?r . 2555 exhibited strong antifungal activity 123
multiflora oil {jnlgé‘ﬁitleam( and o;noEenaatngn - nm compared to free oil against Aspergillus [123]
and ultrasoun ochraceus, Aspergillus wiger
Lecithin-encapsulated nisin exhibited
- Soy and marine y 4 higher stability for 6 weeks and
Nisin lecithin Microfluidization 151181 nm showed better antibacterial activity [145]
compared to free nisin
Nanoliposome The lipesomes formed by the
. . . i . supercritical process have high
5555 essential E:gi%:?:iz:ﬂmlme ?:;iff;hml fluid <100 nm encapsulation efficiency and small [146]
&y particle size with a unimodal
distribution
The encapsulation efficiency of
chitosan nanc-composites was more
. Chitosan . . than 90%; it exhibited excellent
Cardamom oil nano-particles Tonic gelation 50~100 nm anti-microbial potential against [147]
Escherichia coli and Staphylococcus
mirens.,
Polysaccharide Lemon Nanoencapsulated oil showed
basad ironbark oil Cashew gum Spray dryer 27.7-432.6 nm improved activity against Salmonela [148]
Enteritidis.
Nanoencapsulated lime EC exhibited
Phase inversion enhanced antibacterial activity against
Lime oil Chitosan emulsification 100~300 nm Staphylococcus aureus, Listeria [149]
monocytogenes, Shigella dysenteriae, and
Escherichia coli
The encapsulated EOs in zein
Emulsi 268 / nanoparticles can increase their
Thymol/carvactal Zein ruision nm solubility by up to 14 times without [150]
diffusion 275 nm . . p
affecting their ability to scavenge free
Protein-based radicals or to contrel E. coli growth
Compared with thymol crystals, the
Thymol Sodium Caseinate I}:hgh shea.r . ~180 nm encaps: U]amd. thymol ahlb.“e.d . [62]
omogenization significantly improved anti-Listeria
activity in milk with different fat levels
The nancencapsulated eugenol
. Whey protein and High-speed w showed improved antimicrobial
Eugenol oil maltodextrin homogenizer 100300 nm activity against E. coli and L. rs1
monocytogenes than the free oil
- The addition of low dose of the
Biopolymer-based T nancencapsulated terpenes can delay
e.r]:iena. g Starch and soy High Pressure 100-400 the microbial growth (1.0 g/L [17]
l];;—‘l’i‘n‘:ﬁ::e lecithin Homogenization nm terpenes) or completely inactivate
microorganisms such as Lactobacilius
deibruecki, Saccharomyces
Alrinate Electrospinning The nancencapsulated peppermint oil
Equipment-based Peppermint oil bic?polymer and ~80 nm exhibited a high antimicrobial activity [128]

electrospraying

against E. coli and S. aureus bacteria
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7. Applications of Nanoencapsulated Natural Antimicrobial Agents

The use of nanoencapsulated natural antimicrobial agents in food is a crucial challenge.
A large number of spoilage and pathogenic microorganisms that contaminate food systems
require extensive activity of the antibacterial systems [152]. The purposes of using the
nanoencapsulation system in food industries include the following four: (1) stabilizing
the volatile antimicrobial agents, such as essential oils, to prevent evaporation during
processing; (2) reducing the interaction of antimicrobials with food substrates; (3) con-
trolling the release rate of antimicrobial agents in food matrices to extend the exposure
of microorganisms to antimicrobial agents; (4) improving the solubility of antibiotics in
unhealthy foods to expand the range of applications of antibacterial drugs. It is reported
that more than 400 companies have used nanoscience to manufacture food and packaging
materials [153].

7.1. Aqueous Food Systems

The two most common beverage systems are divided into carbohydrate-based prod-
ucts and dairy-based products. Carbohydrate-based products, such as juices and soft
drinks, normally contain a certain amount of carbohydrates, but no or only a small
amount of protein and lipids. A problem with the application of antimicrobial agents
to carbohydrate-based products is the incorporation of hydrophobic compounds into the
food system. Dairy-based products such as milk generally contain large amounts of pro-
teins and fats, so the interactions between antimicrobial agents and these complex food
compounds and their stability during pasteurization can be a serious challenge for the
food industry. Nanoencapsulation technology can be used to solve these problems. In this
context, zein-encapsulated nisin and thymol oil showed better bacteriostatic effects than
free antimicrobial agents after 4 h [154]. The use of nancencapsulated thymol essential oil
resulted in a prolonged effect on Listeria monocytogenes within seven days of shelf life at
32 °C, making the number of bacteria lower than the detectable limit in skim milk [82].
In juices, both tea tree oil and cinnamaldehyde nanoemulsions showed concentration-
dependent inhibition of microbial load on inoculation [117]. Juices containing minimal
concentration of nanoencapsulated terpene showed retarding microbial growth (1.0 g/L
of terpene) or complete inactivation of microbes (5.0 g/L of terpene), while minimizing
sensory properties [117].

7.2. Solid Food Systems

Nanoencapsulation technologies are also used in solid food matrices to improve
uniform mixing and extend shelf life. Gékmen et al. [155] used spray-drying method to
encapsulate omega-3 unsaturated fatty acid with high-linear corn starch, and added it to
dough in different amounts to study its effect on bread quality. The results show that nano-
capsules can effectively reduce the oxidation of unsaturated fatty acids during the bread
baking process, thereby greatly improving the quality of bread products, and reducing
the oxidation of harmful fatty acids and the production of harmful substances during the
baking process [155]. Degnan and Luchansky [156] investigated the activity of liposome-
encapsulated pediocin AcH in beef slurries. Their results showed that encapsulating
pediocin AcH in liposomes can increase the recovery of pediocin activity in heated beef
muscle and beef tallow pulp by an average of 27.5% and 28.9%, respectively, compared
with similar beef pulp with free pediocin.

7.3. Active Foed Packaging

In order to improve food packaging and extend the quality and freshness of perish-
able products, the food industry has established a new packaging system named “active
packaging”. It is intended to deliberately incorporate functional ingredients that release
or absorb substances from the food or food matrices [157]. In this regard, the usage of
essential oils in active packaging has become a good alternative to improve the shelf life
of food products [158]. Chitosan in the form of films and nanoparticles has been reported
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to be used in food packaging to prevent microbial infections [159]. Chitosan nanopar-
ticles (110 nm) have been developed and can be used as a coating by spraying directly
onto the surface of apple slices to produce a discontinuous coating [160]. Compared to
uncoated samples, the chitosan nanoparticle coating showed more effective antimicrobial
activity against yeast and mold, as well as thermophilic and mesophilic bacteria [160].
Chitosan/pentasodium tripolyphosphate nanoparticles containing carvacrol have been
shown to have antibacterial activity, with the minimum inhibitory concentration being
determined to be 0.257 mg/mL [161]. This suggests that the encapsulated carvacrol in
chitosan nanoparticles improved its antibacterial activity. Edible coatings based on chitosan-
containing lemon oil have been successfully used to inhibit the endogenocus flora present
on sesame leaves, and their shelf life was extended by seven days compared to untreated
samples [162].

8. Legislative Aspects Concerning the Use of Nanoparticles in Food Products

As shown in the previous section, food nanotechnology is applied into many aspects
of the food field, such as food packaging, additives, and food preservation. Many con-
ventional molecules used as food additives or in packaging materials can be found at
nanometer scale in food products. For example, food-grade TiOp nanoparticles have been
found up to approximately 40% in the nanometer range [163,164]. Although nanomate-
rials like TiOp nanoparticles are generally recognized as low in toxicity at conventional
conditions, long-term exposure to such nanomaterials may cause adverse damages. The
United States Food and Drug Administration (FDA or USFDA) and the European Com-
mission (EC) are the main sources for legislation and regulation on food nanotechnology.
A recent literature review summarized the risk assessment of the conventional particle
size of substances in food products [165]. However, the development of nanotechnology
in the food industry should not be blamed. Before applying nanomaterials to the food
field, appropriate risk assessments can be made on the physical and chemical properties
of nanomaterials and their absorption, biodistribution, metabolism, and body excretion,
to alleviate the effects of nanotoxicity.

9. Conclusions

Consumer demand for safe natural products has driven the search for mild food
preservatives in recent years. In this case, natural antibacterial agents, such as essential oils,
have the potential to provide quality and safety benefits and have a reduced impact on
human health, but they still have some drawbacks. The advancements in nanotechnology
can protect active compounds from degradation, improve their solubility, and control their
release compared to adding the antimicrobial compound directly to the food products.
However, most of them are only produced on a laboratory scale because there is still a
lack of systematic research. Before these natural bacteriostatic agents are widely used in
the research and development of food, the following challenges need to be properly ad-
dressed: (i) a better understanding of the mechanisms of encapsulated natural bacteriostats
is necessary to provide a solid foundation for engineering new antimicrobial systems
and strategies; (ii) costs should be carefully evaluated, because the use of some natural
antimicrobial agents is still expensive, as well as the production of nanocapsules; and (iii)
future research must address the synthesis of new synergistic formulations based on EOs
and their nanoencapsulation, to reduce their adverse effects on sensory properties and
improve their antimicrobial efficacy in food matrices.
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Summary of Chapter 11

In this study, sodium caseinate (CAS) and lecithin were selected as emulsifiers, and
TC and citral were selected as core materials to form different O/W emulsion systems.
The physical properties and antibacterial effects against Escherichia coli and Listeria
innocua of these nanoemulsions were investigated. In addition, the effect of droplet size
on the stability and antibacterial activity of nano-size and micro-size emulsions based
on CAS and TC was studied. The results showed that the four different nanoemulsions
had nanometric sizes with relatively high negative zeta potential. Nanoemulsions
containing TC exhibited higher antimicrobial activities against the two bacteria than
nanoemulsions containing citral whatever the emulsifier used. These nanoemulsions
were then incorporated into low methoxyl pectin (LMP) films and the obtained results
showed that films containing TC droplets stabilized by CAS had a larger inhibition zone
than that stabilized by lecithin whatever the EO used. Finally, the obtained results
showed that nanosized emulsions were more stable than microsized ones, but no
significant differences were observed concerning their antibacterial activity. These
results could provide new ways for the use of natural active biomolecules for

manufacturing food emulsions or food packaging with functional abilities.
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1 | INTRODUCTION

Abstract

In this study, the physical properties and antibacterial activity of emulsions prepared
through four different combinations of essential oils (EOs) (trans-cinnamaldehyde
[TC] and citral) and emulsifiers (sodium caseinate and lecithin) were investigated. The
results showed that the four different nanoemulsions had nanometric sizes ranging
from 142.3 to 273.1 nm, exhibiting high negative zeta potential (-25.3 to -42.7 mV) at
pH 7. Nanoemulsions containing TC exhibited higher antimicrobial activities against
Escherichia coli and Listeria innocua than nanoemulsions containing citral irrespective
of the emulsifier used. These nanoemulsions were then incorporated into low meth-
oxyl pectin films and the obtained results showed that films containing TC stabilized
by sodium caseinate had a larger inhibition zone than the one stabilized by lecithin ir-
respective of the EO used. Finally, the obtained results showed that nanosized emul-
sions were more stable than microsized ones, but no significant differences were
observed concerning their antibacterial activity.

Practical applications

This work should be an interesting basis for developing innovative antimicrobial
packaging containing nanoemulsions. The interfacial membrane that surrounds the
droplets of the emulsified antimicrobial provides an additional barrier that the active
agent should cross before leaving the polymer matrix of the packaging film. Thus, the
release kinetics will be modified and the efficiency could be improved.

classified as generally recognized as safe {GRAS) (Burt, 2004) by the
U.S. Food and Drug Administration (FDA). The rational use of these

Due to the increasing consumer demand for natural plant-based
foods with improved microbial safety, interest in using nontoxic
bioactive compounds, such as natural antibacterial agents and pre-
servatives, in the food industry has attracted much attention in re-
cent years (Cliceri et al., 2018). Certain essential oils (EOs) extracted
from plants have a wide range antibacterial activity against common
foodborne pathogens, and have attracted widespread attention as
a potential resource to replace synthetic preservatives in the food

industry. Especially, it is reported that some EQOs are nontoxic and

biologically active compounds is currently a problem worthy of re-
search. In this context, many natural antibacterial EO compounds
have been studied, such as cinnamon oil {(Wang et al., 2018), gera-
niol, and carvacrol {Syed et al., 2020) as food preservatives. These
bioactive agents can be used directly, emulsified, or incorporated in
polymer films. In fact, edible films, prepared with biodegradable and
ecofriendly materials, can be used as a carrier for natural biologi-
cally active substances, such as EOs. Such active and edible films

have great potential to reduce food waste and extend the shelf life

J Food Process Preserv, 2021;00:e16072.
https://doi.org/10.1111/jfpp.16072
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of different types of foods compared to petroleum-based food pack-
aging films (Dutta et al., 2009).

Trans-cinnamaldehyde (3-phenyl-2-propenal, TC, FEMA 2286) is
a major constituent of volatile Cinnamon EO (Adams et al., 2004). TC
has been reported as a flavoring agent in chewing gums, ice creams,
candies, and beverages. In addition, it has been used to provide a
cinnamon flavor to medical products, cosmetics, and perfumes
(Ribeiro-Santos et al., 2017; Shreaz et al., 2016; Yang et al., 2022).
Citral (3,7-dimethyl-2, 6-octadienal, FEMA 2303), a natural flavor-
ing molecule used for its strong lemon odor, is widely applied as
an additive in foods and beverages {Zhang et al., 2020). These two
molecules have been reported to have relatively strong antibacterial
activities against a variety of foodborne pathogens {Lu et al., 2018;
Sedaghat Doost et al., 2018; Wang et al., 2018; Zhang et al., 2020).

Nevertheless, EOs in their free forms shows low water solubility
and itis complicated to introduce them into aqueous-based foods. In
addition, they are volatile compounds at room temperature, which
limits their processing in industries (Jo et al., 2015). To overcome
these problems, oil-in-water (O/W) emulsions are promising en-
capsulation systems for incorporating these hydrophobic bioactive
ingredients into food aqueous matrices. These encapsulation sys-
tems not only minimize the direct impact of bioactive compounds on
sensory attributes but also protect them in different media during
food processing and transportation {Bergenstahl, 2008). Meanwhile,
emulsions are also able to improve the chemical stability of these
active compounds by protecting them from environmental factors
(such as oxygen, light, moisture, and pH) as well as from interactions
with other food ingredients, which could decrease their activity. To
allow the complete dispersion of EO into oil-in-water emulsions,
synthetic surfactants such as Tween® have been commonly used.
However, most synthetic surfactants still have potential safety
hazards in food applications (Nerin et al., 2018). Thus, some more
reassuring molecules (e.g., proteins, polysaccharides, and phospho-
lipids) have been increasingly developed in recent years as delivery
systems to encapsulate hydrophobic bioactive compounds for en-
hancing their stability and effectiveness (Liu et al., 2019). Among
food emulsifiers, sodium caseinate, can be used as an encapsulat-
ing material because of its considerable emulsification, gelling, and
stabilizing activity (Choi et al., 2009). Phospholipids are a group of
polar lipids that contain both nonpolar fatty acyl groups and polar
head groups, making them amphiphilic and useful as natural emulsi-
fiers (Li et al., 2017). Among them, lecithin has been widely used as
a natural emulsifier to stabilize O/W emulsions in the food industry
(Belayneh et al., 2018), which was mainly attributed to the presence
of various phospholipids. Concerning emulsions containing EOs, it
can be assumed that different emulsifiers may produce emulsions
with different physical stabilities, as well as antibacterial activities.

Thus, in this study, sodium caseinate and lecithin were selected
as emulsifiers, TC and citral were selected as core materials to
form different O/W emulsion systems as well as emulsion-based
pectin films, and the physical properties and antibacterial activ-
ity against Escherichia coli and Listeria innocua of these emulsions

were compared. Another purpose of this article was to study the
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effect of diameter size on the antimicrobial activity of emulsions and
emulsion-based films. In fact, the size of an emulsion-based delivery
system could be a key factor that determines the properties of emul-
sions such as stability, solubility, and release of the emulsified bioac-
tive molecules. Indeed, nanoemulsions may have better physical and
chemical stability over traditional micrometric emulsions (>1 um)
for encapsulating bioactive components due to their nanometric
size {20-500 nm) and high surface area (Polychniatou & Tzia, 2018).
Thus, nanoemulsion-based systems can provide many advantages
because they are more thermodynamically stable than micrometric
emulsions {McClements & Rao, 2011), limiting the volatility of emul-
sified EOs, increasing their biological activity, and minimizing the
impact on the organoleptic characteristics of food products {Donsi
et al., 2011). In order to deeply investigate the size effect, we se-
lected sodium caseinate as the emulsifier and TC as the core material
to prepare nanosized and microsized emulsions and then examined
the impact of the droplets’ size on the antibacterial activity of emul-

sions and emulsion-based films.

2 | MATERIALS AND METHODS
2.1 | Materials

Trans-cinnamaldehyde {TC, 99%) and citral {99%) were purchased
from Sigma-Aldrich (St Quentin Fallavier, France). Low methoxyl
pectin (LMP) {(Unipectine™ OF 305 C SB, degree of esterification
from 22% to 28% and degree of acetylation from 20% to 23%) was
purchased from Cargill (Baupte, France) and used for the preparation
of films containing emulsions. Sodium caseinate powder (protein
content = 93.20%) and soy lecithin powder (40% phosphatidyl-
choline) were purchased from Fisher Scientific (United Kingdom).
Analytical grade imidazole (C,H,N,), acetic acid, sodium hydroxide
(NaOH), hydrochloric acid (HCI), and glycerol were purchased from
Sigma-Aldrich Chimie (St Quentin Fallavier, France). Tryptone Salt
broth (TS), Tryptone Soy broth (TSB), and Tryptone Soy Agar (TSA)
were purchased from (Biokar Diagnostics, Beauvais, France) and
used for the determination of the antibacterial activity of emulsions
and films. Deionized water was used for the preparation of all solu-
tions. The target strains used in this study were L. innocua (ATCC
33090) and E. coli (ATCC10536). All stains were maintained at -80°C
in TSB supplemented with 20% {vol/vol) glycerol.

2.2 | Preparation of nanoemulsions containing
essential oils (EOs)

As shown in the preparation flow chart {Figure 1), the oil phase {TC
or citral) {10 wt%), the aqueous phase (90 wt%) (imidazole-acetate
buffer, 5 mmol/L, pH 7), and the emulsifier (caseinate or lecithin
at 1 g/L) were combined and mixed under high-shear homogeni-
zation (HSH) for 5 min under 13 500 rpm to form a coarse emul-

sion. Nanoemulsions were obtained by passing coarse emulsions
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FIGURE 1 The flow chart of the preparation of nanoemulsions

TABLE 1 Abbreviations of the nanoemulsions according to their
composition

Abbreviation Oily phase Emulsifier
TCC Trans-cinnamaldehyde Caseinate
TCL Trans-cinnamaldehyde Lecithin
€C Citral Caseinate
CL Citral Lecithin

through a high-pressure homogenizer (HPH) (Microfluidics LM20,
Microfluidics Corp., Newton, MA, USA) five times at 300 bar. The
pH was then adjusted to 7 by adding HCI (0.1 mol/L) or NaOH
(0.1 mol/L). All samples were stored in sealed glass bottles (volume:
100 ml) at room temperature in the dark for physical stability evalu-
ation. The abbreviations and formulations of the four different emul-
sions obtained by the different combinations of EQ/emulsifier are
shown in Table 1.

2.3 | Preparation of films containing EOs

Low methoxyl pectin was separately dissolved (1 wt%) in imidazole-
acetate buffer (5 mM, pH 7.0) at 25°C for 3 hr under magnetic stir-
ring. After complete dissolution, LMP solution was gradually added
to the prepared nanoemulsions at a ratio of 1:1, and glycerol (1.5 g/L)
was used as plasticizer. The pH of the mixture was adjusted to 7
and the film forming mixture was stirred with a magnetic stirrer at
800 rpm for 1 hr until complete homogenization. Each film was then
prepared by weighing 40 g of film-forming suspensions that was
spread evenly over a plastic Petri dish (90 mm). Films were formed
by drying during 48 hr at 25°C under a constant airflow in an extrac-
tor hood. To ensure that the surface of the prepared films is smooth
enough, the thickness of dry films was measured at five random po-
sitions with a Kéfer micrometer (Erichsen, Rueil-Malmaison, France).
The thickness of films with different combinations of TCC, TCL, CC,
and CL varied between 96 and 231 nm.
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2.4 | Hydrodynamic particle size and size
distribution

Average droplet size and size distribution were determined by dynamic
light scattering using a Zetasizer Nano-ZS90 (Malvern Instruments,
Worcestershire, UK) at a fixed angle of 90°. To perform the meas-
urement, nanoemulsions were diluted to an oil droplet concentration
around 0.1 wt.% using imidazole-acetate buffer (5 mM, pH 7.0) prior to
analysis to eliminate multiple scattering effects. After 90 s of equilib-
rium, each sample was scanned three times. Then, the average droplet
size and polydispersity index (Pdl) were reported to represent, respec-
tively, the mean droplet size and size distribution for each sample.

2.5 | Zeta potential measurement

Initially, nanoemulsions were diluted to a concentration of around
0.05wt% with imidazole-acetate buffer (5 mM, pH 7.0). Diluted sam-
ples were poured into cells of disposable cuvettes for electropho-
retic mobility measurement (Malvern Instruments, Worcestershire,
UK). All measurements were performed three times and the zeta-
potential values were reported as the average of three individual
measurements (+SD [standard deviation]).

2.6 | Antibacterial activity of emulsions

The agar well diffusion method was used for the determination of
the antimicrobial activity of nanoemulsions containing EOs against
L. innocua ATCC 33090 (as a surrogate of the foodborne pathogen
Listeria monocytogenes) and E. coli ATCC10536. Firstly, both bacteria
were precultured in TSB at 10% (vol/vol) for 8 hr at 37°C and then
precultured in TSB at 10% (vol/vol) for 16 hr at 37°C. Bacterial cul-
tures were diluted in TSB to final concentrations of 1 x 10® CFU/ml
and 1 mlwasincorporated in melted TSA at 5% (vol/vol) and cooled in
Petri dishes at room temperature. A sterilized glass pipette (6 mm in
diameter, Fisher Scientific) was used to make a hole in the inoculated
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TSA Petri plates. Fifty microliters of each nanoemulsion (TCC, TCL,
CC, and CL) was placed in different wells. Nanoemulsions stabilized
by caseinate and lecithin containing sunflower oil were used as nega-
tive controls of inhibition. The Petri dishes were incubated for 2 hr
at 4°C to allow nanoemulsion diffusion and then incubated at 37°C.
Bacterial growth inhibition zones were measured after 24 hr and

each experiment was repeated three times.

2.7 | Antibacterial activity of films

The antimicrobial activity of nanoemulsion-based LMP films against L.
innocua ATCC33090 and E. coli ATCC10536 were determined by using
the “zone of inhibition” assay. Each film sample (TCC, TCL, CC, and CL)
was aseptically cut into 15-mm-diameter discs and sterilized by ultra-
violet irradiation. Thereafter, samples were transferred to TSA Petri
plates inoculated as explained in Section 2.6 with bacteria at a final
concentration of 1 x 10’ CFU/ml. After incubating the plates at 37°C
for 24 hr, the size of the zone of bacterial growth inhibition was visually

observed and measured. Each experiment was repeated three times.

2.8 | Effect of emulsion size

In order to further study the effect of emulsion size on the physical
properties and antibacterial activity of emulsified EOs, we selected
sodium caseinate as emulsifier and TC as core material to prepare na-
nosized and microsized emulsions. As detailed in Section 2.3, coarse
emulsions were obtained after the process of HSH and nanoemul-
sions were obtained after a HSH step followed by a HPH step. The
particle size distributions of nanoemulsions and coarse emulsions
were measured by a Zetasizer NanoZ590 and a Mastersizer 3000
equipment {Malvern Instruments, Worcestershire, UK), respectively.
Antimicrobial activities against L. innocua ATCC33090 and E. coli
ATCC10536 of nanoemulsions and coarse emulsions were measured

before and after their incorporation in LMP films.

2.9 | Statistics

All the experiments were performed in triplicate, and at least three
replicate analyses of each sample were carried out. Data were ex-
pressed as arithmetic mean + standard deviation (SD). SPSS 19.0
package (IBM, New York) was used to perform the analysis of vari-

ance. Values were considered significantly different at p < .05.

3 | RESULTS AND DISCUSSION

3.1 | Particle size distribution and zeta-potential of
nanoemulsions

In this study, the combined effects of emulsifiers and EOs on the
physical properties of nanoemulsions were evaluated. Consequently,
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four different nanoemulsions were prepared by 10 wt% EO as the
oily phase and 1 wt% sodium caseinate or lecithin as the emulsi-
fier through high-pressure homogenization. The mean droplet size,
Pdl, and zeta potential of these nanoemulsions were measured and
reported in Table 2. The different emulsions showed significantly
different average droplet sizes and size distributions (Pdl values
ranged between 0.3 and 0.5). However, all nanoemulsions had rela-
tively small average particle diameters {from 142 to 273 nm) due to
the used homogenization process (high-pressure valve rigged up to
300 MPa), and the lowest droplet size was obtained for the TCL na-
noemulsions (142 nm). The higher Pdl value means that the particle
size distribution of these nanoemulsions was significantly wide. This
phenomenon may be due to the fact that high pressure generates
small droplets that can rapidly grow during storage due to Cstwald
ripening mechanism (McClements, 2018).

For zeta-potential, the droplets of all nanoemulsions were
negatively charged (-25 to -42 mV) at pH 7 and lecithin-based
nanoemulsions showed significant higher (p < .05) absolute val-
ues of zeta-potential than caseinate-based ones. As described by
Lieberman and Rieger {2008), an absolute value of zeta-potential
around 25 mV is enough to consider that the electrostatic repulsions
are able to ensure good stability of an emulsion (in salt-free medium
or in moderate salt conditions). Thus, it could be deduced that the
use of sodium caseinate or lecithin as emulsifier could provide suf-
ficient repulsive forces between the droplets to obtain good phys-
ical stability of these two types of nanoemulsions containing EOs.
According to Table 2, we can also notice that, irrespective of the
emulsifier used, the type of EOQ affected the particle size and the
zeta potential of the formed nanoemulsions. In fact, the nature of
the oily phase {e.g., surface properties) could affect the interfacial
membrane composition, structure, and rheological properties, and
maodify consequently the properties of the droplets. Moreover, ac-
cording to the water solubility of EQ, part of the oily phase could
come out of the droplets and end up in the continuous phase, which
can modify the interactions between the nanoscale droplets. Similar
results were reported by Walker et al. (2017). In their study, the au-
thors compared the physical properties of nanoemulsions contain-
ing a medium chain triglyceride, thyme oil, and lemon oil stabilized
by Tween 80, and results showed that these three nanoemulsions
have different mean particle diameters and zeta-potential values.
From the viewpoint of Bonilla et al. (2012), the difference in the zeta
potential of emulsions and nanoemulsions formulated with differ-
ent EOs may be due to the differences in the number of ionizable
compounds in the oil that can interact differently with the emulsifier
molecules.

3.2 | Antibacterial activity on
nanoemulsions and films

The agar diffusion method was applied to evaluate the antimicro-
bial activity of nanoemulsions and films against a gram-positive
and a gram-negative bacteria, L. innocua ATCC33090 and E. coli
ATCC10536, respectively. By maintaining the same amount of EQ
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(50 pl) regardless of the sample tested, the different nanoemulsions
(TCC, TCL, CC, and CL) were added in each well of the bacteria-
containing medium, and the same formulation containing sunflower
oil (instead of EO) was used as control. An example of the inhibition
zones obtained after 24 hr at 37°C is shown in Figure 2(a).

The size of the inhibition zone is usually related to the level of the
antibacterial activity of the examined sample. The larger the inhibi-
tion zone, the stronger the antibacterial effect (Lu et al., 2018). From
Figure 2(a), except for the control, all the nanoemulsions showed
clearly inhibition zones against both bacterial strains. In fact, as
stated by Weiss et al. (2009), encapsulation of EOs at the nanoscale
could increase the physical stability of the bioactive compounds
contained in these EOs and increases their bioactivity through
modification of their interactions with cell membranes (adsorption).
Inhibition zones with different sizes were measured by the software
Image J (National Institutes of Health, USA) and results are shown
in the form of a bar chart Figure 2(b). According to these results,
nanoemulsions containing TC showed significantly higher antibac-
terial activities against both bacterial strains than nanoemulsions
containing citral. The relatively strong antibacterial activity of TC

TABLE 2 Properties of nanoemulsions produced by high-
pressure homogenization

Size Polydispersity Zeta potential
Sample name {nm) index (mV)
TCC 273.10 0.313 -25.30 + 3.85
TCL 142.30 0.416 -33.30 + 7.29
CE 269.40 0.451 -28.90 + 4.60
Gl 189.20 0.362 -42.70 + 6.13
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is generally attributed to its aldehyde functional group, which can
effectively increase the permeability of bacterial cell walls (Doyle &
Stephens, 2019). Moreover, a comparison of the antimicrobial activ-
ity of nanoemulsions against a gram-positive and a gram-negative
bacteria did not show significant differences regardless of the emul-
sifier used and EO. Generally, gram-negative bacteria are more re-
sistant to antimicrobial molecules than gram-positive bacteria. As it
is not the case for these nanoemulsions, these results are quite en-
couraging to hope to combat a broad spectrum of foodborne patho-
gens and food spoilage microorganisms.

Nanoemulsions were incorporated in LMP films and their an-
tibacterial activity was evaluated against the same two bacterial
strains. As shown in Figure 3, there were no inhibition zones around
the films prepared by CC and CL. Thus, irrespective of the emulsi-
fier used, LMP films containing nanoemulsified citral were not active
against the two bacterial strains. On the other hand, films prepared
by TCC showed obvious inhibition of both strains after 24 hr at 37°C.
Moreover, the films containing emulsified TC stabilized by casein-
ate (TCC) were more active against the two tested bacteria than
the films containing emulsified TC but stabilized by lecithin (TCL).
Indeed, the inhibition zone was smaller for E. coli ATCC10536 and
absent for L. innocua ATCC33090. These results could be attributed
to the combination of several phenomena such as (i) evaporation of
free EOs during the formation of biopolymer films, (ii) diffusion of
EOs through the interfacial membrane containing the emulsifier, (iii)
diffusion of EOs through the pectin matrix, (iv) film structure, and
(v) interactions between pectin, emulsifier, EO molecules, and the
bacterial membranes. An in-depth analysis is then necessary to dis-
sociate the effect of each of these parameters on the antimicrobial

(b) 30

(%)

o

(%]

M E. coli ML innocua

(a) Inhibition zones on culture medium containing Escherichia coli and Listeria innocua caused by four nanoemulsion samples:

TCC, TCL, CC, and CL. Control 1 and Control 2 represent nanoemulsions stabilized by caseinate and lecithin containing sunflower oil. (b) The
measured diameter of inhibition zone of nanoemulsions against E. coli and L. innocua
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(a) Inhibition zones on culture medium containing Escherichia coli and Listeria innocua caused by four film samples containing

TCC, TCL, CC, and CL. (b) The measured diameter of inhibition zone of films against E. coli and L. innocua
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FIGURE 4 Droplet size distribution of nanoemulsions and coarse emulsions

activity of LMP films containing nanoemulsified EOs (Acevedo-Fani
et al., 2015). In the present study, we will limit our interpretations to
the formulation that has shown the greatest effectiveness, that is,
TCC formulation. Thus, for practical applications, and based on these
results, it can be assumed that the TC-containing nanoemulsions
and stabilized by caseinate can be effectively incorporated into low-

methylation pectin films for increasing the shelf life of foodstuffs.

3.3 | Effect of emulsion size
As indicated above, the TC/caseinate pair made it possible to ob-

tain nanoemulsions and films having good antimicrobial activities.

Thus, it is interesting to know whether the nanometric size of the
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emulsions is necessary to achieve these objectives. Indeed, on an in-
dustrial scale, it is obvious that microemulsification is more economi-
cally advantageous than nanoemulsification. For this reason, the aim
of the last part of the present study was to study if droplet size plays
a role in the antimicrobial effectiveness of films. For this purpose,
nanoemulsions containing TC and stabilized by caseinate were pre-
pared with the same components and the preparation process was
adapted to obtain nanoscale emulsions {nanoemulsions) and micro-
scale emulsions {coarse emulsions).

The size distribution profiles of the two types of emulsions
are shown in Figure 4 and the average diameter was 274 nm for
nanoemulsions and 5.7 pm for coarse emulsions. In addition, na-
noemulsions were relatively stable, while a precipitate appeared at

the bottom of the coarse emulsion after 1 hr (Figure 4). The droplet
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size distribution of coarse emulsions prepared using only HSH was
found to range between 3 and 40 pm (Figure 4(b)). A small peak ap-
peared and centered around 100 pm, which could be likely caused
by gravitational separation, creaming, and/or coalescence of parti-
cles. For nanoemulsions {Figure 4(a)), a peak size between 100 and
1000 nm was found, which reflects a nanoscale droplet size distri-
bution caused by the high-pressure homogenization process. In ad-
dition, a small peak was observed between 7 and 10 um, which was
likely caused by Ostwald ripening mechanism (McClements, 2018).
It is interesting to notice that the prepared emulsions have been
analyzed as such and without any filtration. The zeta-potential of
the two emulsions was measured and the obtained values are re-
ported in Table 3. The zeta potential was found to be negative
(-25.3 + 3.85 mV for nanoemulsion and -25.3 + 4.67 for coarse
emulsion) reflecting that the negative surface charge of the prepared

emulsions was not significantly affected by the droplet size.

TABLE 3 Properties of nanoemulsions

. Sample name
and coarse emulsions

Nanoemulsions

Coarse emulsions

Nanoemulsion

(b) 35
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FIGURE 5 (a)Inhibition zones on S
culture medium containing Escherichia g 10
coli and Listeria innocua caused by =
nanoemulsion, coarse emulsion, and pure =
" 5
TC. Control represents nanoemulsions
containing sunflower oil. (b) The measured 0

diameter of inhibition of nanoemulsions
against E. coli and L. innocua
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3.4 | Antibacterial activity of nanoemulsions, coarse
emulsions, and their films

Samples of TCC nanoemulsions and coarse emulsions containing the
same amount of TC were added in different wells of the agar media
containing bacteria. The same formulation containing sunflower oil
was used as a control. The inhibition zones obtained after 24 hr are
shown in Figure 5a,b.

Except for the control, the different samples showed clearly in-
hibition zones against the two bacterial strains and the diameters
of the inhibition zones had no significant disparity. Similar results
were reported by Buranasuksombat et al. (2011). In this study, it
was found that the droplet size of emulsions had no effect on the
antibacterial properties of Lemon Myrtle oil. In contrast, other re-
searchers found an effect of the droplet size on the antimicrobial

properties: a decrease in droplet size resulted in an increase of the

Size Polydispersity index Span Zeta potential (mV)
274.20 nm 0.31 - -25.30 + 3.85
5.70 pm - 1.79 -25.30 + 4.67

Coarse emulsiopr

Coarse emulsio Nanoemulsion

_

L. innocua

Pure EO Control

W E. coli WL innocua
Nanoemulsion  Coarse emulsion PureEO
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FIGURE 6 (a)Inhibition zones on culture medium containing Escherichia coli and Listeria innocua caused by films containing
nanoemulsions and coarse emulsions. (b) The measured diameter of inhibition zone of two films against E. coli and L. innocua

antimicrobial properties (Chang et al., 2012). The authors explained
their findings by the following hypothesis: nanoencapsulated lipo-
philic antimicrobials would be able to penetrate more easily though
microbial membranes thus leading to an improved bactericidal activ-
ity (Chang et al., 2012). However, there is still insufficient evidence
to explain this interpretation. These apparently contradictory facts
indicate that a significant reduction in droplet size does not neces-
sarily mean an increase in the functionality of EO emulsions because
their antibacterial activity may be determined by the entire deliv-
ery system and its special ability to react with microbial membranes
(Salvia-Trujillo et al., 2015).

As shown in Figure 6a,b, both films (containing nanoemulsions
or coarse emulsions) showed obvious inhibition zones against the
two bacterial strains after 24 hr of incubation. It is worthy to note
that films containing nanoemulsions showed larger inhibition zone
diameters than films containing coarse emulsions. This phenomenon
may be explained by the fact that emulsions have more EO losses
during the process of film formation than nanoemulsions because
a part of TC could not yet be well encapsulated by only HSH used.
However, from an application point of view, the preparation of films
containing microsized emulsions should be sufficient to achieve the

desired antimicrobial activity.

4 | CONCLUSION

Nanosized emulsions were obtained by different combinations of
emulsifiers (sodium caseinate or lecithin) and EOs (TC and citral).
Nanoemulsions containing TC exhibited higher antimicrobial activi-
ties against E. coli and L. innocua than that containing citral irrespec-
tive of the emulsifier used. Moreover, films containing TC emulsified
by caseinate showed interesting antibacterial activity for both na-

nosized and microsized droplets. Thus, the antimicrobial activity of
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nanoemulsions and nanoemulsion-based films was the highest if
the combination TC and caseinate was used. These results are evi-
dence of the potential advantages of emulsions as delivery systems
of EOs as preservatives, but more factors should be considered in
our future studies to evaluate the effect of the type, chemical struc-
ture, and physical properties of EOs on their antibacterial activities.
Particularly, it would be interesting to verify certain hypotheses made
in the present study such as the loss of EOs during the preparation of
the films. This could be done by quantitating EO amounts in the films
as well as evaluating their oxidation. It would also be important to
measure the release kinetics of EOs from emulsions and films and to
follow their diffusion in the pectin film matrices. This should explain
in depth some of the results presented in this article. These results
open up new ways for the use of natural active biomolecules for the
manufacture of food packaging with stable biological activities.
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Summary of Chapter I1I

It is known that combining poor water-solubility carrier oils with hydrophobic
bioactive phases could be able to enhance the physical stability of nanoemulsions by
inhibiting Ostwald ripening. In this study, the impact of different contents of medium-
chain triglycerides (MCT) and long-chain triglycerides (LCT) mixed with trans-
cinnamaldehyde (TCA), as the active oily phase, on the sodium caseinate (CAS)-
stabilized nanoemulsion was investigated. The physical properties of these
nanoemulsions under different pHs, salt concentrations, and temperatures as well as
their antibacterial activity were determined. Results showed that long-term stable CAS-
based nanoemulsions cannot be developed by pure TCA, but they can be obtained by
mixing TCA with MCT or LCT. The improved stability of these nanoemulsions can be
attributed to a reduction of TCA solubility due to the addition of carrier oil, thereby
inhibiting Oswald ripening. In addition, carrier oils were shown to enhance the
physical stability under common pH values, salt concentrations, and thermal
processing. On the other hand, there was no obvious differences between the effects of
the two carrier oils used in this study on the physical stability of nanoemulsions.
Antibacterial testing revealed that nanoemulsions containing carrier oils exhibited
better antibacterial activity than pure TCA. These results are useful for expanding the

application of TCA as food preservative in the food industry.
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ARTICLE INFO ABSTRACT

Keywords:
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Antibacterial activity

In this study, the impact of different contents of medium-chain triacylglycerols (MCT) and long-chain tri-
acylglycerols (LCT) as carrier oils mixed with trans-cinnamaldehyde (TCA) on the properties of sodium caseinate-
stabilized nanoemulsions was investigated. The obtained results showed that the use of a carrier oil improves
significantly the TCA emulsion stability, which can be attributed to a reduction of TCA solubility in the aqueous
phase followed by a decrease of Ostwald ripening. This stability improvement was observed at different pHs (3, 7

and 11), salt concentrations (0-300 mmol/L), and temperature (4, 25, 60, and 80 °C). However, the carrier oil
type (MCT or LCT) did not show any significant effect on the nanoemulsions properties whatever the environ-
mental conditions. Antibacterial testing revealed that the addition of carrier oil increased the antibacterial ac-

tivity of TCA against Escherichia coli and Listeria innocua. These results are useful for expanding the application of
TCA as food preservative in food industry.

1. Introduction

It is well established that food preservation is a great challenge and a
significant concern in the food industries and the most serious concern
of food spoilage remains that of foodborne pathogens. To solve these
problems, synthetic preservatives and chemical antimicrobial agents are
extensively applied in preventing microbial deterioration of food prod-
ucts and increasing their shelf lives. However, given the growing public
concern associated with the use of chemical preservatives, there is an
urgent need to be substituted by natural antimicrobial agents. Several
natural antimicrobial agents, such as essential oils (EOs), lysozyme,
bacteriocins, chitosan and phenolic compounds were applied for food
preservation in different ways (Saced et al., 2019).

Trans-Cinnamaldehyde (3-phenyl-2-propenal, TCA) is the major
constituent of the essential volatile oil extracted from cinnamon, a
traditional flavoring agent. TCA is an aromatic aldehyde regarded as a
“Generally Regarded As Safe” (GRAS) molecule (Adams et al., 2004), In
addition to food applications as a flavoring agent in chewing gums, ice
creams, candies, and beverages, it has been used to provide a cinnamon
flavor to medical products, cosmetics, and perfumes (Shreaz et al,
2016), Over the years, numerous studies have indicated that TCA
possessed brilliant antibacterial activity with broad-spectrum against

* Corresponding author.
E-mail address: adem.gharsallaoui@univ-lyonl.fr (A. Gharsallaoui).
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bacteria, yeasts, and molds, such as Salmoneila spp., Campylobacter
jejuni, Cronobacter sakazakii, Listeria innocua (Doyle & Stephens, 2019a),
Laetiporus sulphureus, Clostridium difficile (Mooyottu et al., 2014) and
Saccharomyces cerevisiae (IMochida et al., 1988). Thus, TCA may act as a
good alternative to synthetic chemical preservatives due to its potential
antibacterial activity and safety. Nonetheless, TCA, in its free form, has a
low water-solubility and it is difficult to introduce this EO into
aqueous-based foods. Moreover, TCA is a volatile compound easily de-
natured at room temperature, which limits its use in food processing (Jo
et al., 2015).

Recently, encapsulation techniques, such as emulsion-based encap-
sulation process, are generally used as delivery systems for EOs.
Particularly, oil-in-water emulsion systems are particularly suitable for
encapsulating these lipophilic bioactive components and the average
size can play an important role in the efficiency of these systems. Indeed,
nanoemulsions may have better physical and chemical stability
compared to conventional emulsions for encapsulating bioactive com-
ponents because of their nanometric size (20-500 nm) and high surface
area (Polychniatou & Tzia, 2018). Thus, nanoemulsion-based systems
can provide many advantages, such as protecting hydrophobic bicactive
agents from chemical degradation, limiting their volatility, increasing
their biological activity, and minimizing the impact on the organoleptic
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characteristics of food products (Donsi et al., 2011). In addition, nano-
emulsions are more kinetically stable than conventional emulsions but
they are more susceptible to Ostwald ripening due to their small droplet
size (McClements & Rao, 2011). As a result, they tend to undergo
physical changes during storage, which may lead to undesirable alter-
ations in appearance, texture, and shelflife of food products. Chen et al.
(2018) showed that nanocemulsions containing pure cinnamaldehyde
encapsulated by whey proteins is not physically stable due to a signifi-
cant change in their size. This phenomenon might be atributed to the
high water solubility of cinnamaldehyde, which causes droplet growth
through Ostwald ripening (Riquelme et al,, 2019), Accordingly, it is
necessary to properly design nanoemulsion-based delivery systems to
ensure that they have good physical stability in different conditions.
Walker et al. (2017) indicated that carrier oil can be incorporated into
the oily phase of nanoemulsions to improve its physical and oxidative
stability. In another study reported by Donsi et al. (2012), the authors
added sunflower oil to the lipid phase to overcome Ostwald ripening of
carvacrol, p-limonene and trans-cinnamaldehyde nancemulsions pre-
pared by high pressure homogenization. In the same context, IMcCle-
ments (2012) developed beverage emulsions by addition of poorly water
soluble oils to inhibit Ostwald Ripening. Walker et al. confirmed (2017)
that the key to enhance the stability of nanoemulsions depends on the
physical properties of the carrier oil, such as viscosity, density, and
water-solubility. For instance, it has been shown that: (i) combining
poor water-solubility carrier oils with hydrephobie bioactive phase, has
been shown to enhance physical stability of nanoemulsions by inhibiting
Ostwald ripening (Julian McClements et al., 2012); (ii) combining
low-viscosity carrier oils with hydrophobic bicactive phase can be used
to reduce the size of nanoemulsion droplets during high-pressure ho-
mogenization (Qian & MeClements, 2011); and (iii) combining carrier
oils containing natural antioxidant or antibacterial agents with hydro-
phobic bivactive phase may endow different bioactive properties
(Meroni & Raikos, 2018).

In order to study, the effect of the chain length of oil carrier, two
different triacylglycercls were used in this work to improve the prop-
erties of TCA oil-in-water nancemulsions: a medium chain tri-
acylglycerol (MCT) and a long chain triacylglycerol (LCT). The used
MCT is typically rich in saturated medium chain fatty acids (Cg.q and
C10:0) and the LCT is derived from the linoleic acid and oleic acid (Cqg.0).
Both carrier oils show low water solubility compared with TCA, and they
can be used to prepare nanoemulsions to inhibit Ostwald ripening. In
addition, the consequences of these structural differences on the sta-
bility of emulsions, and consequentdy on their functional properties,
deserve to be evaluated. Sodium caseinate was selected as emulsifier in
this study because it is one of the most widely used proteins and has
considerable emulsification, gelling and nutritional properties (Choi
et al.,, 2009). The effects of parameters such as pH, ionie strength, and
temperature on the stability as well as on the antibacterial activity of the
nanoemulsions were also compared. The information generated by this
study could be valuable for improving the functional performance and
physical stability of food emulsion systems containing essential oil.

2. Materials and methods
2.1. Materials

Sodium caseinate powder was purchased from Fisher Scientific
(United Kingdom). Protein content in sodium caseinate determined by
the Kjeldahl method was 93.20% (nicogen conversion factor N = 6.38).
A medium chain aiacylglycerol oil (MCT) was purchased from
Gattefossé (Saint-Priest, France). A long chain triacylglycerol oil (sun-
flower oil, LCT) was purchased from a local Market. Trans-cinna-
maldehyde (CA, 99%) was purchased from Sigma-Aldrich (St Quentin
Fallavier, France). The summary of some physicochemical properties of
three different oils are shown in Table 1. Analytical grade sodium
chloride, imidazole, acetic acid, sodium hydroxide, and hydrochloric
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Table 1
General physical properties of TCA, MCT and LCT.

Properties (TCA) trars- MCT LCT (Sunflower
Ginnamal dehyde oil)
Density (g/cm®) 1.05 0.945 0.920
Viscosity (mPa.s) 5.08 22.88 30.68
Interfacial tension 2.70 7.30 10.90
(mll,/m)
Solubility in water 1.42 Insoluble  Insoluble
(mg/100 mL)

acid, were purchased from Sigma-Aldrich Chimie (St Quentin Fallavier,
France). All the solutions were prepared in deionized water.

2.2. Preparation of nanoemulsions

A pre-emulsion was formulated by dispersing the lipid phase (10 g/
100 g) in the continuous phase, which consisted of (1 g/100 g) sodium
caseinate and (89 g/100 g) buffer solution (5 mmol/L acetic acid-
imidazole, 50 mg/100 g sodium benzoate, pH 7). Firstly, the resulting
suspensions were stirted at room temperature until the protein was
completely dissolved. The oily phase (10 g/100 g) and the aqueous
phase (90 g/100 g) were mixed using high-speed homogenization for 5
min under 13 500 1pm to form coarse emulsions. Finally, nanoemulsions
were obtained by passing cearse emulsions through a microfluidizer
(Microfluidies LM20, Microfluidies Corp., Newton, MA, USA) 5 times at
5 % 107 Pa. The PH of the nanoemulsion was then immediately adjusted
to 7.0. Each emulsion was produced in duplicate. All samples were
stored in 100 mL sealed glass bottles atroom temperature in the dark for
physical stability evaluation.

2.3. Effect of carrier oil concentration

The overall oil content of the nancemulsions (TCA and carrier oil)
was kept constant at 10 g/100 g. TCA was mixed with MCT or LCT in
different ratios (100/0, 90710, 70/30, 50/50, 30470 and 0/100, m/m)
under stirring (15 min, 750 1pm). In order to study colloidal stability
under storage, the prepared nanoemulsions were stored for 28 days and
characterized in terms of hydrodynamic size and zeta potential as a
function of time ranging from 1 day to one month.

2.4, Droplet hydrodynamic size and size distribution

Droplet size and size distribution were determined by dynamic light
scattering using a Zetasizer Nano-ZS90 (Malvern Instuments, Worces-
tershire, UK) at fixed angle of 90°. To perform measurement, nane-
emulsions were diluted to an oil droplet concentration around 0.1 wt%
using imidazele acetate buffer to eliminate multiple scattering effects.
After 90 s of equilibrium, each sample was analyzed three times. Then
the average droplet size and polydispersity index (PdI) were obtained.

2.5. Zeta potential ({)

Nanoemulsions were diluted to a concentration around 0.05 wt%
with imidazole acetate buffer to avoid multiple scattering effects.
Diluted samples were transferred to the cell of disposable cuvettes for
electrophoretic mobility measurement (Malvern Instruments, Worces-
tershire, UK). All measurements were performed three times and the
{-potential values were reported as the average of three individual in-
jections (£SD (standard deviation)).

2.6. Nanoemudsion stability to environmental stress
According to preliminary results, nancemulsions containing mixed

oily phase in the ratio TCA/MCT or LCT of 100/0 and 70/30 were
investigated in the remainder of the study. The resultant nanoemulsions
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were referred to as T100, T70M30 and T70L30 according to their oil
compositions. To evaluate the effect of environmental suaess on the
properties of nanoemulsions, different pHs, salt concentrations, and
temperatures were used to mimic scene which might be experienced
during manufacture, cocking or utilization. For each dispersion, droplet
size distribution and ¢-potential of samples were measured.

pH stability: Nanoemulsion samples were adjusted to pH values from
9.0 to 3.0 by adding 1.0 mel/L HCl or 1.0 mol/L NaOH and then stirred
for 20 min to make sure the value of pH stable,

Salt stability: Nanoemulsion samples (pH 7.0) were mixed with
different ratios of NaCl solution and distilled water while continuously
stitring. The final NaCl concentration in the studied nanoemulsions were
0, 50, 100, and 300 nunol/L. Oil content and emulsifier contents after
dilution were 5 g/100 g and 0.5 g/100 g, respectively.

Temperature stability: Selected nanoemulsion samples (pH 7.0) were
heated in a water bath at different temperatures 60 °C and 80 °C for 1 h,
and then cooled down to room temperature prior to analysis. Nano-
emulsions stored in refrigerator (4 °C) and at room temperature (25 °C)
were used as controls.

2.7. Viscosity

Viscosity of nanoemulsions was measured by Viscometers (LP-22,
Brookfield, Canada) at 150 s ! at ambient temperature. Sample volume
(0.5 mL) was kept constant and each measurement was repeated three
times.

2.8. Interfacial tension

The oil-water interfacial tension was measured using an optical
tensiometer equipped with an oscillating drop accessory (Tracker
Teclis/IT Concept, France) at room temperature. In brief, the aqueous
phase was placed in a glass cuvette, and the oil phase was injected into
the aqueous phase using a syringe. The shape of the oil drop formed was
recorded using a high-speed digital camera and the interfacial tension
(mN/m) was calculated using the Tracker Software (Tracker Teclis/IT
Concept, France). According to the density of the oil phase, the rising
drop method or pendant drop method were used. Five different oil
compositions (T100, T70M30, T70L.30, M100 and 1.100) were studied
and the initial volume of the oil drop was ~15 uL. The aqueous phase
contained 0.005 wt% caseinate in imidazole-acetate buffer (pH 7.0). The
test was carried out atroom temperature for 7200 s and each experiment
was run in triplicate.

2.9, Antibacterial activity of nanoemulsions

The “zone of inhibition” assay on solid media was used for the
determination of the antimicrebial effects of nancemulsions against
Listeria innocua (ATCC 33090) and Escherichia coli (ATCC 10536). Strains
were stored at —20 °C in Tryptone Soy Broth (TSB) (Bickar diagnostics,
Beauvais, France) with glycerol (15 mL/100 mL). One milliliter of the
stock culture was transferred to 9 mlL of TSB and incubated for 8 h at
37 °C. Then one milliliter of this pre-culture was transferred in 9 mL of
TSB and incubated for 16 h at 37 °C. After that, pre-cultured bacteria
were diluted in TSB to a final concentration of 10° CFU/mL. One mL of
bacterial suspension was incorporated at 5 mL/100 mL in melted
Tryptone Soy Agar (TSA) and cooled in Petri dishes. A sterilized glass
pipette (6 mm in diameter, Fisher Scientific) was used to make a well in
the TSA Petri dishes inoculated. To maintain the same TCA concentra-
tion, 50 pL, of T70M30 and T70L30 and 35 uL of T100 were placed in
different wells. M100, L100, pure MCT and pure LCT were used as
controls. The Petri dishes were then incubated for 2h at 4 °C for making
nanoemulsion diffusion and then incubated at 37 °C. Inhibition zone
diameter was measured after 24 h and each experiment was repeated
three times.
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2.10. Statistical analysis

All assays were performed at least in wiplicate. The data were pre-
sented as means + standard deviation of different samples. Statistical
analyses were performed using one-way analysis of variance and mul-
tiple comparisons of means were done by Fishers Least Significant Dif-
ference (LSD) test. Statistical significance was defined as p < 0.05.

3. Results and discussion
3.1. Effect of carrier oil content on the properties of TCA nanoemulsions

The mean droplet size and polydispersity index of nancemulsions
containing different ratios of TCA/carrier oil (1000, 90410, 70/30, 50/
50, 30/70 and 0/100) stored during 4 weeks were measured and the
obtained results are reported in Fig. 1. Initially, all nanoemulsions had
relatively small average hydrodynamic particle diameters ranging be-
tween 105.7-211.3 nm, and the lowest droplet size was obtained at the
ratio TCA/LCT of 90,/10. Except for nanoemulsions containing pure TCA
(100/0), the other nanoemulsions have lower PdI value (<0.15) after
one day storage. Low Pdl value indicated that the droplet are narrowly
size distributed. According to Stokes law, the smaller the droplet size
was, the lower the sedimentation or creaming rate was (Para-
skevopoulou et al, 2005). For nanoemulsions containing pure TCA, a
transparent layer was detected in the top of the sample indicating the
movement of the oil droplets to the bottom of the test tube during
storage (data not shown). Results showed that, when the content of
carrier oil was above 30% in the oil phase, caseinate-coated nano-
emulsions eontaining the mixed oil phase can remain stable for a long
time (>28 days), which suggests that they were stable to Ostwald
ripening, coalescence, and floceulation. In fact, it is known that low size
of droplets is more prone to Ostwald ripening during storage, ie.,
diffusion of oil molecules from the smaller to the larger droplets
(McClements et al,, 2012, p.; Wooster et al., 2008). For this reason, it is
possible for small droplets to be produced during homogenization pro-
cess and then grow rapidly during storage. In our case, increased droplet
size and relatively higher PdI value were present in the nancemulsions
containing oil phases with 100% and 90% TCA after two weeks. This is
in agreement with results obtained for nanoemulsions containing pure
thyme oil which was attributed to Ostwald ripening (Chang et al., 2012).
In addition, it is worth noting that, by comparing the PdI values of
nancemulsions containing mixed oil phase of the 70,30, LCT as a carrier
oil showed lower value of PdI than that of MCT, which may be attribute
to the difference in properties between the two carriers. Similar results
were reported by McClements (2012) who concluded that the properties
of the droplets produced during homogenization depends on the vis-
cosity and interfacial tension of the lipid phase.

Compared to nanoemulsions containing TCA, the improved stability
observed after addition of a carrier oil could be attributed to a decrease
in the solubility of the oily phase causing a drop in Ostwald ripening. In
fact, TCA is slightly soluble in water (Seraj & Seyedarabi, 2019), while
MCT and LCT have a relatively low water-solubility. Thus, the carrier oil
can act as a ripening inhibitor through an entropy of mixing effeet
during homogenization (McClements et al, 2012). Density of oil is
another factor that may affect the formation and stability of nano-
emulsions. In fact, TCA has a higher density (1050 kg m 3y than water
(997 kgm ?) at 25 °C, while MCT (945 kgm ) and LCT (920 kgm %)
have a relatively lower density than water. The density of the mixed oil
phase could be consequently close to that of the water phase which can
reduce droplet creaming and sedimentation during long time storage. In
addition, strong electrostatic repulsions between caseinate coated oil
droplets is another important factor of nanoemulsien stability. On the
other hand, the mean particle diameter of nanoemulsion increased with
increasing camrier oil content in the organic phase, which could be
probably attributed to the decreased diffusion of TCA from the oil
droplets, resulting in an increase of particle diameter after
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Fig. 1. Effect of MCT or LCT content on particle size (a and b) and polydispersity index (¢ and d) of sodium caseinate stabilized TCA nanoemulsions as a function of
storage time, Samples with different uppercase superscripts (A-E) differ significantly (p < 0.05) when different nanoemulsions are compared at the same storage
time; Samples with different lowercase superscripts (a—f) differ significantly (» < 0.05) when the same nanoemulsions are compared at different storage times.

homogenization.

To further explore the effect of the properties of carrier oil on the
stability of nanoemulsions, the viscosity of nanoemulsions containing
mixed oil phases in the ratio 100/0 and 70/30 were investigated
(Fig. 2a). According to the resultsreported in this figure and measured at
22 °C, pure LCT showed highest viscosity (30.68 mPa s), while pure TCA
showed the lowest one (5.08 mPa s) and the mixtures TCA/MCT and
TCA/LCT showed intermediate viscosity values (V.56 mPa s and 9.87
mPa s, respectively). Therefore, the addition of carrier oil significantly
increased the viseosity of the oily phase. As stated by Qian et al. (2011),
the increased viscosity could improve stability of nancemulsions, but
their droplet size will be slight increased, which was consistent with our
previous results (Fig. 1). Iig. 2b showed the interfacial tension reduction
kinetics between different oily phases and sodium caseinate aqueous
solution. Whatever the oily phase composition, the interfacial tension
decreased over time, which can be atwibuted to the adsorption of
caseinate molecules to the cil-water interface. Pure LCT and pure MCT
showed that the equilibrium interfacial tensions were relatively high
(around 10.9 mN/m and 7.3 mN/m, respectively), while pure TCA
showed an equilibrium interfacial tension around 2.7 mN/m. This result
can be attributed to the difference in pelarity between TCA, LCT and
MCT. Interestingly, the equilibrium interfacial tensions of the two mixed
oil systems showed almost the same equilibrium interfacial tensions
than that of pure TCA, suggesting that the interfacial tension between oil
and water was mainly dependent on the presence of TCA. Similar results
were found by Chen et al. (2018) as well as Felix et al. (2019). Indeed,
Chen et al. (2018) found that, in the presence of TCA, the surface of the
oil droplets stabilized by whey protein became erinkly, while the shape
of the oil droplets without TCA did not change. This result indicates that
TCA has the ability to improve the adsorption of caseinate to the oil/-
water interface, resulting in smaller size oil droplets after homogeniza-
tion (Fig. 1).

As shown in Fig. 3, the {-potential of the nanoemulsions containing
the two different carrier oils were measured within 4 weeks. At the first
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day, all nancemulsions had a relatively high negative surface potential
(—50 to —30 mV), which can be attributed to the fact that the aqueous
phase pH (7.0) during the preparing process was above the isoelectric
point of the caseinate molecules (Wang et al., 2019). As described by
Lieberman and Rieger (2008), when the absclute value of {-potential is
greater than 25 mV, the electrostatic repulsions are high enough to
maintain good colloidal stability of the prepared emulsion. Thus, it
could be deduced that the presence of caseinate could provide high
repulsive forces between the droplets to have good physical stability
whatever the oil composition. However, the surface potential of oil
droplets changed significantly after one week, especially for nano-
emulsions containing pure TCA or a low amount of carrier oil (T90M10
and T90L10), which could indicate a change in the interface composi-
tion and/or structure.

Except for the system containing pure TCA (TCA100), the {-potential
of the nanoemulsions became more negative with increasing carrier oil
content, which means that the electrostatic repulsions between oil
droplets are more intense when the carrier oil content was increased.
Several different physicochemical mechanisms might account for the
observed changes in surface charge of nanoemulsions. Firstly, the
composition and structure of the adsorbed caseinate layer may depend
on the properties of the oil phase (such as size, polarity and viscosity),
which could indirectly change their surface potential (li Zhai et al,
2013). Secondly, there is a hypothesis that TCA may have chemically
reacted with the adsorbed caseinate due to the presence of an aldehyde
group in TCA molecules generally used as a cross-linking agent (IMarin
et al., 2014), and then changed their structure and electrical charac-
teristics. Thirdly, there may be charged surface-active impurities in TCA,
MCT and LCT that may affect the electrical properties of the droplets.
Finally, as stated by Zhu (2017), cinnamaldehyde can rapidly be
oxidized to cinnamic acid (Fig. 1. Supplementary data) during storage.
Thus, the presence of cinmamic acid can affect the environmental
properties, like pH, and then affect the £-potential of caseinate coated
droplets.
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Fig. 2. Viscosity of five different oil compositions (a) and interfacial tension over time of five different oil compositions in the presence of 0.005 wt% sodium

caseinate in the aqueous phase (h).

To explore this perspective, five nanoemulsions containing different
oil mixtures (T100, T70M30, T70L30, TOM100 and TOL100) were
selected and the pH of each sample was measured within 4 weeks
(Fig. 4). The pH of nanoemulsions containing pure TCA or mixtures of
TCA and carrier oils decreased with storage time, while the pH of
nancemulsions containing pure carrier oils (MCT and LCT) remained
unchanged. This result can also explain the fact that the zeta potential of
nancemulsions containing high contents of carrier oil was relatively
stable (Fig. 3). Interestingly, compared to pure TCA nanoemulsions, the
nancemulsions centaining mixed oil phase (T70M30 and T70L30)
appeared to be able to slow down the pH to the same extent after three
weeks, In addition, LCT as carrier ol in nanoemulsions exhibited more
ability (p < 0.05) to change the pH than MCT as carrier oil. This result
can be explained by comparing the changes in PdI values of TZ0M30 and
T70L30 as a function of time (Fig. 1c and d). In fact, a significant in-
crease of PdI value was found when MCT was used as carrier odl after one
week, while the PdI of T70L30 nanoemulsions remained stable. These
effects may therefore depend on the physical properties of carrier oils.
Similar tendency was also reported by Walker (2017) who found that the
oxidation rate of fish oil was dependent on the carrier oil type.
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3.2, Physical stability of nanoemulsions against environmental stress

Caseinate stabilized nanoemulsions are especially sensitive to envi-
ronmental conditions which could affect their physical stability. The
main three influencing parameters are pH, jonic swength, and temper-
ature whose effects have been studied in the following sections.

pH stability: Three different pHs (3.0, 7.0 and 11.0) were used to
study the effect of pH on the stability of nanoemulsions (Fig. b). As
shown in Fig. ba, no significant difference was found in particle size of
the three samples prepared at different pH values. For droplet size dis-
tribution, nanoemulsions containing mixed oil phases showed very low
PdI values indicating that they were highly concentrated, while nano-
emulsions containing pure TCA showed very high PdI values in each pH
condition. In fact, as the pH increased from 3.0 to 11.0, the particle size
of the three nancemulsions slightly increased. This may be attributed to
the electrostatic repulsion forces among amino and carboxyl groups of
caseinate (Lovett et al,, 2015). On the other hand, aqueous pH isrelated
to the solubility of caseinate which will affect the particle size distri-
bution of nanoemulsions after homogenization. As stated by Mezdour
et al, (2008), the increase of the caseinate solubility allows to form
thicker adsorption oil-in-water layer. The ¢-potential of the droplets in
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these emulsions was also evaluated (Fig. 5b). For all samples, the {-po-
tential showed the similar trend and changed from positive to negative
as the pH changed from 3 to 9, which can be attributed to the fact that
the isoelectric point (Ip) of caseinate is around 4.5. The results are
consistent with our previous studies that have shown that
caseinate-coated oil droplets are highly unstable and aggregate in the
vicinity of this pH (Wang et al, 2019). This result also showed that
f-potential of emulsions mainly depends on the caseinate whatever the
composition of the oily phase.

Tonic force: Nancemulsions can be used as delivery systems in some
food matrices containing different salt concenaations, and therefore it is
important to verify the effect of ionic strength on droplet stability. Thus,
the effect of different NaCl concentrations on the mean particle diameter
and {-potential of nanoemulsions was examined (Fig. ©6). All nano-
emulsions showed an increase of the droplet size and PdI when NaCl
concentration was increased for 0-300 mmol/L, especially for nano-
emulsions containing pure TCA (p < 0.05, significandy). For nano-
emulsions containing mixed oily phases, addition of low content of salt
(<200 mmol/L) to the nanoemulsions caused litte changes in the mean
particle diameter after homogenization, but addition of higher salt
content promoted a certain degree of droplet aggregation (p < 0.05).
This droplet aggregation observed at higher salt concentrations is due to
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a reduction in the electrostatic repulsion between the protein-coated
droplets caused by electrostatic screening and ion binding effects.
Similar phenomeneon was found upen addition of NaCl to p-lacto-
globulin-stabilized emulsions (Qian et al., 2011). Moreover, our results
showed that, in the presence of NaCl, the droplet size of nanoemulsions
containing pure TCA turned to bimedal distribution (two peaks in one
curve, data not shown), while the particle size distributions of nano-
emulsions containing mixtures of TCA and carrier oil remained mono-
modal, though their peak shapes and locations were changed slightly.
Thus, addition of carrier oil can prevent the emulsions to form bimodal
distributions, which was consistent with the results obtained by Zhao
et al. (2015). This phenomenon can be attributed to the fact that an
increase in particle size leads to an increase in the rate of creaming of
droplets in nancemulsions (Paraskevopoulou et al, 2005). Fig. 6b
showed that the ¢-potential of nanoemulsions was significantly affected
by ionic strength. All samples showed a decrease trend when the NaCl
concentration was increased suggesting an accumulation of counter-ions
around oil droplets surfaces screening caseinate charged groups
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preventing repulsions between oil droplets (Oztirk, 2017).
Temperature stability: In many commercial applications, it seems
important that emulsions can withstand high temperatures during their
production, storage or use. For this reason, the effect of heating treat-
ments (60 °C and 80 °C) on the stability of nanoemulsions was exam-
ined, and 4 °C as well as 25 °C were used as control (Fig. 7). With the
exception of pure TCA-containing nancemulsions treated at 80 °C, all
other nanoemulsions appeared to be relatively stable to heat reatment
and showed a unimodal particle size diswibution (Fig. 7a). This could be
atwibuted to the good thermal stability of caseinate-coated droplets
owing to their relatively high negative charge at pH 7, which led to
sronger electrostatic repulsions between them. Meanwhile, caseinate
stabilized emulsions generally have better stability during heating,
because of the protein structure which dees not affected by the heat-
induced econformation changes as for globular proteins (Srinivasan
et al.,, 2002). For nanoemulsions containing pure TCA, a slight increase
in size was observed at 60 °C, but when the heating temperature was
increased to 80 °C, the size increased significantly (p < 0.05). After
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heating, the ¢-potential of nanoemulsions were also measured. Accord-
ing to Fig. 7b, there was no significant change in the {-potential for all
nanoemulsions upon thermal treatments, suggesting that heating did not
strongly influence the overall composition or soucture of the caseinate
coatings. The extreme condition may affect the physical stability of the
nanoemulsion, however, MCT oil and LCT oil as carrier oils into the oil
phase showed better tolerance than pure TCA.

3.3. Antibacterial activity of naneemulsions

Nanoemulsions were studied for their antibacterial activity against a
Gram-positive (Listeria innocua) and a Gram-negative (Escherichia colf)
bacteria. Based on the same TCA content, three nanoemulsions (T100,
T70M30 and T70L30) were added to each well of the bacterial-
containing medium, and the same formulation without TCA as a con-
trol. Inhibition zones of nanocemulsions on medium containing bacteria
after 24 h is shown in Fig. 8a. The three nanoemulsions showed clear
inhibition zones against the two bacteria, whereas the control without
TCA showed no inhibition zones. The size of the inhibition zones was
measured by the software Image J (Mational Institutes of Health, USA)
and the obtained values are shown in Fig. 8b. The antimicrobial activity
of TCA is attributed to its aldehyde functional group and the antibac-
terial mechanism of TCA is probably due to the increase in permeability
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of bacteria cell wall (Doyle & Stephens, 2019D). As stated by Weiss et al.
(2009, pp. 425-479), encapsulation of TCA at the naneoscale could in-
crease the physical stability of bicactive compounds and increases their
bioactivity through activation of cell absorption mechanism. In addi-
tion, there was no significant disparity between antimicrobial activity of
nanoemulsions containing MCT and LCT as carrier oils, but these two
nanoemulsions exhibited larger inhibition zones than nanoemulsions
containing pure TCA (p < 0.05). This phenomenon can be attributed to
the fact that the addition of a carrier oil increases emulsion stability
during storage, which can further increase its biclogical activity.
Another reason may be considered to explain this result, is that nano-
emulsions containing pure TCA may loss a small amount of TCA,
because TCA is volatile and subject to oxidation. Meanwhile, the size of
inhibitien zones can be affected by several parameters, such as the
amount of nancemulsion, the spread area of nancemulsions, the
mechanism of TCA release, the number of bacteria in the medium, and
the time of measuring inhibition zone. As far as possible, we have tried
in this work to keep all these parameters constant and to vary only the
composition of the emulsion in order to detect the effect of the carrier
oil,



W. Liao et al. LWT 146 (2021) 111655
Fig. 7. The effect of temperature on particle size
(a) and C-potential (b) of caseinate-stabilized
(a) =4°C v 25¢eC 60°eC 80°C nanoemulsions containing different oily phases.
300 - The italic number above each bar refers to the Pdl
value. Samples with different uppercase super-
seripts (A-D) differ significantly (p < 0.05) when
250 A T the same nanoemulsiona are compared at different
— Ba pj temperatures; Samples with different lowercase
g 200 A ;E T T superscripts (a-c) differ significantly (p < 0.05)
e A “ Ab Ab when the different nanoemulsions are compared at
g"o 150 4 = NN Ab Ab Ac Ab Bb Ab = = the same temperature.
o =::»Q\\ = Py il ==\
2 N =N
T 100 - NN NN
R EN =
=\§‘}\ =N\
50 1 =\\\ \\Q — \S
\A
0 +—=—AN : =\\\x\ ; =‘\Q‘ N :
T100 T70/M30 T70/L30
Qily phase
b
( ) T100 T70/M30 T70/L30
O — 1 1 — x J
— _ %
— NN
10 4 = =>
: \
=50 NN
< N
b= AN
< 30 4
i =
=] \
c 40 1 R
k3 ABb aABh ABb Ab
N
50 4 Ca agy BCa aa Ba
.60 4
=49 w25eC 60¢°C 802eC

Oily phase

4. Conclusions

This study compared the ability of two different carrier oils to
improve the properties of emulsions containing trans-cinnamaldehyde
and stabilized by sodium caseinate. The influence of the oil type and
content on the physical stability of nanoemulsions was investigated
under different pHs, salt concentrations and temperature as well as their
antibacterial activity against two common gram-positive and gram-
negative bacteria. The analyses revealed that stable caseinate-coated
nanoemulsions are difficult to formulate using pure TCA. However,
nanoemulsions containing TCA mixed with carrier oil could keep stable
for a relatively long period, especially when LCT is used as carrier oil.
This stability improvement can be attributed to a reduction of TCA
diffusion in the aqueous phase and an inhibition of Ostwald ripening.
Antibacterial effect revealed that, compared to nanoemulsions con-
taining pure TCA, the activity of nanoemulsions containing mixtures of
TCA and carrier oils exhibited better antibacterial activity against
Escherichia coli and Listeria innocua. The development of these nano-
emulsions is in line with the growing interest of the food industry and
consumers in using products based on natural substances and the
incorporation of carrier oils into nanoemulsion-based systems contain-
ing TCA is a promising technique that can extend the shelf life of
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perishable foods.
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Summary of Chapter IV

Unlike proteins can be adsorbed at the oil-water interfaces, most polysaccharides
such as pectin, xanthan gum, alginate, Arabic gum, etc. have little inherent surface
activity because of their relatively high hydrophilicity. The purpose of the present article
was to study if anionic polysaccharides (LMP) could be used to improve physical and
chemical stability of protein-based nanoemulsions at neutral pH. Our previous studies
conducted by using isothermal titration calorimetry have indicated that no significant
interactions were found at pH 7.0 between CAS and LMP. The effect of different
concentrations of LMP on lipid oxidation and physical stability of CAS stabilized
nanoemulsions under neutral pH was investigated. Results indicated that the addition
of LMP at low concentration had no effect on the average size of nanoemulsions, but a
slight size increase and phase separation were observed at higher concentrations of
pectin. In addition, the presence of pectin could improve the physical (especially
against high salt concentrations and freeze-thaw cycles) and chemical stability
(inhibition of lipid and protein oxidation) of caseinate-stabilized nanoemulsions,
depending on its concentration. This research could be interesting for the formulation

of beverage emulsions with improved physical and chemical properties at neutral pH.
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The effect of different concentrations of low methoxyl pectin (LMP) on lipid oxidation and physical stability of
sodium caseinate (CAS) stabilized nanoemulsions under neutral pH was investigated. The addition of pectin at
low concentration (< 0.10 wt%) had no significant effect on the average size of nanoemulsions, but a slight size
increase and phase separation were observed at higher concentrations of pectin (> 0.25 wt%). This result sug-
gests that LMP can not adsorb at the oil/water interfacial CAS membrane at neutral pH. However, in the presence

of LMP, the physical stability of nanoemulsions against high salt concentrations and freeze-thaw cycles was
significantly enhanced. Moreover, nanoemulsions containing pectin have a better ability to inhibit lipid and
protein oxidation than nanoemulsions without pectin after 3 weeks, and the lowest lipid hydroperoxide content
was observed for nanoemulsions containing 0.25 wt% pectin.

1. Introduction

Over the last few years, substantial efforts have been concentrated on
incorporating biologically active compounds into food formulations to
endow food products with more functional properties. In addition, there
is a great interest to produce delivery systems containing different types
of natural lipophilic bioactive ingredients, such as carotenoids, phytos-
terols, vitamins, and essential oils [1]. Nevertheless, there are many
technical challenges to overcome such as low water solubility, chemical
instability, and sensitivity to oxidative degradation of lipophilic com-
pounds during production and storage. Fortunately, most of these
problems can be successfully solved by encapsulation technologies.
Among these technologies, nanoemulsion-based encapsulation systems
have been widely used to achieve these goals, such as protecting
bioactive compounds, delivering active molecules to target sites,
increasing bioavailability, and extending their shelf life...[2]. Indeed,
compared with the conventional emulsions, nanoemulsion-based sys-
tems exhibited better functionality, such as enhanced protection,
increased stability and improved bioavailability of bioactive com-
pounds, due to their nanometric size (20-500 nm) and high surface area
[3]. Moreover, nanoemulsions are kinetically stable systems which are
more stable to gravitational separation, coalescence, and flocculation

* Corresponding author.
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than conventional emulsions, but they are more prone to Ostwald
ripening due to their small droplet size [4] and generally narrowly size
distributed.

The encapsulating wall material needs to be carefully selected,
usually edible and inexpensive, especially in the food industry [1]. At
present, many encapsulation systems based on synthetic polymers have
been established and explored. However, some food safety issues may
arise because the preparation of these polymer-based synthetic micro-
capsules may involve the use of toxic organic solvents [5]. Thus, it is
increasingly necessary in the food industry to replace synthetic emul-
sifiers with natural ones. Proteins and polysaccharides as natural bio-
polymers have been applied in food industries. Particularly, many types
of food proteins, such as walnut protein [6], legume protein [7], whey
protein [3,9], soy protein [10,11], casein proteins [10,12], etc., have
been well studied as wall materials for encapsulation systems due to
their commercial availability, film-forming, and excellent amphiphilic
properties. Among them, casein proteins, which are generally sold
industrially in the form of sodium caseinate (CAS), have been widely
used as commercial emulsifiers in the food industry [ 13]. CAS has rather
flexible structure and composed of a soluble mixture of four different
proteins, a(s1)- and a(s2)-caseins, P-casein, and k-casein. As a result,
they can be rapidly adsorbed by reducing the surface tension at the
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oil—water interface and form thick interfacial films during the emulsi-
fication process [14,15]. CAS was also reported to be effective in pro-
tecting emulsified oils from oxidation due to its unique iron chelating
properties [10]. Antioxidant proteins could slow down the oxidation of
lipids in food, but during this process they are usually self-oxidized [16].
Meanwhile, the products of lipid oxidation generally could in turn
promote the oxidation of proteins [17]. These changes typically result in
modifications of the functional properties of proteins like their emulsi-
fying ability [8] and preduce toxic reaction products [18]. Therefore, it
is necessary to simultaneously inhibit the oxidation of 1ipids and that of
proteins in food emulsions.

Unlike proteins can be adsorbed at the oil-water interface, most
polysaccharides such as pectin, xanthan gum, alginate, Arabic gum, etc.
have little inherent surface activity because of their strong hydrophi-
licity [19,20]. Nevertheless, under the conditions that proteins and
polysaccharides have opposite charges, they can be adsorbed on the
surface of protein-encapsulated oil droplets through electrostatic in-
teractions. Zhang et al. [12] investigated the effect of pH on emulsions
stabilized by chitosan and casein and their results indicated that emul-
sification pH range of casein could be effectively expanded as the non-
covalent protein-polysaccharide complexes formed by electrostatic at-
tractions between casein and chitosan. Zang et al. [20] investigated the
effect of different anionic polysaccharides on the properties of rice bran
protein-stabilized emulsions and they found that the resistance of
emulsions to environmental stresses (salt, pH) was significantly
improved. On the other hand, even if the polysaccharide has the same
charge as the protein, the polysaccharide can act as an emulsion stabi-
lizer by forming an extended network, thereby affecting the viscosity of
the continuous phase [6]. Khalloufi et al. [9] demonstrated that flaxseed
gum is a non-interacting polysaccharide at neutral pH when mixed with
whey protein isolate stabilized emulsions and there was no visible phase
separation at low addition levels. Zhang et al. [21] developed almond
proteins and camellia saponin based emulsions at pH 7. They found that
the formation of lipid oxidation products was significantly lower in the
almond protein stabilized emulsions containing camellia saponin, even
though both the protein and the surfactant were negatively charged
[21]. In this regard, many studies have begun to focus on the use of
emulsifier blends to improve the emulsification effect and functional
properties by combining the properties of many functional molecules.
Particularly, based on electrostatic interactions between anionic poly-
saccharides and positively charged proteins below their isoelecric point
(pD), the benefits of polysaccharides as an adsorbable layer in protein-
stabilized emulsions have been widely reported [6,22]. On the other
hand, when the pH of the emulsions is higher than the pI of protein
emulsifiers, anionic polysaccharides cannot be adsorbed on the emul-
sion as a protective layer due to the electrostatic repulsions. Several
studies have suggested that unadsorbed polysaccharides can also
improve the stability of protein-stabilized emulsion and enhance its
nutritional value [9,21]. Nevertheless, there are still few reports on the
influence of unadsorbed polysaccharides on the physicochemical prop-
erties of protein-stabilized emulsions.

The purpose of the present article was to study if anionic poly-
saccharides could be used to improve physical and chemical stability of
proteins nanoemulsions at neutral pH. Our previous study has indicated
that no significant interactions were found at pH 7.0 between sodium
caseinate and pectin by isothermal titration calorimewy [23]. Thus,
sodium caseinate (CAS) and low methoxyl pectin (LMP) were selected as
emulsifiers and stabilizers in this study to prepare nanoemulsions at pH
7.0. To achieve this goal, the effects of LMP concentration on particle
size distribution, zeta potential ({-potential), creaming behavior,
microstructure, and environmental stresses (salt addition, heating,
freeze-thaw) of CAS stabilized nanoemulsions were measured. More-
over, the encapsulated lipid and protein oxidation was also evaluated.
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2. Materials and methods
2.1. Materials

Sodium caseinate (CAS) powder with 93.20% protein content
(determined by the Kjeldahl method, N = 6.38) was purchased from
Fisher Scientific (United Kingdom). Low methoxyl pectin (LMP, esteri-
fication degree from 22% to 28% and acetylation degree from 20% to
23%) with 81.21% carbohydrate content was bought from Cargill
(Baupte, France). Corn oil, trichloroacetic acid (TCA), thiobarbituric
acid (TBA), 1,1,3,3-tetraethoxypropane, cumene hydroperoxide,
ammonium thiocyanate, ferrous chloride, imidazole, acetic acid, sodium
azide, sodium hydroxide, and hydrochloric acid were purchased from
Sigma-Aldrich Chimie (St Quentin Fallavier, France). All the solutions
were prepared in deionized water.

2.2. Preparation of oil-in-water (O/W) nanoemulsions

Imidazole-acetate buffer solution was prepared by dispersing 5 mM
imidazole and 5 mM acetic acid in deionized water, and then adjusting
the pH to 7.0 with 1 M NaOH. Stock soclutions were prepared by
dispersing separately 2.0 wt% CAS and different amounts of LMP into 5
mM imidazole-acetate buffer (pH 7.0) and stirring overnight at 4 °C to
ensure complete hydration. The pH of the two stock solutions was
adjusted to 7.0 before use.

Firstly, continuous phases were prepared by mixing 2.0 wt% CAS and
0.0, 0.1, 0.2, 0. 5, or 1.0 wt% LMP stock solutions in a ratio of 1:1 at pH
7. Then, oil-in-water coarse emulsions were formulated by mixing 10 wt
% corn oil and 90 wt% emulsifier aqueous solution by high-speed he-
mogenization (IKA, Staufen, Germany) under 13,500 rpm for 5 min.
Finally, nanoemulsions were obtained by passing coarse emulsions
through a microfluidizer (Microfluidies LM20, Microfluidics Corp.,
Newton, MA, USA) 5 times at 5 x 107 Pa. The pH of the nancemulsions
was then immediately adjusted to 7.0. Sodium azide (0.02% final con-
centration) was added into emulsions to prevent microbial growth [24].
All nanoemulsions were stored in 100 mL sealed glass bottles at room
temperature in the dark for three weeks. The hydrodynamic particle size
of nanoemulsions as a function of time was recorded.

2.3, Droplet hydrodynamic size and size distribution

The hydrodynamic particle size (nm) and size distibution were
determined by dynamic light scattering using a Zetasizer Nano-ZS90
(Malvern Insouments, Worcestershire, UK) at a fixed angle of 90°. To
eliminate multiple scattering effects, nanoemulsions were diluted to a
droplet concentration around 0.1 wt% by 5 mM imidazole acetate buffer
(pH 7.0). After 90 5 of equilibrium, each sample was analyzed at least
three times. Then the average droplet size and polydispersity index (PdI)
were obtained.

2.4, Zeta potential ()

To avoid multiple scattering effects, the nanoemulsions were diluted
to a concenwation of around 0.05 wi% in imidazole acetate buffer.
Diluted samples were ransferred to the zeta potential cell for electro-
phoretic mobility measurement using a Zetasizer Nano-Z590 (Malvern
Instruments, Worcestershire, UK). All measurements were performed at
least three times and the measured electophoretic mobilities were
converted to Smoluchowski's {-potential values via integrated software
as the average of three individual measurements.

2.5, Creaming stability measurement
The creaming index can provide indirect information about the

extent of droplet flocculation and aggregation in emulsion systems.
Firstly, 10 mL of each nanoemulsion were transferred into a cylindrieal
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Fig. 1. Effect of pectin concentration on the mean particle size (A), zeta potential, creaming stability (B}, visual appearance and microscopic structure (C) and

viscosity (D) of caseinate stabilized nanoemulsions at pH 7.

test tube (inner diameter 1 cm, height 10 cm), tightly sealed with a
rubber cap, and then stored at room temperature. If phase separation
accurred, emulsions will be separated into an optically thin “creamed”
layer at the top and a transparent (or turbid) ‘serum’ layer on the bottom
during storage. The total height of the emulsions (HE) and the height of
the serum layer (HS) were measured [25]. The creaming index (CI) was
calculated as follows (Eq. (1)):

HS,
HE1e0

CI(%)

1)

2.6, Viscosity measurenernts

The apparent viscosity of nanoemulsions was measured by a dy-
namic shear rheometer (Anton-Paar MCR 302, Graz, Austria) with a 40
mm parallel stainless-steel plate. The nanoemulsions were wansferred to
the platform, and the gap between the plate and the platform was
adjusted to 1 mm. After equilibrating for 5 min at 25 °C, the interfacial
viscosity measurement was carried out for a shear rate ranging from
0.01 to 100 5 !, The flow data obtained was fitted with the Herschel-
Bulkley model by Origin 8.0 software (Originlab, MicroCal, USA).

2.7. Nanoemulsion stability to enviroranenial stress

2.7.1. Heating stability

10 mL of each nanoemulsion were transferred into a cylindrical test
tube and then placed into water bath under 100 °C. After heating for 15
min, 30 min and 60 min, they were taken out and then cocled down to
Toom temperature before measuring droplet size distribution.
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2.7.2. Freeze-thaw stability

Nanoemulsion samples were transferred into 15 mL cenaifuge tubes
and incubated in a — 20 °C freezer for 24 h. After incubation, the
samples were thawed by incubating them in a water bath at 40 °C for 2
h. This freeze-thaw cycle was repeated from O to 3 times and the droplet
size distribution of each nanoemulsion was recorded.

2.7.3. Salt stability

Nanoemulsions containing 0.1 wt% LMP was mixed with different
ratios of NaCl solution under continuous stirring. The final NaCl con-
centrations of the studied nanoemulsions were 0, 50, 100, 200 and 300
mM. Lipid, CAS and LMP content after dilution were 5.00 g/100 g, 0.50
g/100 g and 0.05 g/ 100 g, respectively. The droplet size and zeta po-
tential of these samples were measured. Meanwhile, the microstructure
of the nanoemulsions was observed using conventional optical micro-
scopy (DM2000, Wetzlar, Germany). Magnetic stirring is required
before analysis to ensure that the nancemulsions were homogeneous.

2.8. Lipid and protein oxidation measuremernts

According to the method of Zhu et al. [26], the nanoemulsions were
incubated at 45 °C in the dark for 21 days to accelerate the oxidation.
The degree of the lipid oxidation in these nanoemulsions was taken out
periodically to evaluate the formation of primary (lipid hydroperoxides)
and secondary (2-thiobarbituric acid reactive substances, TBARS)
oxidation products. In addition, fluorescence spectroscopy was used to
evaluate the impact of oxidation on the tertiary structure of CAS by
means of wyptophan loss [27].
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2.8.1. Primary reaction products (lipid hydroperoxides)

For the lipid hydroperoxide analysis, 0.3 mL of each nanoemulsion
sample was mixed with 1.5 mL of an isooctane: 2-propano] mixture (2:1,
v/v) to extract the oil phase and then, vortexed for 1 min. Thereafter, the
mixed solution was centrifuged at 2000 g for 5 min and the organic
solvent phase was collected. Two hundreds pL of the organic phase were
subsequently mixed with 2.8 mL of a methanol:1-butancl mixture (2:1,
v/v), followed by the addition of 50 pL of 3.94 M ammonium thiocya-
nate and 50 pL of 0.132 M ferrous iren solution. After 20 min, the
absorbance of the mixtures was measured at 510 nm using a UV-visible
specrophotometer (Mettler Toledo, Columbus Ohio, USA). The con-
centration of lipid hydroperoxides was calculated based on a standard
curve prepared with cumene hydroperoxide.

2.8.2, Secondary oxidation products (TBARS)

For the TBARS analysis, 1.0 mL of each nancemulsion was mixed
with 2.0 mL of TBA reagent (formulated by mixing 15 g of tichloro-
acetic acid, 0.375 g of thiobarbituric acid (TBA), 1.76 mL of 12 M hy-
drochloric acid, and 82.9 mL of distilled water) in glass test tubes with
screw caps and then vortexed for 1 min. These mixtures were then
transferred in a boiling water bath for 15 min, cooled to room temper-
ature for 10 min, and then mixed with 3 mL chleroform under stiring
for 1 min. After centrifugation at 3000 rpm for 15 min, the supernatant
was collected. The absorbance of the samples was measured at 532 nm
using a UV-visible spectrophotometer. The concentration of TBARS
formed during storage was calculated based on a standard curve pre-
pared with 1,1,3,3-tetraethoxypropane.

2.8.3. Protein oxidation measurements

Ten uL of each nanoemulsion were diluted in 2 mL of 10 mM phos-
phate buffer (pH 7) and then placed in a 4 mL quartz spectoflucrometer
cell for analysis using a fluorescence spectrophotometer (Agilent, Santa
Clara, USA). The excitation wavelength was 290 nm based on pre-
liminary experiments, which showed that the oxidation of the protein
decreased the fluorescence intensity, but did not change the maximum
emission wavelength. Emission spectra of tryptophan were recorded ina
wavelength range from 300 to 400 nm at a scanning speed of 5 nm/s.

2.9, Statistical analysis

All experiments were carried out in triplicate. Statistical analyses
were performed utilizing a software package (SPSS 17.0, SPSS Ine,,
Chieago, IL, USA). Data are reported as means + standard deviations,
and the mean values of lipid oxidation were compared using Duncan's
multiple-range tests to identify significant differences (p < 0.05).

3. Results and discussion
3.1. Effect of pectin concentration on the properties of nanoemulsions

To investigate the effect of adding LMP on the properties of CAS
stabilized nanoemulsions at neutral pH, 2.0 wi% CAS solution was
mixed with different concentrations of pectin to obtain nanoemulsicns,
and pH was then adjusted to 7.0. Fig. 1A depicts the particle size dis-
tribution and pelydispersity index (PAD) of nancemulsions. All nano-
emulsions exhibited submicron size ranging from 273 nm to 324 nm
with monomedal size distribution and the lowest diameter was obtained
for pectin free nanoemulsions. The addition of 0.05 and 0.10 wt% pectin
has no obvious effect on the average diameter of the nanoemulsions.
These results also confirm no adsorption of pectin on the surface of the
oil droplets. In fact, the average hydrodynamic size of the formulated
nanoemulsions measured by Dynamic Light Scattering was almost
constant. Similar result tendency was observed in the case of wheat
protein-coated emulsion after addition of pectin and xanthan gum [22].
However, as the pectin concentration increased from 0.1 to 0.5 wt%, the
average size of nanoemulsions showed slight increase, which can be
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attributed to a slight flocculation that occurred in the original samples.
In fact, the excess of free pectin in the medium could reduce poly-
saccharide adsorption which promote the flocculation of nancemulsions
via depletion process. Under neutral pH, increased size was also
observed for nanoemulsions stabilized by soybean lipophilic protein as
the concentration of hypromellose was increased [ 28]. Another possible
explanation is that some anionic polysaccharides are able to adsorb on
the surface of protein coated droplets even at neutral pH. Qiu et al. [22]
reported that xanthan gum appeared to be capable of adsorbing to
protein-coated droplet surfaces at neutral pH, where both are smwongly
negatively charged.

Surprisingly, an opposite result was observed in the case of oval-
bumin stabilized oil-in water emulsions after addition of xanthan gum
[29]. These results showed that at pH 7, the average particle size of
prepared emulsions gradually decreased as the concentration of xanthan
gum increased in the medium. These apparently contradictory results
may be related to the used emulsifier, the type of polysaccharide, the
formulation, and the emulsion preparation method. Meanwhile, with
the gradual increase of the pectin concentration in the formulation, the
polydispersity (PdD) of the nanoemulsions increased slightly, but re-
mains lower than 0.3, showing acceptable narrow size distribution.

Typically, the stability of emulsions can be reflected by the surface
potential. The larger the absclute value of the {-potential, the more
stable the corresponding emulsion system. As shown in Fig. 1B, the
{-potential of CAS stabilized nancemulsions for different pectin con-
centrations exhibited relatively high abselute value (~ 42 mV). As can
be observed, there is no significant effect of LMP concentration on the
{-potential of the CAS-coated droplets. At pH values above the isoelec-
tric point (pI) of the adsorbed protein, pectin molecules (pKa ~ 3.5) and
CAS-coated droplets are both negatively charged. Therefore, due to the
relatively strong electrostatic repulsions between the negatively charged
droplets and the negatively charged pectin molecules, the adsorption of
pectin at pH 7 will be negligible or even there will have no adsorption at
all. As a result, pectin is then mainly located in the aqueous phase of the
emulsion rather on the droplets surface. Zangetal. [20] investigated the
effect of different anicnic polysaccharides on the rice bran protein
hydrolysate-stabilized emulsions. They found that, at pH 7, adding
pectin and Arabic gum did not significantly change the £-potential of rice
brand protein-coated droplets, but the addition of xanthan gum and
alginate showed slightly increases. This result was attributed to the high
charge densities of alginate and xanthan gum compared to pectin and
Arabic gum, affecting the charge characteristics of protein-coated
droplets. Zhang et al. [21] developed oil in water emulsions using
almond protein isolate / camellia saponin and they described that some
of camellia saponin adsorbed to the almond protein-stabilized oil
droplets despite the fact that both surfactant and protein were nega-
tively charged. Moreover, steric repulsions could also participate in the
maintenance of emulsion stability, and the magnitude of these re-
pulsions was shown to be dependent on the properties of the poly-
saccharide [20]. Creaming index is another indicator related to the long-
term stability of the emulsion. In absence of pectin or in presence of a
small amount of this polyanionic biopolymer (< 0.1 wt%), CAS stabi-
lized nanoemulsions were stable to creaming within 1 day (Fig. 1B).
Indeed, even after 3 weeks of storage at room temperature, no obvious
serum layer was detected in these nancemulsions (data not shown),
indicating that most of the droplets are small enough and the repulsions
between them are sufficient to resist to creaming and did not aggregate
during storage. However, when the concentration of pectin was
increased to 0.25 and 0.50 wt%, the nanoemulsions were highly un-
stable to phase separation, which may be caused by depletion floceu-
lation at neutral pH. The results of the microscopic structure (Fig. 1C)
could support this conclusion. Interestingly, based on particle size
measurements (Fig. 1A), the creaming of CAS-based emulsions arising
from depletion flocculation is reversible, and the clusters of droplets
could be distupted by gentle stirring or dilution. This result was
consistent with the study of Zang et al. [20]. The maximum creaming of
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Table 1

The parameters of Herschel-Bulkely model for caseinate stabilized nano-

emulsions containing different pectin concentrations at pH 7.

Pectin concentration (%, n k (Pa.sn) Tq (Pa) R?
w/W)
0.00 0.937 + 0.0016 + 0.0023 + 0.999
0.008 0.0001 0.0004
0.05 0.957 + 0.0017 £ 0.0001 £ 0.999
0.009 0.0001 0.0050
0.10 0.876 + 0.0025 + 0.0000 + 0.998
0.011 0.0001 0.0007
0.25 0.810 + 0.0057 + 0.0000 + 0.998
0.009 0.0003 0.0011
0.50 0.841 + 0.0043 £ 0.0014 £ 0.999
0.004 0.0001 0.0006
Value are means =+ standard deviation of triplicates.
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Fig. 2. Effect of pectin concentration on the ageing stability of caseinate sta-
bilized nanoemulsions at pH 7.

protein-based emulsions at pH 7 was clearly observed at high concen-
tration of anionic polysaccharides, however, creaming had no signifi-
cant effect on the hydrodynamic particle size. The viscosity (Fig. 1 D)
plays an important role in the taste and stability of food emulsions. The
apparent viscosity decreased with increasing shear rate, which means
that these nancemulsions are pseudoplastic fluids [30]. Meanwhile,
there was no significant difference between the CAS-stabilized nano-
emulsions containing no pectin or containing low pectin concentrations
(< 0.1 wt%), while at higher pectin concentration, a significant increase
in viscosity was observed and the highest value was obtained for
nanoemulsions containing 0.5 wt% LMP. This clearly showed the for-
mation of flocculated droplets at higher pectin concentrations due to
depletion flocculation, which was also supported by the creaming results
(Fig. 1C). In fact, pectin is a non-adsorbing linear polysaccharide, and its
aqueous solution had an excellent viscoelasticity. Besides, Table 1
exhibited the Herschel-Bulkely parameters of these nanoemulsions and
the obtained flow data is fitted well with this model (R > 0.99). The
flow behavior index of all nanoemulsions was in a range of 0.810-0.957,
which means that nanoemulsion containing no LMP or low concenta-
tions of LMP exhibited a Newtonian behavior, whereas, at high con-
centrations of LMP, the nanoemulsions exhibited a shear-thinning
behavior, clearly demonsmrating the presence of flocculated oil droplets
domains. Similar phenomena was found in nanoemulsions stabilized by
whey proteins [9]. The yield stress (14) is the instantaneous pressure
required to initiate material flow, and the value obtained in these
nanoemulsions is almost zero. The consistency coefficient (k) represents
the viscosity behavior of a fluid and the results demonstrate that the k
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Fig. 3. Effect of heating time (100 °C) on caseinate stabilized nanoemulsions
containing different concentrations of pectin at pH 7.

value of nanoemulsions increases gradually with increasing the pectin
concentration.

3.2. Effect of pectin concentration on the ageing stability and
environmental stress resistance of nanoemulsions

The mean droplet size of CAS-stabilized nanoemulsions containing
different pectin concentrations stored at room temperature for 3 weeks
were measured and the obtained results are reported in Fig. 2. From the
particle size point of view, all nanoemulsions showed excellent storage
stability and there was no significant change within three weeks. This
could be attributed to CAS properties having relatively high negative
charge at pH 7, which led to stronger electrostatic repulsions between oil
droplets. Interestingly, a slight increased particle size was observed in
the nanoemulsions containing 0.5 wt% LMP after 21 days storage. This
result suggests that although floceulation caused by higher concentra-
tion of pectin in the nancemulsions is reversible as menticned in the
previous section, the long-term storage effect may produce some
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Fig. 4. Effect of the number of freeze-thaw cycles on caseinate stabilized
nanoemulsions containing different concentrations of pectin at pH 7.
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irreversible growth of particle size.

To evaluate the effect of environmental stress on the properties of
nanoemulsions, different heating times, freeze-thaw cycles, and salt
concentrations were used to simulate conditions which might be expe-
rienced during manufacture, cooking or utilization. For each dispersion,
droplet size distribution of the nanoemulsions was measured to evaluate
their stability. Fig. 3 presented the effect of heating time (at 100 °C) on
the stability of nanoemulsions containing different concentrations of
LMP. All nanoemulsions appeared to be very stable to heat treatment
and showed stable unimodal particle size distribution within 1 h of
heating. This can be attributed to CAS as adsorbed layer which provides
these nanoemulsions excellent thermal stability, because the structure
and the conformation of caseinate is not significantly affected by ther-
mal teatment [31]. The {-potential of nanoemulsions was also
measured (data not shown) and was found to be not significantly
affected by the thermal treatments, the surface charge was not signifi-
cantly changed upon thermal treatments, demonstrating, that such
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emulsions showed excellent stability against heating.

Food in emulsion forms may also undergo freezing and thawing
weatments during the storage and consumption, so it is necessary to
understand the stability of nanoemulsions during the freeze-thaw pro-
cess. Fig. 4 presented the effect of freeze-thaw times on the average
hydrodynamic size of nanoemulsions containing different concentra-
tions of LMP. In the absence of LMP, there was a marked increase in the
mean particle size after freeze-thaw cycles. Crystallization of either the
lipid or water phase during freezing can explain this phenomenon. When
a nanoemulsion is thawed, the droplets tend to aggregate, thereby
resulting in an increase of hydrodynamic particle size [32]. However, in
the presence of LMP, nanoemulsions were much more stable to droplet
aggregation after three freeze-thaw cycles, especially the nano-
emulsions containing 0.10 wt% and 0.25 wt% LMP. This result could be
atributed to the ability of pectin to increase the amount of non-frozen
aqueous phase in the nanoemulsions. A similar result was found in the
case of nanoemulsions stabilized by multilayered biopolymers
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oxidation times are compared at the same pectin concentration.

(p-Lactoglobulin—i-carrageenan-gelatin) [33]. Meanwhile, some large
individual oil droplets were observed in nanoemulsions after thawing
weaunent, which indicated that the lipid may leak from the droplet
(because there were no large droplets in the untaeated nanoemulsions).
This phenomenon may explain the decreased size observed for nano-
emulsions containing 0.25% pectin after 2 freeze-thaw cycles. A
decreased droplet size after freeze-thaw treatments was also observed in
lecithin and modified starch-based nancemulsions [34]. In addition,
some large irregularly shaped aggregates appeared in the nano-
emulsions after dilution, especially for pectin free nanoemulsions, which
may be caused by the massive aggregation of CAS during freezing and
thawing. Thus, the presence of free pectin could prevent the aggregation
of caseinate coated droplets to a certain extent during the freezing
process and then participate on the dissociation of aggregates during the
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thawing step due to the repulsive forces between CAS and LMP.

Adding edible salt to improve the taste of emulsion-based food
products is a commen requirement in the diet, and so it is essential to
understand the effect of salts on the performance and stability of
emulsions. Nanocemulsions containing 0.1 wt% pectin were selected in
this section because they are highly stable to creaming and flocculation
(Fig. 1G). The effect of different NaCl concentrations on the mean par-
ticle diameter, zeta potential, visual appearance and microscopic image
of nanoemulsions containing or not 0.1 wt% pectin was examined
(Fig. 5). The nanoemulsions containing no pectin were colloidally stable
since no droplet aggregation (Fig. 5A) and creaming (Fig. 5B) were
observed in the absence of salt but showed significantly increased mean
particle size and phase separation in the presence of ionic force above
100 mM NaCl. The microscopic images (Fig. 5C) of nanoemulsions
without LMP also showed a droplet aggregation phenomena. It was well
established that at neuwal pH, salt has the ability to promote the floc-
culation of droplets stabilized by protein based emulsifiers, which can be
attributed to electrostatic screening and ion binding [35]. The zeta po-
tential measurements (Fig. 5A) showed that the addition of NaCl did not
markedly change the magnitude of the droplet charge, but a slight
deerease (from —43.1 to —37.9 mV) could be observed in the free pectin
nancemulsion. It is interesting to notice that, in the presence of pectin,
the nancemulsions exhibited better salty tolerance, but when the
salinity was higher than 200 mM NaCl, the particle size of the nano-
emulsions increased significantly. Through visual appearance and
microscopic images, no phase separation (Fig. 5B) and obvious aggre-
gation (Fig. 5C) occurred in the nancemulsion centaining 0.1 wt%
pectin in the investigated range of salt concentrations, except for 300
mM NaCl (some clusters were observed). This result indicates that even
if both CAS and LMP are negatively charged at pH 7, LMP can still
provide inhibition of aggregation. This may be attributed to the for-
mation of gellike network induced by free pectin in the aqueous
continuous phase. Qiu et al. [22] alsoreported that adding xanthan gum
can improve the properties of wheat protein-stabilized emulsions
against high ionic strengths at pH 7, but the addition of pectin had no
obvious effect. They attributed this phenomenen to the fact that xanthan
gum has a higher linear charge density than pectin.

3.3. Effect of pectin addition: on the oxidation of protein and emulsified
lipid

The influence of pectin addition on the lipid oxidation of nano-
emulsions was evaluated by monitoring the generation of primary (lipid
hydroperoxides) and secondary (TBARS) reaction products for 3 weeks
storage at 45 °C (Fig. 6). As expected, the lipid hydrogen peroxide and
TBARS contents of all nancemulsions gradually increased during stor-
age, indicating that lipid oxidation was progressing. The results of pri-
mary reaction products (Fig. 6A) showed that, at neutral pH, the
nancemulsions containing pectin showed better (p < 0.05) antioxidant
activity than nancemulsions without pectin after 3 weeks, and the
lowest (p < 0.05) lipid hydroperoxide content was measured in the case
of nancemulsions containing 0.25 wt% pectin. This may be related to
several reasons. Firstly, it is reported that pectin have a certain antiox-
idant capacity and therefore the unadsorbed pectin molecules may react
with free radical scavenging in the emulsion system [36,37]. Celus et al.
[38] reported that the antioxidant capacity of pectin was mainly
determined by the degree of methyl esterification (DM) and the LMP
exhibited higher antioxidant activity than the HMP (High Methoxyl
Pectin). Indeed, the high numbers of active hydroxyl and carboxyl
groups on galacturonic acid (GalA) residues of pectin are essential for its
antioxidant activities [39]. In addition, the antioxidant activity could be
probably atwibuted to the non-pectic compounds, such as individual
polyphenols and their conjugates in the extracted pectin [40]. Secondly,
unadsorbed pectin may prevent water-soluble oxidants from reaching
lipids by forming a weak gel-like network in the aqueous continuous
phase [21]. The lipid oxidation was also reported to be affected by the
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Fig. 7. Effect of pectin concentration on the intrinsic tryptophan fluorescence of nanoemulsions during storage at 45 °C for 0 (A) and 21 (B) days.

viscosity of emulsions [41]. In fact, the transfer of oxygen from the
aqueous phase to lipid droplets could be retarded by higher apparent
viscosity of nanoemulsions. The viscosity data (Fig. 1D) obtained in this
study also support this hypothesis. However, the lowest lipid hydro-
peroxide content was obtained in nancemulsions containing 0.25 wt%
instead of 0.5 wt%. We hypothesized that flocculation might increase
lipid oxidation since higher degree of droplet flocculation was observed
for 0.5 wt% LMP. In fact, most droplets clump together and move up-
wards by gravity, and the aggregated droplets at the top of the emulsions
are closer to the air oxygen, which could accelerate oxidation phe-
nomena. In addition, previous studies showed that non-adsorbed pro-
teins have the ability to bind cationic transition metal ions (pro-
oxidants) and then inhibit their interactions with the encapsulated lipids
[7,26]. In this regards, unadsorbed CAS and unadsorbed LMP in the
negatively charged nanoemulsions at pH 7 may also interact with the
cationic wansition metals leading therefore to possible inhibition of
oxidation process.

The TBARS measurements (Iig. 6B) showed that nanoemulsions
without pectin have a similar (p > 0.05) trend compared to the nano-
emulsions containing pectin, except the one containing 0.5 wt%. This
indicated that, at neutral pH, the addition of different concentrations of
pectin demonstrated a limited impact on the TBARS formation in
caseinate-stabilized nanoemulsions. In addition, after 3 weeks of stor-
age, a significantdy increase of TBARS value was observed in the nano-
emulsions containing 0.5 wt% pectin. After three weeks of storage at
45 °C, the depletion floceulation induced by the high concentration of
unadsorbed pectin may explain the observed phenomenon.

In food systems, proteins are crucial targets of 1ipid co-oxidation. It
was reported that lipid oxidation products such as free radicals, hy-
droperoxides and carbonyl compounds can greatly destroy proteins
[42]. In this regard, we monitored the loss of intrinsic tryptophan
fluorescence of CAS in the nanoemulsion systems for 3 weeks storage at
45 °C. The fluorescence spectra of nanoemulsions after 0 day and 21
days of storage are shown in Fig. 7A and B, respectively. The maximum
fluorescence emission was observed at a wavelength of around 336 nm
for all nanoemulsions. In the beginning (0 day), nanoemulsions without
pectin exhibited the highest fluorescence intensity and the intensity
value decreased as the pectin concentration increased. Similar phe-
nomenon was found in almond protein stabilized emulsions [21]. This
may be attributed to free pectin in the continuous phase of nano-
emulsions and these unadsorbed pectin molecules may affect the expo-
sure of oyptophan residues. Consistent with other studies [26,28],
during the storage process, the intrinsic fluorescence intensity of wyp-
tophan in all nanoemulsions decreased after 21 days (Fig. 7B), which
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can be attributed to the oxidative degradation of tryptophan leading to
changes in the spherical sttucture of caseinate. The nanoemulsions
containing 0.05 wt% and 0.10 wt% pectin showed better ability to
inhibit protein oxidation than pectin free nancemulsions after 3 weeks.
However, in the case of nancemulsions containing higher peetin con-
centration (0.5 wt%), the tryptophan fluorescence intensity decreased
significantly. This observation further supports that under neutral con-
ditions, an appropriate pectin conecentration can contribute to the
oxidation stability of CAS-stabilized nanoemulsions.

In summary, even if both caseinate and pectin are both negatively
charged at neutral pH, the addition of LMP can still improve the per-
formance of CAS stabilized nancemulsions, especially against high salt
concentrations and freeze-thaw cycles, and appreciably enhance the
antioxidant ability of nanoemulsions. The caseinate stabilized nano-
emulsions containing 0.10 wi% and 0.25 wi% were the more stable
formulations in this study.

4, Conclusion

The effect of pectin on the physical and oxidation stability of
caseinate-stabilized nancemulsions under neutral pH was investigated
as a function of several parameters and conditions. It emerges from this
systematic study that the presence of pectin could improve the physical
(especially against high salt concentrations and freeze-thaw cycles) and
chemical stability of caseinate-stabilized nancemulsions, depending on
its concentration. Nanoemulsions containing 0.10 wt% and 0.25 wt%
are considered as the optimal formulation which exhibited the ability to
inhibit lipid and protein oxidation more effectively than caseinate alone.
There are at least two possible mechanisms for the antioxidant proper-
ties of pectin in nancemulsions: i) the non-adsorbed pectin could have
the ability to scavenge free radical and chelate metals; ii) the non-
adsorbed pectin can reduce droplet mobility by forming a weak gel-
like network that prevents water-soluble pro-oxidants reaching the
lipids. In addition, a higher concentration of pectin (0.5 wt%) can pro-
mote the occurrence of depletion flocculation of nancemulsions,
resulting in phase separation, more secondary lipid oxidation products,
and more oyptophan loss. This research could be interesting for the
formulation of beverage emulsions with improved physical and chemi-
cal properties at neutral pH.
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Summary of Chapter V

Generally, emulsions prepared from protein-polysaccharide complexes exhibit
enhanced physical stability than that prepared by protein only. The interfacial
properties of emulsions, such as interfacial tension, interfacial elasticity, and viscosity,
can be used to assess and compare the interfacial composition of protein or protein-
polysaccharide based emulsions. In this study, the effects of pH and low methoxyl pectin
(LMP) concentration on the adsorption kinetics and interfacial dilatational rheology
of sodium CAS/LMP complexes were investigated using a pendant drop tensiometer.
The colloidal stability (microstructure, {-potential, particle size, and viscosity) of
nanoemulsions was assessed by adjusting the pH from 7.0 to 3.0. Interfacial
measurements suggested that pH and LMP concentration had limited effects on the
equilibrium interfacial tension of CAS/LMP at the O/W interfaces, but an increased
viscoelasticity modulus was observed at pH 5.0. Size and {-potential results suggested
that LMP adsorbed to CAS-coated droplets at pH 3.0 and pH 5.0, but not at pH 7.
Relatively higher concentrations of LMP can significantly inhibit the aggregation and
creaming of CAS-coated nanoemulsions at pH 5.0. This research could support future

applications of CAS-stabilized emulsions over a wide pH range.
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Abstract

Emulsions prepared from protein-polysaccharide complexes generally exhibit
enhanced stability compared to protein-stabilized emulsions. In this study, the effects
of pH and low methoxyl pectin (LMP) concentration on the adsorption kinetics and
interfacial dilatational rheology of sodium caseinate (CAS)/LMP complexes were
investigated using a pendant drop tensiometer. In addition, oil-in-water (O/W)
nanoemulsions were prepared by CAS/LMP with different ratios at pH 7.0. The
colloidal stability (microstructure, (-potential, particle size, and viscosity) of
nanoemulsions was assessed by decreasing the pH from 7.0 to 5.0 and 3.0. Interfacial
measurements suggested that pH and LMP concentration had limited effects on the
equilibrium interfacial tension of CAS/LMP at the O/W, but an increased viscoelasticity
modulus was observed at pH 5.0 when LMP used. Size and (-potential results suggested
that LMP adsorbed to CAS-coated droplet at pH 3.0 and pH 5.0, but not at pH 7. The
corresponding isoelectric point (pl) for charge neutralization in CAS/LMP based
nanoemulsions was shifted to lower pH. Relatively higher concentrations of LMP can
inhibit the aggregation and creaming of CAS-coated nanoemulsions at pH 5.0. This
work could facilitate the use of protein/polysaccharide complexes to stabilize emulsions

for the application over a wide range of pH values.

Keywords: Sodium caseinate; Pectin; Complexes; Emulsion stability; Interfacial

behavior.
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1. Introduction

Over the past few years, many efforts have been devoted to incorporating bioactive
compounds into food formulations to provide products with additional health benefits
such as antioxidant, anti-cancer, anti-allergic, anti-inflammatory (Chung &
McClements, 2014). However, certain bioactive compounds with great health benefits,
such as carotenoids, phytosterols, vitamins, and essential oils, are lipophilic
components that are difficult to introduce in food products or have limited effect when
used directly (Teng et al., 2020). In fact, there are several issues, such as low water
solubility, chemically unstable, and prone to oxidative degradation, should be overcome
for further applying these fat-soluble active compounds in food industries (Liao et al.,
2021). Currently, the development of systems based on oil-in-water (O/W) emulsions
is able to address these deficiencies of lipophilic compounds. Meanwhile, for safety
reasons, the encapsulated wall material for food emulsions needs to be carefully
selected, usually edible, and inexpensive (Teng et al., 2020). Consequently, there has
been a great interest in replacing synthetic emulsifiers with natural emulsifiers in recent
years due to their wider consumer acceptance of food products.

Proteins and polysaccharides, as natural biopolymers with macromolecular
structure, have been widely used in the food industry because of their great effect on
the structure, texture, and stability of food. Particularly, different sources of proteins
such as walnut protein (Cai et al., 2018), legume protein (Gumus et al., 2017), whey
protein (Berton-Carabin et al., 2016; Khalloufi et al., 2008), soy protein (Hu et al., 2003;
Lietal., 2020), casein protein (F. Zhang, Cai, et al., 2021), etc., have been well studied
as natural emulsifiers for encapsulation systems due to their healthy and nutritional
properties, their availability, good amphiphilic properties, and low production cost.
Among them, casein from milk is the most common natural commercial emulsifier in
the food industry, and is generally produced and sold in the form of sodium caseinate
(CAS) in food industries (Wang et al., 2013). The casein molecule in solution adopts a

flexible disordered configuration with almost no ordered secondary structure. It can
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effectively adsorb by reducing the oil-water interfacial tension and forming a thicker
interfacial film during the emulsification process (Dalgleish et al., 1995; Singh & Sarkar,
2011). It was reported that CAS-based emulsions could meet current industrial
requirements for food emulsion stability, but under certain conditions, their instability
still limits their further applications (Liang & Luo, 2020). For example, CAS stabilized
emulsions are generally not stable in certain environmental conditions, such as a pH
value close to its isoelectric point (pl) (Dickinson & Golding, 1997), high ionic
strengths (Srinivasan et al., 2000), and high storage temperatures (Karthik &
Anandharamakrishnan, 2016). In this consideration, many researchers have focused on
improving the adaptability of emulsions to environmental conditions by using a
combination of emulsifiers rather than a single emulsifier. For instance, proteins and
other oppositely charged biopolymers like polysaccharides have been successfully used
to prepare nanoemulsions with enhanced stability (Surh et al., 2006; Zhang et al., 2020).
Indeed, the ability of polysaccharides to improve the stability of protein-stabilized
emulsions mainly depends on the nature of the polysaccharides (such as charge and
structure) and the environmental conditions, especially the solution pH (Zang et al.,
2019). For example, when the pH is below or above its pl, CAS-coated droplets carry
negative or positive charges (Wang et al., 2019) and then they could attract the
polysaccharide in the continuous phase, thereby forming a thicker layer at O/W
interface. In this context, the addition of guar gum could promote the formation of a
network and then improves the creaming stability of CAS-based emulsions at a pH near
its pI (Neirynck et al., 2007), Locust bean gum improved the stability of CAS-based
emulsions against acidification and freeze thaw (Farshchi et al., 2013), Sodium alginate
improves the stability of CAS-based emulsions to high ionic strength (up to 300 mM of
NaCl) (Pallandre et al., 2007); pH emulsification range of casein could be effectively
expanded as the non-covalent chitosan and casein complexes formed by electrostatic
attraction between casein and chitosan (Zhang, Cai, et al., 2021). Zang et al. (2019)

investigated the effect of different anionic polysaccharides on the rice bran protein -

102



stabilized emulsions and they found that the environmental stresses (salt, pH) of
emulsions were significantly improved.

The interfacial properties of emulsions, such as interfacial tension, interfacial
elasticity, and viscosity, have been used as key parameters to determine the physical
stability of protein-stabilized emulsions in foods (Ruiz-Alvarez et al., 2022). In fact,
environmental conditions such as pH can greatly affect the structural properties of
proteins or protein-polysaccharide complexes, which in turn affect the interfacial and
functional properties of protein-coated droplets. In this regard, the interfacial properties
and molecular interactions of the oil-water interface may be used to evaluate or predict
the stability of emulsions. However, the exact relationship between the interfacial
properties of CAS/LMP solutions at the oil-water interface and the stability of
CAS/LMP based emulsions is still unknown. In the current study, we first focused on
the formation of complex coacervates as function of pH (3.0 to 7.0). The effect of
CAS/LMP ratio and pH on the ODgoo was investigated, then a combination of dynamic
interfacial tension and dilatational rheological tests were performed to determine the
oil-water interfacial interactions between CAS and LMP at 3 different pH values (3.0,
5.0 and 7.0). Finally, CAS and LMP were used to prepare nanoemulsions at pH 7.0 and
then their pH was adjusted from 7.0 to 3.0. The effects of LMP concentration and pH
on particle size distribution, zeta potential ({-potential), creaming behavior, and
microstructure of CAS-based nanoemulsions were compared and the correlation
between the pH-dependent interfacial behavior and the macroscopic emulsion

properties was discussed.
2. Materials and methods

2.1. Materials

The powder of sodium caseinate (CAS) with 93.20% protein content (determined
by the Kjeldahl method, N=6.38) was purchased from Fisher Scientific (UK). The
powder of low methoxyl pectin (LMP, esterification degree from 22% to 28% and

acetylation degree from 20% to 23%) with 81.21% carbohydrate content was obtained

103



from Cargill (Baupte, France). Corn oil, imidazole, acetic acid, sodium azide, sodium
hydroxide, and hydrochloric acid were purchased from Sigma-Aldrich Chimie (St
Quentin Fallavier, France). The water used in all preparation was deionized water.
2.2. Sample preparation

Imidazole-acetate buffer solutions (5 mM) containing 0.04 wt.% sodium azide (to
avoid microbial growth, (Chang et al., 2016)) was prepared by dispersing weighed
amounts of imidazole and acetic acid into deionized water. Biopolymer stock solutions
were prepared by slow dispersing separately 2.0 wt.% CAS and 2.0 wt.% of LMP into
5 mM imidazole-acetate buffer (pH 7.0) and stirring overnight to ensure complete
hydration. The pH of the two stock solutions was then adjusted to 7.0 by adding HCI (1
M) or NaOH (1 M). Biopolymer mixtures containing different CAS/LMP ratios (1:0,
1:0.05, 1:0.1, 1:0.25, 1:0.5, w/w) were prepared by mixing the stock solutions with
imidazole-acetate buffer at pH 7.0 under stirring, and then stored at room temperature
for 24 h prior to analysis.
2.3. Preparation of CAS/LMP mixtures and turbidity measurement

Biopolymer mixtures were diluted with buffer (CAS was kept constant, 0.5 wt.%)
and then their pH was adjusted in the range of 7.0 to 3.0 using dropwise addition of 1
M HCI or NaOH. The resulting suspensions for each pH were mixed for 1 min using a
vortex mixer. Turbidity measurements were carried out as a function of the CAS/LMP
ratio with a UV/Vis spectrophotometer (Jenway 3705, Villepinte, France). The pH of
all suspensions was reconfirmed prior to measurement. The absorbance was carried out
at 600 nm at room temperature (25 °C) using plastic cuvettes (1 cm path length).
Thereafter, tested cuvettes were filled with the different samples and stored at room
temperature for exactly 20 min. Digital photos were taken using a 16-megapixel camera.
2.4. Interfacial properties of CAS-LMP complexes

To compare the adsorption process at the oil-water interface, the above-prepared
biopolymer mixtures at pH 3.0, 5.0, and 7.0 were selected and then diluted (CAS was

kept constant, 0.01 wt.%) with the corresponding pH buffers. Corn oil (density=0.92
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g/cm?) was used as oil phase which filled slowly with 250 uL SGE syringe (TRAJAN,
Melbourne, Australia). The O/W interfacial properties were measured by a Tracker
automatic droplet tensiometer equipped with an oscillating drop accessor (Civrieux
d'Azergue, France) at room temperature. Before measurement, syringes and cuvettes
should be carefully cleaned and rinsed several times with deionized water to avoid the
presence of other surfactants. The surface tension of the last wash deionized water was
in the range of 69 and 72 mN/m, determined by a pendant droplet type, indicating the
used syringe cleaning.

According to the density of the oil phase, the rising drop method was selected. An
initial droplet with a volume of 10 pLL was generated at the vertical needle. A connected
digital camera records droplet profiles every 0.02 s. The interfacial tension value was
calculated from the Laplace equation (Castellani et al., 2010). Interfacial tension was
studied over a period for at least 3 hours to achieve the adsorption at the oil-water
interface. The dynamic dilatational rheological properties were carried out by
performing a sinusoidal interfacial compression and expansion (five cycles), operated
at10% amplitude and frequency of 0.1 Hz, which was tested to be within the linear
viscoelastic regime. The elastic dilatational modulus were calculated by the first
harmonic of the Fourier transform of the oscillating interfacial tension signal (Bagley
& Torvik, 1983).

2.5. Stability of CAS or CAS/LMP based nanoemulsions
2.5.1. Preparation of O/W nanoemulsions

Biopolymer mixtures containing different CAS/LMP ratios (1:0, 1:0.05, 1:0.1,
1:0.25, 1:0.5, w/w) at pH 7.0, respectively, were used as continuous phases. Oil-in-
water coarse emulsions were formulated by mixing 10 wt.% corn oil and 90 wt.%
emulsifier aqueous solution by high-speed homogenization (IKA, Staufen, Germany)
under 13,500 rpm for 5 minutes. The resultant pre-emulsions (10 wt.% corn oil, 1 wt.%
protein and 0~0.5 wt.% LMP) were further passed through a microfluidizer

(Microfluidics LM20, Microfluidics Corp., Newton, MA, USA) 5 times at 5 x 107 Pa
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to obtain nano-sized emulsions. The pH of the nanoemulsions was then slowly adjusted
to 7.0, 6.0, 5.0, 4.0, 3.0, separately, using a HCI solution (0.1 M). All nanoemulsions
were then stirred for 30 min and stored in 100 mL sealed glass bottles at room
temperature in the dark for 24 h prior to analysis.

Meanwhile, clear flocs and phase separation can be observed in several
nanoemulsions when their pH was adjusted to 5 and 3. Previous research has shown
that these flocs can be redispersed by mechanical disruption (Ding et al., 2021; Guzey
& McClements, 2006). In this regard, unstable nanoemulsions at pH 5 and pH 3 were
selected for sonication for 30 s at a frequency of 50 kHz, an amplitude of 50%, and a
duty cycle of 0.5 s (UP400S, Hielscher, Germany). The treated nanoemulsions were
then stored for further analysis: particle size and microscopical analysis.

2.5.2. Particle size measurement

Mean particle size (nm) and size distribution were determined by dynamic light
scattering using a Zetasizer Nano-ZS90 (Malvern Instruments, Worcestershire, UK) at
fixed angle of 90°. To eliminate multiple scattering effects, nanoemulsions were diluted
to a droplet concentration around 0.1 wt.% by corresponding pH buffers. After 90 s of
equilibrium, each sample was analyzed three time.

The emulsions were then stirred for 30 min with or without subsequent ultrasound
treatment for 30 s at a frequency of 20 kHz, amplitude of 40%, and duty cycle of 0.5 s
(Model 500, Sonic Dismembrator, Fisher Scientific, Pittsburgh, PA). Emulsions were
then stored at ambient temperature for 24 h before being analyzed.

2.5.3. Zeta potential ({) measurement

The  potential is measured by determining the direction and velocity of particle
movement in the applied electric field. To avoid multiple scattering effects, the
nanoemulsions were diluted to a concentration of around 0.05wt.% with corresponding
pH bufters. Diluted samples were transferred to the cell of cuvettes for electrophoretic
mobility measurement (Malvern Instruments, Worcestershire, UK). All measurements

were performed three times and the (-potential values were calculated by the software
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as the average of three individual measurements.
2.5.4. Creaming stability measurement

The creaming index can provide indirect information about the extent of droplet
flocculation and aggregation in emulsion systems. Thus, the creaming stability of
nanoemulsions as a function of pH was studied. Firstly, 10 mL of each pre-
homogeneous nanoemulsion were transferred into a cylindrical test tube (inner diameter
1 cm, height 10 cm), tightly sealed with a rubber cap, and then stored at room
temperature for further analysis. During storage, nanoemulsions were divided into an
optically thin "cream" layer on top and a clear (or turbid) "serum" layer on the bottom
due to instability mechanisms and gravity. After 24 hour at room temperature, the total
height of the emulsions (HE) and the height of the serum layer (HS) were measured as
described by Mwangi et al. (2016). The creaming index (CI) was calculated as follows
(Eq. (1)):

CI(%) = ==+ 100% (1)

2.5.5. Viscosity measurements

The apparent viscosity of nanoemulsions was measured by a dynamic shear
rheometer (Anton-Paar MCR 302, Graz, Austria) with a 40 mm parallel stainless-steel
plate. The nanoemulsions were transferred to the platform, and the gap between the
plate and the platform was adjusted to 1 mm. After equilibrating for 5 minutes at 25 °C,
the measurement of interfacial viscosity was carried out by performing in the shear rate
ranging from 0.1 to 100 s .
2.5.6. Microscopical analysis

Emulsions were gently agitated in a glass test tube before analysis to ensure that
they were homogenous. A drop of emulsion was placed on a microscope slide and then
covered with a cover slip. The microstructure of the emulsion was then visualized at
room temperature using conventional optical microscopy (DM2000, Wetzlar,
Germany).

2.6. Statistical analysis
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All experiments were carried out at least three times with freshly prepared samples.
Data are reported as means + standard deviations, and the mean values were compared

using Duncan's multiple-range tests to identify significant differences (p < 0.05).

3. Results and discussion
3.1. Turbidity kinetic of the CAS/LMP coacervates

As descripted in our previous study (Wang et al., 2019), the net charge of CAS
varied from negative at pH 7.0 to positive at pH 3, reaching a point of zero charge
around pH 4.6 (isoelectric point, pI), and LMP is a polyanionic polymer for which the
number of deprotonated carboxyl groups increases as the pH increased. Thus, the
solution pH would play an important role determining the electrostatic attractions
which are the main driving force in the formation of complexes between CAS and LMP.

The effect of the ratio on the pH-induced turbidity kinetics of the CAS/LMP
complexes was assessed by turbidity measurements (Fig. 1). As expected, in the range
of pH 7.0 to 6.0, all sample solutions are absolutely transparent, which can be attributed
the fact that both biopolymers are negatively charged hindering their complexation. As
the pH was lowered to pH 5.5 or pH 5.0, the turbidity of pure CAS or mixtures
containing a small amount (1:0.05, w/w) of LMP increased significantly and both
reached a maximum ODeoo at pH 5.0. The increase in turbidity values indicated that
more size and number of CAS/LMP aggregates formed during acidification followed
by dissolution (Schmitt et al., 1999). Meanwhile, clear insoluble aggregates were
observed in the pure CAS solution at pH 5.0. This is the fact that the electrostatic
repulsion was insufficient to prevent aggregation between casein molecules when the
pH is near the pl. Interestingly, a small amount of LMP (>0.05 wt.%) can inhibit the
formation of insoluble aggregates at pH 5.0, and the ODgoo value of the mixtures at pH
5.0 decreased with increasing the LMP content. The reason is that there are some
attractive interactions between casein molecules and LMPs, which, like soluble
interpolymer complexes, are fully stabilized due to their high residual charge. Indeed,

CAS has negligible charges near its Ip (pH 4.6) that are theoretically not able to form
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complexes with polysaccharide chains. However, when pH is near the pl, some casein
molecules moieties are still positively charged and they may interact with negatively
charged polysaccharides to form soluble complexes that avoid casein aggregation. A
similar result was reported for complexation between caseinate and gum tragacanth

(Gorji et al., 2014).
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Fig. 1. ODs¢oo values and photographs of CAS or CAS/LMP suspensions at different

pHs (3.0-7.0) and different CAS/LMP ratios (0 ~0.5, w/w). For all ratios, CAS was
kept constant (0.5 wt.%) and LMP was changed from 0 (1:0) to 0.25 wt.% (1:0.5).

With continued acidification, the ODgoo values of the remaining mixed biopolymers
gradually increased and reached a maximum ODsoo value, accompanied by the
appearance of insoluble complexes. This is because the electrostatic repulsion between
the two biopolymers is gradually decreasing and the soluble complexes may come
closer and bind to a greater extent, resulting in a larger and tighter cohesive network.
Among them, obvious insoluble complexes were not observed in mixtures containing
higher LMP (1:0.5, w/w) until the pH dropped to 3.5. The electrostatic interactions
between CAS and LMP with opposite charges were increased by further acidification

(pH 5.0 to pH 3.0), which 1s evidenced by the transition from a transparent state to a
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cloudy state with perspectives of insoluble complexes, similarly observed at
gelatin/pectin and lysosome/pectin (Souza et al., 2018; Xiong et al., 2021). This result
suggests that as the LMP content increases, the corresponding pH value of insoluble
complexes present in the CAS/LMP mixtures can be shifted to lower pH values. This
phenomenon can be further explored in emulsion-based products for extending its pH
application range. Additionally, a large decline of turbidity was observed for each
sample after reaching the maximum ODgoo values. It is a fact that further acidification
will produce more positive charges on the casein molecules and will also lead to an
increase in the solubility of the protein, thereby reducing the turbidity of the system.
3.2. Dynamic interfacial pressure and Dilatational rheological properties

The interfacial composition and structure of mixed layers at O/W interfaces is
commonly involved in the stability of food emulsions, which mainly determined by two
mechanistic phenomena-competitive adsorption from mixed solution and cooperative
adsorption into multilayers (Dickinson, 2011).

The transient interfacial tension during the protein adsorption phase (t = 10 800 s)
of the O/W interface for CAS or CAS/LMP complexes at different pH values was
shown in Fig. 2 A-C. During the formation of the O/W layer, the hydrophobic groups
in the continuous phase emulsifier gradually adsorbed to the surface of the oil droplets,
and then rearrange to become the interfacial layer. In all cases, the values of interfacial
tension decreased with time. Surprisingly, it was shown that LMP concentrations have
no obvious effects on the equilibrium interfacial tension in these three pH values.
Equilibrium interfacial tensions were very close for the 5 ratios of LMP in each pH,
with equilibrium values of approximately 14.0, 14.0 and 15.5 mN/m for pH 7.0, 5.0 and
3.0, respectively. This indicated that at these three tested pH values, the equilibrium
O/W interfacial tension is dominated by casein rather than by LMP. Similar results were
found in the study of sodium caseinate/xanthan gum (Liu et al., 2012) and sodium
caseinate/high acyl gellan gum complexes in the pH range of 4.0 to 7.0 (Farooq et al.,

2022). The reason for this is probably due to the flexible structure of casein proteins
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and its excellent emulsifying ability (Dickinson, 1999). It should be noted that CAS and
several CAS/LMP complexes are not very soluble at pH 3.0-5.0 (Fig. 1), but they can
still effectively reduce interfacial tension by the small amount of soluble protein or
soluble CAS/LMP complexes or insoluble proteins that did not sediment yet in the time
frame of the experiment. This result was similar to the results of soy/whey protein
isolate complexes at the oil-water interface (Zhang, Qi, et al., 2021). Their results
indicated that the effect of pH values on protein-based equilibrium O/W interfacial
tension in limited (21.0-22.5 mN/m) in the pH range of 2.0 to 11.0, although that pH
approaches their isoelectric point. Lam and Nickerson (2014) reported the interfacial
tension of B-lactoglobulin at pH 3.0 (~ 17.8 mN/m) and at pH 5.0 (~ 18.6 mN/m), even
that B-lactoglobulin showed a very low solubility at pH 5. On the contrary, C. Chang et
al. (2015) investigated the adsorption kinetics of four different proteins (pea, soy, lentil
and canola protein isolates). They found that, at pH 7.0, proteins were more effective
in reducing the interfacial tension than at pH 5.0 and pH 3.0 regardless of their
differences in physicochemical properties, which was attributed to the hydrophobicity
that was generally lower and surface charge that was relatively high at pH 7.0. Tian et
al. (2021) reported that 7S pea protein at pH 3 and 8 can quickly adsorb onto the
interfaces and form interfacial layers with higher interfacial pressure than that at pH 5.
Ducel et al. (2005) found that the interfacial adsorption processes of pea globulin/gum
Arabic complexes at the oil-water interface appear to strongly depend on the changes
of pH and gum Arabic concentration.

On the other hand, CAS or CAS/LMP complexes showed relatively lower initial
interfacial tension (~20 mN/m) value at pH 7.0 than that at pH 5.0 (~25 mN/m) and pH
3.0 (~27 mN/m) although all samples have overall similar equilibrated interfacial
tension values. This phenomenon suggested that the biopolymers in solution at pH 7
have rapid initial adsorption at the interface, indicating the 0.01wt.% CAS or CAS/LMP
mixtures at pH 7.0 should contain free proteins. In fact, both CAS and LMP show

negative charges at pH 7.0, so the presence of LMP does not affect the adsorption of
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CAS at the O/W interface. As a result, CAS can rapidly reach the interface during initial
adsorption. A similar result was observed in the study of pea protein and steviol
glycosides at O/W interface (Yang et al., 2022). Another interesting result was observed:
at pH 5 and pH 3, CAS and CAS/LMP exhibited obvious different absorption curves at
the initial period (0 ~ 2000 s). For example, at 1000 s, the mixtures with high content
of LMP showed lower tension than pure CAS (Fig. 2B), and the higher the LMP content
in the mixture, the lower value is the interface tension at 1000 s. A commonly used
model to describe the properties of protein at the interfaces is divided into four stages:
protein migration to the interface; adsorption; conformational reorganization
(unfolding); and finally structural consolidation (Dickinson, 2011). The rate of mass
transport to the interface is generally determined by protein solubility in the bulk
aqueous solution. As we know, the solubility of CAS is very low when the solution pH
is near its pl. Therefore, it is hypothesized that the rapid decrease of interfacial pressure
at the initial stage with high content of LMP may be attributed to the formation of
soluble CAS/LMP complexes at pH 5 (Fig. 2B). The simultaneous adsorption of soluble
CAS/LMP complexes and remaining casein molecules at the interface may occur, and
these soluble CAS/LMP complexes can reach the interface more rapidly due to their
faster diffusion rate, thus resulting in the lower interfacial tension than others during
initial adsorption. Moreover, opposite results were observed at pH 3 (Fig. 2C): the
interfacial tension of mixtures containing high LMP (ratio>1:0.25) decreased more
slowly than pure CAS or mixtures containing lower LMP. This can be explained by the
fact that the interactions between the protein and the polysaccharide and the insoluble
complexes formed may reduce the availability of the hydrophobic binding sites on the
CAS, leading to a lower surface activity at the very beginning stage (Liu et al., 2011).
The dynamic expansion properties of the O/W interfacial adsorption layers formed
by CAS or CAS/LMP mixtures at pH 3.0, 5.0 and 7.0 were further determined (Fig. 2
D-F). In all cases, the value of the elastic modulus gradually increased with time due to

protein adsorption and the development of intermolecular interactions at the O/W
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interface (Liu et al., 2016). Taking pure CAS as an example, the elastic module at pH 5
and pH 3 (~15 mN/m) were much higher than that at pH 7 (~10 mN/m), indicating the
stronger intramolecular protein interactions that took place at pH 5 and pH 3. This is in
agreement with the result observed for soybean protein isolate and oxidized bacterial
cellulose (Zhang, Lei, et al., 2021). Dalgleish (1993) demonstrated that the decrease in
pH was associated with a significant increase in the coverage of the casein molecule on
the oil droplet surface. The tail extension (the part of the lowest local density of
hydrophobic residues) of casein molecules at O/W interface is diminished as pH was
reduced from 7 to 5.5 (Dickinson, 1999). It can be assumed that the approach of
hydrophobic residues to the oil-water interface may induce interactions between protein
molecules. As expected, the elastic curves of CAS and CAS/LMP at pH 7 showed
similar trend because CAS and LMP all carried negative charge. Interestingly, mixtures
containing higher LMP contents exhibited higher equilibrium elastic modulus at pH 5
(Fig. 2E), and the modulus value increased with increasing LMP. The results suggested
that the addition of LMP could be related to forming densely packed layers with in-
plane protein-polysaccharides interactions at the O/W interface. Our findings were
consistent with the caseinate/high acyl gellan gum (HG) complexes at the O/W
interface: the viscoelastic films with higher moduli could be formed in CAS/HG mixed
systems at pH 5.5 (Liu et al., 2016). However, the mixture containing LMP at pH 3 (Fig.
2F) did not contribute to the construction of interfacial layers, and even slightly inhibit
the adsorption of CAS when the mixtures contained a relatively high content of LMP.
This may be due to the formation of insoluble protein-polysaccharide complexes, which

then lose their ability to adsorb on the O/W interface to some extent.
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Fig. 2. (A-C) Interfacial tension over adsorption (10 800 s) at O/W interface for CAS
or CAS/LMP at different pH values; (D-F) Surface dilatational elasticity over
adsorption (10 800 s) at O/W interface for CAS or CAS/LMP at different pH values.
For all ratios, CAS was kept constant (0.01 wt.%).

3.3. CAS or CAS/LMP based nanoemulsions
3.3.1. Zeta potential of nanoemulsions: biopolymer interaction analysis

The zeta potential and particle size of nanoemulsions stabilized by different ratios
of CAS/LMP (1:0, 1:0.05, 1:0.1, 1:0.25, and 1:0.5, w/w) under pH reduction (7.0 to 3.0)
was evaluated. Typically, the pH value can affect the stability of the emulsion by

directly affecting the charge distribution in droplets.
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The larger the absolute value of the (-potential, the more stable the corresponding
emulsion system. As shown in Fig.3, the {-potential of all nanoemulsions was lower
than —30mV at pH 7, which could be considered as stable in these conditions
(Lieberman et al., 2020). It can be assumed that LMP was probably not adsorbed to the
droplet surfaces at pH 7 because of the relatively strong electrostatic repulsion between
the negatively charged droplets and negatively charged pectin molecules. With the
decrease of pH value, the absolute value of zeta potential of the nanoemulsions
gradually decreases until it reaches the "0" point, then becomes positive, and continues
to increase. This is the fact that further acidification will generate more positive charges
on the casein molecule and further reduce the number of deprotonated carboxyl groups
in the LMP (Wang et al., 2019). The net droplet charge of nanoemulsions not containing
was close to zero somewhere between pH 4 and 5, which was close to the pl of CAS.
At pH 5.0, the C-potential of the CAS-coated droplets was around —8.5 mV in the
absence of LMP, which can be attributed to the fact that the pH was slightly above the
pl of casein. However, the {-potential of the nanoemulsions containing LMP (>0.1wt.%)
at pH 5 became more negative (< -20 mV), which suggested that anionic LMP might
adsorb to the surfaces of the anionic CAS-coated droplets. Indeed, there was an
electrostatic attraction between anionic carboxylate groups on the pectin molecules and
cationic patches on the adsorbed protein molecules at pH 5.0 (Gu et al., 2004; Wang et
al., 2019).

As shown in Fig. 3, with increasing the content of LMP in nanoemulsions, the
corresponding isoelectric point (pI) for complete charge neutralization in CAS/LMP
based nanoemulsions was shifted to lower pH values. For instance, the {-potential of
the nanoemulsions containing 0.25 and 0.5 wt.% LMP became neutral until the pH

dropped to 3.0. From the potential analysis of the emulsions, this phenomenon can be
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further explored in emulsion-based products for extending their pH application range.
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Fig. 3. {-potential of CAS or CAS/LMP based nanoemulsions at different pHs (3.0—
7.0). For all ratios, CAS was kept constant (1.0 wt%) and LMP was changed from 0
(1:0) to 0.5 wt% (1:0.5).

3.3.2.  Viscosity of nanoemulsions

Fig. 4 presented the apparent viscosity of nanoemulsions at three pH values and 5
CAS/LMP ratios as a function of shear rate (0.1<y < 100 s ') at room temperature. As
the shear rate increases, the viscosity of nanoemulsions tends to decrease, which means
that these nanoemulsions are pseudoplastic fluids (He et al., 2020).

At pH 7, all nanoemulsions showed relatively lower apparent viscosity than pH 5
and pH 3 and exhibited relatively weak shear thinning behavior (Fig.4 A). The viscosity
of CAS/LMP emulsions increased gradually with the addition of LMP from 0.05 wt.%
to 0.5 wt.%. In fact, pectin is a non-adsorbing linear polysaccharide, and its aqueous
solution had an excellent viscoelasticity. As a result, the viscosity increase can be
attributed to the fact that free LMP molecules in the aqueous phase could increase the
interparticle drag, thereby slowing down the flow of emulsion droplets and increasing
the viscosity of the whole system. In addition, higher content of free pectin (>0.25 wt.%)
in the aqueous phase may promote depletion flocculation and these flocs further
increased the viscosity of emulsions.

At pH 5, very high apparent shear viscosities (Fig. 4B) were observed in

nanoemulsions without LMP or with 0.05 wt.% LMP, and both samples exhibited
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strong shear thinning behavior. These results suggested that there was a high degree of
droplet flocculation at pH 5, which was also supported by the surface charge (Fig. 3):
relatively low surface potential (~ -10 mV) was insufficient to prevent aggregation
between droplets and then increase the viscosity of nanoemulsions. Meanwhile, with
the increase of LMP in nanoemulsions, the viscosity decreased significantly, especially
when LMP was higher than 0.25 wt.%, indicating that the addition of LMP could inhibit
the droplet flocculation at pH 5. The reason for this behavior can be attributed to the
adsorption of pectin molecules to the droplet surface allowing to an increase of the
repulsive forces between droplets, thereby preventing extensive droplet flocculation.
The increased high elastic modulus at O/W interfaces (Fig. 2E) could support this
phenomenon.

At pH 3, the lowest viscosity was observed in nanoemulsion not containing LMP,
and the viscosity of the nanoemulsions increased as the LMP content increased from 0
to 0.5 wt.%, which was similar to the trend at pH 7. However, all the nanoemulsions at
pH 3 showed higher viscosity values than those at pH 7, especially those containing
high content of LMP. In fact, in nanoemulsions not containing LMP, flocculation occurs
when the pH of the emulsion was adjusted from 7 to 3, as the pl of caseinate must be
passed. Very high apparent viscosities and extensive shear thinning at high content of
LMP nanoemulsions (>0.25wt%) can be attributed to charge neutralization and
bridging flocculation of the positively charged CAS-stabilized droplets by the
negatively charged LMP molecules. Therefore, LMP molecules may have adsorbed to
the surface of multiple droplets, causing them to link together, depending on the pectin
concentration. The surface potential (Fig. 3) close to “0” for nanoemulsions containing
0.25 and 0.5 wt.% also confirms this phenomenon. Similar studies also reported that
anionic polysaccharides cause bridging flocculation of protein emulsions at acidic pH

(Ding et al., 2021; Griffin & Khouryieh, 2020).
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Fig. 4. Viscosity of CAS or CAS/LMP based nanoemulsions at (A) pH 7.0, (B) pH
5.0 and (C) pH 3.0. For all ratios, CAS was kept constant (1.0 wt%) and LMP was
changed from 0 (1:0) to 0.5 wt% (1:0.5).

3.3.3. Stability of nanoemulsions: particle size, creaming and microstructure

During production, processing and storage, food products are exposed to a variety
of environmental factors, especially changes in pH, which can have a significant impact
on food. Therefore, it is very necessary to study the micro and macro changes of
emulsion stability with pH changes. In this section, dynamic light scattering (DLS) (Fig.
5A), creaming index (Fig. 5B), and optical microscopy (Fig. 6) will be used to evaluate
the mean particle size and droplet aggregation of diluted CAS or CAS/LMP-stabilized
nanoemulsions under pH reduction (7.0 to 3.0).

At pH 7 or pH 6, nanoemulsions exhibited nanoscale sizes in the range of 250 to
300 nm with monomodal size distribution (Fig. 5A). These results demonstrate that
caseinate is an effective emulsifier at mild pH, capable of producing emulsions with the

vast majority of droplets having nanoscale diameters. As expected, at pH 7, LMP
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concentrations has no obvious effect on the average diameter of the nanoemulsions,
suggesting no adsorption of LMP on the surface of the oil droplets. For creaming
stability (Fig. 5B), the free pectin or low content LMP (<0.1 wt.%) CAS-stabilized
emulsions were stable to creaming after 24 h storage at pH 7 and 6. However, when the
concentration of LMP was increased to 0.25 and 0.5 wt.%, the nanoemulsions were
highly unstable to phase separation, which may be caused by depletion flocculation at
neutral pH. In the microstructural results, particle aggregation at pH 7 was clearly
observed at high concentrations of LMP (Fig. 6 A). This also means that the creaming
of CAS-based nanoemulsions caused by depletion flocculation is reversible because
there is no significant increase in droplet size. A similar result was found in the study

of anionic polysaccharides and rice bran protein based emulsions (Zang et al., 2019).
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Fig. 5. (A) Mean particle size, (B) creaming index and photographs of CAS or
CAS/LMP based nanoemulsions at different pHs (3.0—7.0). For all ratios, CAS was
kept constant (1.0 wt%) and LMP was changed from 0 (1:0) to 0.5 wt% (1:0.5).
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At pH 5.0, the mean particle size (Fig. 5A) of free LMP emulsion and emulsion
containing 0.05 wt.% LMP was outside the measurement range of DLS and these
emulsions rapidly separated into an opaque droplet-rich ‘cream’ layer at the top and a
transparent droplet-free ‘serum’ layer within one hour (Fig. 5B). In fact, the electrostatic
repulsions (Fig. 3) between droplets is not sufficient to prevent aggregation when the
pH is close to the pl of the adsorbed CAS molecules. As a result, most of the droplets
clump together and move upwards rapidly due to gravity. Remarkably, the
nanoemulsions containing LMP (>0.1 wt.%) exhibited stable nanoscale hydrodynamic
size (Fig. 5A) and good creaming stability (Fig. 5B) at pH 5. Meanwhile, LMP
(>0.25wt.%) greatly inhibited the amount of droplet aggregation observed in the
microstructure of CAS stabilized nanoemulsions (Fig. 6B). This can be probably
attributed to the fact that negatively charged LMP molecules can adsorb to positively
charged patches of CAS on the droplet surface, thereby increasing the overall negative
charge on the droplet, which was also supported by the result of interfacial moduli at
pH 5 (Fig. 2E). Meanwhile, the thickness of the interfacial layer could be also
strengthened by the adsorption of LMP, thereby increasing the steric repulsion between
the droplets (Surh et al., 2006). Several other studies have also indicated that the mixed
use of anionic polysaccharides with proteins can improve the stability of emulsions to
aggregation (Surh et al., 2006; Zang et al., 2019; Zhang, Lei, et al., 2021).

As the pH continued to decrease, only the nanoemulsions containing 0.25 and 0.5
wt.% LMP exhibited nanoscale diameters (~400 nm) at pH 4, indicating that the pH
stability of CAS-based emulsions was significantly improved. Taking the nanoemulsion
containing 0.5 wt.% LMP as an example, the average particle size increased from 324
to 378 nm when the pH was decreased from 7.0 to 4.0. In fact, when the pH decreases,
the repulsive forces gradually turn into attractive forces, and the droplet surface is
stabilized by the non-covalent complexes of LMP/CAS, resulting in larger size droplets.
This result was similar to the previous report about casein and chitosan (Zhang, Cai, et

al., 2021). Optical microscopy measurements showed extensive droplet flocculation at
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pH 3 in all nanoemulsions with or without pectin (Fig. 6C). This can be explained
mainly by three reasons: (i) flocs formed when the pH of emulsions was reduced from
7.0 to 3.0 (passing through the pl); (i1) charge neutralization - LMP adsorption reduces
the magnitude of the zeta potential, thereby reducing electrostatic repulsions between
droplets; (iii) bridging flocculation — a single LMP molecule may have adsorbed to
the surface of multiple droplets, causing them to link together (Guzey & McClements,
2006). Notably, the CAS/LMP blend (especially when LMP content > 0.25 wt.%) also
significantly enhanced the emulsion stability of the nanoemulsions in the acidic pH
range (3.0 — 5.0). Additionally, the results of creaming and microscopic observation are
inconsistent in some cases. For example, clear particle aggregation was observed in the
microstructure (Fig. 6C) of nanoemulsion containing 0.5 wt.% LMP, but no obvious
phase separation occurred in the macroscopic structure (Fig. 5B). This phenomenon
could be explained by two reasons: (i) the formation of a network of strongly
aggregated emulsion droplets that were held together by LMP molecules, thereby
affecting the viscosity of the continuous phase and inhibiting the upward movement of
the aggregates; (i1) the concentration of the nanoemulsion is relatively high, so the
boundary between the "cream" layer and the "serum" layer is hardly visible. In
conclusion, through the effective use of LMP/CAS complexes, the pH application range
of CAS-based emulsions can be broadened.
3.3.4. Effect of ultrasonication on droplet aggregation

As described in previous studies (Ding et al., 2021; Guzey & McClements, 2006),
bridging flocculation-induced aggregation during the preparation of multilayer systems
can be disrupted and redispersed by mechanical forces, such as homogenization,
blending or high intensity ultrasound. In this section, the aggregation of droplets formed
at pH 5 and pH 3 was evaluated by sonication to test whether the flocs could be
redispersed.

Our results showed that high content (=0.25 wt.%) of LMP promotes depleted

flocculation at pH 7.0 (Fig. 6A), but their corresponding size (Fig. 5A) still showed
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nanoparticle size. This suggested that depleted flocculation is reversible which could
be disrupted by gentle stirring or dilution. At pH 5, clear flocs were observed on free
LMP nanoemulsions and nanoemulsions containing small amounts of LMP (<0.1 wt.%);
however, these three samples still showed massive aggregation of droplets after
sonication (data not shown), and their hydrodynamic size was beyond the range of DLS
measurements, which can be attributed to insufficient electrostatic repulsions to avoid
agglomeration of CAS when the pH is close to the pl. At pH 3, sonication resulted in a
significant reduction in droplet aggregation and a significant reduction in particle size
for emulsions with relatively low LMP content (< 0.1 wt.%) (Fig. 6D). The mean
particle size of the free LMP emulsions or those containing 0.05 and 0.1 wt.% were
681.2, 747.5 and 795.0 nm, respectively. This flocculation probably occurred as the
emulsion passed the isoelectric point as the pH was adjusted from 7 to 3. One possible
explanation for this phenomenon is that once the flocs are broken down, the relatively
strong electrostatic repulsions between casein-stabilized droplets are sufficient to keep
them stable. However, at pH 3, sonication was unable to disrupt flocs in emulsions with
relatively high LMP pectin content (> 0.25 wt.%), probably because pectin promotes
bridging between positively charged droplets flocculation. Even if these flocs are
redispersed, the net charge of the system remains low. These results indicate that the
ability of sonication to effectively reduce the degree of emulsion droplet aggregation is

dependent on pH and pectin concentration.
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Fig. 6. Photomicrographs of CAS or CAS/LMP based nanoemulsions at (A) pH 7, (B)
pH 5 and (C) pH 3. (D) Photomicrographs of CAS or CAS/LMP based nanoemulsions
at pH 3 after ultrasonication. For all ratios, CAS was kept constant (1.0 wt%) and
LMP was changed from 0 (1:0) to 0.5 wt% (1:0.5).

4. Conclusion

This study investigated the effect of pH on the dilatational rheological properties of
CAS/LMP at O/W interface and colloidal stability of CAS/LMP nanoemulsions. The
pH and LMP concentration had limited effects on the equilibrium interfacial tension of
CAS/LMP at the O/W interface, but had a significant effect on the adsorption process
in the initial stage. Further analysis indicated that the dilatational viscoelasticity
modulus at pH 5 was significantly affected by the combination of CAS and LMP.
Meanwhile, higher content of LMP can inhibit the aggregation and creaming of CAS-
coated emulsions at pH 5, and improve the stability of nanoemulsions at acidic pH
conditions. At pH 7, reversible aggregation was observed in nanoemulsions containing
LMP (>0.25 wt.%) while at pH 3, irreversible aggregation was observed in all
nanoemulsions. When the LMP was lower than 0.1 wt.%, sonication treatment can
disrupt the flocculation to a certain extent and redisperse the nanoscale droplets. This
research could support future applications of CAS-stabilized emulsions over a wide pH

range.
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Chapter VI

Effect of trans-Cinnamaldehyde or citral on sodium caseinate: Interfacial

rheology and fluorescence quenching properties
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Summary of Chapter VI

Essential oils are known to be fragile and are often encapsulated in order to protect
them from environmental stresses. Thus, it should be interesting to verify whether the
nanoencapsulation systems could have an effect on the structural and physicochemical
properties of the entrapped active molecules. The first objective of this study was to
investigate the effect of natural aldehydes (Trans-Cinnamaldehyde (TCA) and citral)
on the interfacial and oscillatory dilatational properties of CAS stabilized oil droplets.
Meanwhile, fluorescence quenching was used to explore the binding properties among
selected aldehydes and CAS under different temperatures and different concentrations
of aldehydes. Small amounts of TCA or citral in the oil phase were shown to decrease
the oil/water interfacial tension. In addition, the fluorescence quenching test showed
that TCA has a more obvious quenching effect on CAS than citral. Further kinetic
analysis suggests that TCA has strong affinity for CAS and this bonding process is
spontaneous. In summary, these natural aldehydes, could be useful ingredients to

improve the functionalities of food protein-based products.
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The interactions between sodium caseinate (CAS) and two natural aldehydes (trans-cinnamaldehyde (TC) and
citral) were studied by evaluating oil/water (O/W) interfacial and fluorescence quenching properties. A small
amount of TC in the oily phase resulted in lower O/W interfacial tension (9.12 mN/m). Particularly, the use of TC
developed a stronger interface with higher elastic moduli (~16.21 mN/m). This was supported by the fluores-
cence measurements: the quenching effect of TC on CAS was more pronounced than that of citral. Kinetic
analysis indicated that both dynamic and static quenching occurs. The large binding constant (1.78 » 10° M%)

at 25 °C suggests that TC has strong affinity for CAS. Meanwhile, this binding process seemed to be spontaneous
and driven by hydrogen bond formation with unfavorable conformational changes. This work would provide
guidance for using the binding properties of natural aldehydes to enhance the interfacial properties of proteins.

1. Introduction

Many food products are based on emulsions systems (oil-in-water
(O/W) and water-in-oil (W/Q)) (Castellani et al., 2010) which require
the use of emulsifying agents to stabilize the interfaces between different
phases. Nowadays, food industries prefer to use more natural emulsifiers
like proteins rather than chemical synthetic emulsifiers (Felix et al.,
2019), since these proteins can provide extra nutritional added values
and are more accepted by consumers. Some proteins such as soy, pea,
bovine serum albumin, and dairy proteins have been reported as
emulsifiers with good characteristics (Sha et al., 2021; Tang & Shen,
2015, Wang et al., 2020). During the absorption process, protein mol-
ecules general unfold and expose hydrophobic residues which may
physically or chemically interact with other functional compounds,
thereby altering their functional performance (Dickinson, 1999). Pro-
tein emulsifiers can be modified to tailor their solubility, hydrophobic-
ity, dispersibility, and surface charge by using some enzymes or
crosslinking agents (Gerrard et al., 2003; H. Wang et al., 2022). Gerrard
et al. (2003) studied the crosslinking of wheat proteins with glutaral-
dehyde, formaldehyde and glyceraldehyde by Maillard reaction and
they found that the interaction between them could be harnessed by
food processors to manipulate the texture of foods. H. Wang et al. (2022)
revealed the mechanism of interactions between aldehydes and
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myofibril proteins and provides guidance for controlling the flavor of
meat. However, these treatments may introduce new groups which is
limited for food uses due to possible toxicity effects or the absence of
GRAS (Generally Recognized as Safe) status. For this reason, more nat-
ural compounds for protein functionalization should be sought and
investigated.

It has been reported that the interactions between rice protein isolate
and ferulic acid in O/W emulsions can be used to improve the oxidative
stability (Jia et al.,, 2019); the interaction between glycosylated protein
and tannic acid can be used to improve the thermal, salt ion, and storage
stabilities of Pickering emulsions (Chen et al., 2021) and the interactions
between cinnamaldehyde and whey proteins can be applied in O/W
emulsions against the effects of different pH values and high ionic
concentrations. Aldehydes have a crucial role in flavor development of
food products (Banerjee & Chattopadhyay, 2019) and certain aldehydes
are able to interact with various functional residues of amino groups,
like e-amino groups of lysine, the sulfhydryl group of cysteine, the
imidazole ring of histidine and the phenol group of tyrosine, etc (Habeeb
& Hiramoto, 1968). Among these, natural-based compounds include
some aromatic aldehydes such as cinnamaldehyde, salicylaldehyde,
syringaldehyde, vanillin, and anisaldehyde, which have been introduced
in food and pharmaceutical industries (Banerjee & Chattopadhyay,
2019; Boeve & Joye, 2020). These aromatic aldehydes have gained
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considerable attention due to their various health benefits like anti-
inflammatory, antioxidant, antimicrobial, and anticancer properties
(Banerjee & Chattopadhyay, 2019). Trans-cinnamaldehyde (3-phenyl-2-
propenal, TC, FEMA 2286) is a major component of volatile cinnamon
essential oil (Shen et al., 2015). It showed broad-spectrum antimicrobial
activity against bacteria, yeast, and molds (Shen et al.,, 2015). Citral
(3,7-dimethyl-2, 6-octadienal, FEMA 2303) is the main component of
citrus fruit’s peel oil which is widely applied as a flavoring additive in
foods and beverages. As these two active compounds have extremely
low solubility in water, it is difficult to prepare food formulations con-
taining these natural aldehydes in solubilized form. There are two main
approaches to overcome this insolubility issue: (i) mixing them with
carrier oils and then producing oil in water systems by using some food
emulsifiers since these aldehydes have a good solubility in oil; (ii)
associating them with food molecules to form systems that allow them to
be delivered, especially since several reports have shown that certain
aldehydes are able to bind to proteins (Asghari et al., 2017; Felix et al.,
2019). Several studies reported that aldehydes can bind to amino acid
residues of proteins by irreversible covalent binding (Habeeb & Hir-
amoto, 1968), hydrophobic interactions (Wang & Arntfield, 2015), or
hydrogen bonds (Tan & Siebert, 2008), which depend on the specific
chemistry and structure of the interacting molecules. Meanwhile, the
binding between aldehydes and proteins could be also used in oil-in-
water interfaces to adjust the physical stability (Chen et al, 2017,
Chen et al.,, 2018) and the interfacial properties (Felix et al., 2017).
However, the number of reports about the mechanisms of interaction
between aromatic aldehydes and proteins, and the use of interaction
mechanisms in emulsion design is still scarce.

Sodium caseinate (CAS) is an heterogeneous protein and usually
consists of four different polypeptide chains: ax(s1)- and a(s2)-caseins,
f-casein, and x-casein, which have good amphiphilic properties (Dick-
inson, 1999). CAS can endow food with certain functionalities, such as
water solubility, emulsification, foamability and encapsulation ability. It
is considered a good carrier for bioactive ingredients, as they are an
integral part of many people’s diets. Additionally, CAS can adsorb at O/
W interfaces and have the ability to rapidly reduce the interfacial ten-
sion during the emulsification process. Eventually, a densely packed
interface might be formed with viscoelastic behavior. The characteris-
tics of the interfaces are essential for understanding the stability of O/W
emulsion systems. Our hypothesis is that caseinate and natural alde-
hydes would interact and this interaction could provide better interfa-
cial properties at O/W interface. This hypothesis will be verified by
stucdying the interfacial properties and fluorescence quenching proper-
ties between CAS and both aldehydes (TC and citral). Therefore, the first
objective of this work was to investigate the effect of aldehydes on the
interfacial and oscillatory dilatational properties of CAS coated droplets.
The second objective was to study the binding forces responsible for the
interactions between the selected aldehydes and CAS. Hence, fluores-
cence quenching measurements were carried out in different tempera-
tures and different concentrations of aldehydes. In fact, understanding
the binding properties between natural aldehydes and dairy proteins
would contribute to formulate dairy-based products with more health
benefits and functional properties.

2. Material and methods
2.1. Materials

Trans-cinnamaldehyde (TC, 99 %) and citral (99 %) were purchased
from Sigma-Aldrich (St Quentin Fallavier, France). Sodium caseinate
(CAS) was purchased from Fisher Scientific (United Kingdom) and its
protein content measured by the Kjeldahl method was 93.20 % (nitrogen
conversion factor N = 6.38). A medium chain triacylglycerol oil (MCT)
was purchased from Gattefossé (Saint-Priest, France). Analytical grade
imidazole (C3H4Nj), sodium azide, pure ethanol, acetic acid, sodium
hydroxide (NaOH), and hydrochloric acid (HCI), were purchased from
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Sigma-Aldrich Chimie (St Quentin Fallavier, France). All the solutions
were prepared in deionized water.

2.2. Interfacial properties

2.2.1. Sample preparation

The aqueous phase for interfacial measurements was prepared by
dispersing CAS powder (0.01 wt%) into 100 mL of buffer solution (5
mmol/L acetic acid-imidazole, 0.05 wt% sodium azide, pH 7.0). The
protein solution was stirred at room temperature until it was completely
dissolved. Oily phases were prepared by mixing TC or citral (5 wt%)
with MCT under stirring until they were completely homogeneous. Pure
MCT was used as control.

2.2.2. Droplet tension measurement

The O/W interfacial properties were measured by a Tracker auto-
matic droplet tensiometer equipped with an oscillating drop accessory
(Teclis Scientific, Civrieux d’Azergue, France) at room temperature.
Before measurement, the syringe and cuvette were carefully cleaned to
avoid the presence of surface-active agents by rinsing it several times
with deionized water. The surface tension of the last wash water was in
the range of 69 and 72 mN/m, determined by a pendant droplet tensi-
ometer, demonstrating the used syringe cleaning. The droplet profile
was recorded every 0.02 s by a connected digital camera. The values of
interfacial tension were calculated by the Laplace equation (Castellani
et al., 2010). According to the density of the oily phase, the rising drop
method were chosen. Three different oil compositions (MCT, TC/MCT,
citral/MCT) were studied. An initial droplet with a volume of 10 pL and
a surface area of ~ 20 mm? was generated at the vertical needle, which
was connected to an automatic syringe. The specific low absorbance
glass cuvette (8 mL) was filled with the aqueous phase containing 0.01
wt% CAS. Interfacial tension was performed over a period of 10800 s to
monitor the protein adsorption kinetics. The oscillatory dilatational
measurements (five cycles) were carried out at 10 % amplitude and at a
frequency of 0.1 Hz, which was tested to be within the linear viscoelastic
regime. Further dilatational analysis was carried out during the protein
adsorption phase, every 100 s.

2.3. Binding properties

2.3.1. Sample preparation

The CAS stock solution (0.048 wt%, 20 pmol/L) was prepared by
dispersing CAS powder into 100 mL of pH 7.0 acetic acid-imidazole
buffer solution (5 mM). The protein solution was stirred at room tem-
perature until it was completely dissolved. Stock solutions (160 pmol/L)
of TC and citral were prepared by dissolving, respectively, 2 pL and 2.8
pL, into 100 mL of 10 % ethanol pH 7.0 buffer. Stirring was continued
until all of aldehydes were dissolved. Samples for ultraviolet fluores-
cence quenching test were prepared by mixing required volume of the
stock solution of CAS (20 pmol/L), aldehydes, and pH 7.0 buffer to a
final volume of 4 mL. Therefore, samples for fluorescence experiments
had a fixed concentration of CAS (10 pmol/L) and various concentra-
tions of TC or citral (0, 5, 10, 20, 30, 40, 50, 60, and 80 pmol/L).
Meanwhile, the highest resulting concentration of ethanol in each
sample was 5 wt%. Preliminary results showed that ethanol at this
concentration does not affect the fluorescence intensity of the protein.

2.3.2. Ultraviolet (UV) spectroscopy

To study the interactions between each aldehyde and CAS, changes
in absorption of CAS in the absence and the presence of various con-
centrations of each aldehyde was determined by an UV spectropho-
tometer (Jenway 3705, Villepinte, France) at room temperature and at a
wavelength range of 230-350 nm. Before each measurement, quartz
cuvettes (1 cm path length) were filled with the different samples and
kept in the dark for 30 min. Sample blank was buffer alone and pure TC
and citral (40 pmol/L in buffer) were used as controls.
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2.3.3. Intrinsic fluorescence

Intrinsic fluorescence intensity of CAS was carried out in the absence
and in the presence of various concentrations of TC or citral at room
temperature by a multimode microplate reader equipped with a
temperature-controlled 96-wells microplate (Thermo Scientific™ Vari-
oskan). The excitation wavelength was set at 280 nm and the emission
spectrum was recorded in the wavelength range of 298-550 nm with an
excitation and emission slit width of 5 nm. Different samples were
placed in the wells in the order of increasing the concentration of al-
dehydes molar ratio range from O to 80 pmoel/L. The measurements were
performed at 25, 30, 35, and 40 °C, separately. Before each measure-
ment, the mixtures of CAS and aldehydes were incubated at room
temperature in the dark for 30 min. The fluorescence intensity of
acetate-imidazole buffer was used as sample blank and pure TG and
citral (40 pmol/L in buffer) were used as controls.

2.4. Statistical analysis

All measurements were performed at least in triplicate. The results
were then reported as averages and standard deviations of these mea-
surements. Statistical analysis was performed by one-way ANOVA using
SPSS software (IBM, version 19.0, USA).
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3. Results and discussion
3.1. Impact of aldehydes on the interfacial behavior of CAS

The drop tensiometer has been used for the characterization of
biopolvimer interfaces since it can provide dynamic information at the
O/W interface. During the formation of O/W interfacial membranes,
hydrophobic groups of CAS molecules will gradually adsorb to the sur-
face of the oil droplets and, after subsequent rearrangements, form an
interfacial layer. Fig. 1A showed the plot of interfacial tension as a
function of time (t < 10 800 s) during protein adsorption at the surface
of oily droplets with different compaositions. In all three cases, the values
of interfacial tension decreased with time, at least during the initial
adsorption period, which is related to different stages of protein
adsorption (from protein diffusion to protein penetration, unfolding,
and rearrangement) (Felix et al., 2017). Pure MCT shows that the
equilibrium interfacial tension was relatively high (about 13.56 mN,/m),
and when mixed with 5 wt% TG or citral, the equilibrium interfacial
tension was significantly reduced to 9.12 and 11.27 mN/m, respectively.
A similar result was observed for cinnamaldehyde and whey protein
(Felix et al.,, 2019). One possible explanation is that these two aldehydes
are able to interact with proteins, leading to additional rearrangements
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Fig. 1. (A) Interfacial tension over protein adsorption at O/W interface with or without TC or citral for 0.01% CAS solution at pH 7; (B) Visual images of oil droplets
during measurement at different times and (C) The profile of the molecular penetration and configurational rearrangement steps over protein adsorption at the O/W
interface with and without TC or citral for 0.01% CAS solution. Kp and Kr represents the first-order rate constants of penetration and rearrangement, respectively;
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of CAS in the O/W interfaces, thereby resulting in a more densely packed
structure, with lower interfacial tension (Dickinson, 1999). Interest-
ingly, the image of oil droplets during measurement was recorded after
0, 3 and 15 h as shown in Fig. 1B, After 3 or 15 h of protein adsorption,
the pictures of oil droplet containing TC were more turbid than the
others. This phenomenon can further support the hypothesis according
to which TC may have chemically reacted with the adsorbed CAS due to
the presence of an aldehyde group in TC molecules, thereby changing
the structure and adsorbed CAS.

The change in interfacial tension with absorption time can be fitted
by the equation of Ward and Tordai (equation (1)) (Ward & Tordai,
1946):

Dy
r= 2CﬂKﬁT(m) (1)

where Gy is the concentration of continuous phase, Kp is the Boltzmann
constant, T is the absolute temperature, D is the diffusion coefficient and
tis the adsorption time. The initial process of adsorption was assumed to
be mainly controlled by the protein diffusion (Graham & Phillips, 1979).
The plot of interfacial tension as a function of t*> was linear, and the
diffusion rate (Kgy) can be calculated by the slope of this plot as shown
in Table 1. The Kqyr values for these three samples were in the range of
0.081to00.122 mN/m/s”z, which were similar to the result obtained for
soy protein/whey protein isolate complexes (0.070 to 0.111 mN/m/s"" 2
at pH range of 6 to 8) (Zhang et al., 2021, Zhang et al., 2021) and soy
protein isolate/soy hull polysaccharides complexes (0.059 to 0.108 mN/
m/s?) (Wang et al., 2020) at the oil-water interface, but much lower
than the results of ovalbumin/carboxymethylcellulose complexes
(0.279 to 0.285 mN/m/s*?) (Xiong et al., 2018). This may be due to
differences in the type and concentration of emulsifiers. Generally, high
concentrations of protein emulsifiers result in high Kgyr value. In the
current study, the highest K rate was observed in the case of TC/MCT
oily phase, while there no obvious difference observed in the other two
oily phases at the same CAS solution. These results suggested that for
CAS stabilized interfaces, introducing citral into the oily phase has only
a marginal effect on the protein diffusion. In addition, a small amount of
TC into the oily phase can significantly improve the dispersibility and
diffusion properties of CAS at the O/W interfaces. Several studies have
indicated that TC have the ability to interact with proteins, resulting in
the formation of larger protein species and additional rearrangements in
the O/W interface (Chen et al., 2017, 2018). After the initial diffusion
stage, the adsorption kinetics become visibly slow which could be
caused by the energy barrier during adsorption and rearrangement
(Graham & Phillips, 1979). Moreover, the rate of penetration and
rearrangement of adsorbed proteins at O/W interfaces can be analyzed
by the following first-order equation (Perez et al., 2009):

1n[”‘ _”f} - Ky (2)

o — Ay

where 7y, 1 and 1, are the interfacial tension at the initial, final, and at
any time, respectively, t is the adsorption time, and K; is the first-order
rate constant. Fig. 1C displayed a typical fitting curve of In[(x¢ny)/ (-

Table 1

Apparent diffusion rate (Kqi¢), constants of penetration and structural rear-
rangement at the interface (K, and K,), and interfacial pressure at the end of
adsorption (z10g00) for different oily phases in 0.01% CAS solution.

Samples Kgie (mN /my/ Kp = 10* K,z 10% Trosoo({mN/
5174 m)

MCT —0.090 £+ —2.151 + —8.543 £ 13.560 £ 0.18
0.016 0.005 0.005

TC/MCT -0.122 + -2178 & —-7.046 + 912 + 0.04
0.006 0.001 0.009

Citral/ —0.081 + —1.820 + —5.626 + 11.27 + 0.13

MCT 0.010 0.002 0.002
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np)] as a function of time. All of these curves include two linear regions
that represent, respectively, the first-order rate constant of penetration
(Kp) and the molecular reorganization (K;) one at the O/W interface. As
shown in Table 1, the relative highest K}, value was found in the pure
MCT and TC/MCT oily phases, which suggested that TC only have the
ability to promote the adsorption rate at the initial steps of protein ab-
sorption. Similar K, values (Table 1) were found in pure MCT and TC/
MCT oily phases, which indicates that TC does not have the ability to
promote protein adsorption during the protein penetration process at
the O/W interface. This could be probably attributed to the fact that TC
is able to interact with adsorbed CAS molecular entanglement by
forming a network structure, and then hindered the protein penetration
at the interfacial layer. However, a relatively low K, value was found in
citral/MCT oil and the lower R-value was obtained by a linear fit. This
result may be due to the low density of citral (0.888 g/L). The low
density of the mixed oily phase gradually changed the shape of droplets
during the protein adsorption. On the other hand, the highest K, value
was found in the pure MCT oily phase. A possible interpretation would
be that as TG and citral were introduced into the oily phase, then the
polarity of the oily phase increased (Liao et al., 2021). This decrease of
the hydrophobicity of the oil phases would somehow reduce the ability
to “attract” emulsifiers.

3.2. Dilatational viscoelastic properties

Measuring the viscoelastic properties of the layers adsorbed at the O/
W interfaces is an effective way to evaluate the performance of emulsion
systems (Chen et al., 2019). The dilatational modulus were calculated by
the first harmonic of the Fourier transform of the oscillating interfacial
tension signal (Bagley & Torvik, 1983). The dilatational elastic modulus
(E"), dilatational viscosity modulus (E’*), and loss angle tangent (tanf =
E/ E’) of three different oily phases are shown in Fig. 2. For all these
samples, the dilatational elastic modulus of samples was significantly
higher than the viscosity modulus, indicating that the O/W interfacial
layer formed by CAS mainly exhibited an elastic behavior. After 3 h
absorption, the highest E’ (16.21 mN/m) was observed for the oily phase
containing TC and the lowest E’ (7.79 mN/m) was obtained for pure
MCT as oily phase. In all cases, the value of elastic modulus gradually
increased as a function of time due to the protein adsorption and the
interactions between protein molecules, while the viscous modulus was
almost constant. At the initial process of protein adsorption, the growth
of elastic modulus was obvious and rapid and then it became gradually
flattened. This tendency has been previously reported for other proteins,
such as soy protein (Wang et al., 2020), bovine serum albumin (Tang &
Shen, 2015), and pea protein (Sha et al., 2021). The effect of protein
adsorption film on relative viscoelasticity can be well reflected by the
change of tan & with time (Fig. 2B). For example, if the film is purely
elastic, the tan & is zero. The presence of TC resulted in a shift of the tan &
profiles towards a lower value, indicating the improvement of the
relative viscoelasticity of the adsorbed films. In short, the results
confirmed that the addition of both aldehydes, especially TC, can in-
crease the elastic modulus which resulted in a stronger protein network.
These findings suggested that the interactions between proteins and
aldehydes had an important effect on the protein adsorption at the O/W
interface.

3.3. Ultraviolet spectroscopy

UV spectroscopy is one of the generally used techniques for the
highlighting of the binding mode of small molecules to proteins, by
measuring the changes in absorption and shift in the wavelength (Sudha
et al.,, 2016). The effect of various TC and citral concentrations (0-80
pmol/L) on the CAS solution (10 pmol/L) was shown in Fig. 3. Pure TC
and citral (40 pmol/L in buffer) were used as controls. Fig. 3A showed
that the mixture of CAS and TC exhibited a maximum absorbance in the
range of 280-290 nm and a distinct red shift was observed. Meanwhile,
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Fig. 2. Interfacial elastic and viscous moduli (E’ and E”, respectively) over
protein adsorption at O/W interface with and without I'C or citral for 0.01%
CAS solution and (B) Time evolution of tangent of phase angle over protein
adsorption at O/W interface with and without TC or citral for 0.01%
CAS solution.

the intensity of the maximum absorbance was significantly improved
with increasing TC concentration, indicating that there were in-
teractions between TC and CAS. Moreover, the adsorption peak at 280
nm of the mixture suggested that high concentrated TC may cause the
tryptophan, tyrosine and phenylalanine residues become more acces-
sible and therefore causes conformational changes in the protein (Sudha
et al., 2016). As shown in Fig. 3B, pure citral exhibited a maximum
absorbance around 245 nm and the mixture of CAS and TC exhibited a
similar maximum intensity around 280 nm, which suggesting there is no
obvious interaction between CAS and citral.

3.4. Fluorescence spectra

The fluorescence spectra of CAS with the various concentrations of
TC and citral at 25 °C are shown in Fig. 4. The CAS solution in the
presence and in the absence of aldehydes possessed different fluores-
cence intensities which indicated the changes of environmental condi-
tions. As reported by another study (Acharya et al., 2013), pure CAS
solution exhibited an obvious emission band around 350 nm when the
excitation band was 280 nm, since the intrinsic fluorescence of CAS is
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Fig. 3. Absorption spectra of 10 pmol/L CAS solution in the presence of
increasing TC (A) or citral (B) concentrations (0-80 pmol/L, legend: CAS/1C or
CAS/Citral = 1:0 to 1:8) at 25 °C.

almost only due to tryptophan (Acharya et al., 2013). Therefore, the
change of the intrinsic fluorescence intensity of CAS is mainly due to the
change in the environment of tryptophan residues when small molecules
such as aldehydes are added to the CAS solution. After mixing with TC
(Fig. 4A), the fluorescence intensity of the maximum emission band
decreased, which further indicated the occurrence of fluorescence
quenching and the formation of complexes by TC binding to aromatic
residues of CAS. This fluorescence quenching has been supported by
many previous studies (Rabbani et al., 2018; Soltanabadi et al., 2018; H.
Wang et al., 2022). With the subsequent increase in TC concentration,
the maximum intensity further decreases with a gradual red shift, which
may be caused by the presence of binding sites near the fluorophores in
the protein (Soltanabadi et al., 2018). However, as shown in Fig. 4B, the
fluorescence intensity of CAS and citral only shows a very weak
quenching phenomenon, which suggested that CAS molecules could not
provide a suitable environmental structure to bind citral molecules.
Fluorescence quenching of a fluorophore is caused by multiple mo-
lecular interactions, including the collisions between a fluorophore and
a quencher (dynamic quenching) and the formation of non-fluorescent
ground-state complexes. Both dynamic and static quenching can be
analyzed by the Stern-Volmer equation (Lakowicz, 2013). The
quenching of CAS induced by TC can be dynamic, due to a collision
between the fluorophore (CAS) and quencher (TC), or static, due to the
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formation of a ground-state complex between the fluorophore and the
quencher and can be further analyzed by the Stern-Volmer equation (3).

% =1+k,7[0) =1+Kw (3)

where F; and F are respectively the fluorescence intensities at 280 nm
excitation wavelength before and after mixing with the quencher; k, is
the bimolecular quenching constant, 1, is the average lifetime of the
fluorophore in the absence of quencher; [Q] is the concentration of the
quencher (107° mol/L), and K, is the Stern-Volmer quenching constant
which can be calculated by linear regression of a plot of Fo/F against [Q].

The curve of Fy/F as a function of quencher concentration [Q] at
different temperatures was shown as Fig. 5A. It is worth to note that, at
high TC concentrations, an upward deviation from linearity can be
observed for different temperature measurements, which could suggest
that both dynamic and static quenching may occur in the fluorescence
quenching mechanism. However, this equation is still not enough to
distinguish the dynamic quenching form static one (Acharya et al,
2013). An effective way to distinguish between dynamic quenching and
static quenching can be to observe their bonding performance at
different temperatures (Afrin et al., 2014). The temperature can increase
the quencher diffusion constant, which is usually accompanied by an
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increase in collisional quenching (Rabbani et al, 2018). For static
quenching, the temperature has different effects (Acharya et al., 2013).
Typically, this process will result in a decrease in the binding constant of
the fluorophore quencher, and if the complexation reaction is
exothermic, it will result in a decrease in the quenching of the static
quencher (Rabbani et al., 2017). The modified Stern-Volmer equation
(4) (Lakowicz, 2013) can be used when both static and dynamic
quenching occur.
Iy Lo 3 3, 1

RF 7 i @

where f is the available binding sites. When f is 1, the equation become
the simple quenching process (equation (3)). The curve of Fp/(Fy-F) as a
function of quencher concentration [Q17" at different temperatures was
shown as Fig. 5B. At 25 °C, the quenching of CAS by TC, K, is 2.25 x
10~" M~". The fraction of the binding sites available for complexation
was 1.63 higher than 1.0, which was probably attributed the occurrence
of both dynamic and static quenching simultaneously. In addition, more
binding sites could also be related to CAS which is a mixture of different
casein proteins, such as o1, &, p and k- casein and there caseins differ in
the number of tryptophan residues and their location in the hydrophobic
regions (Yazdi & Corredig, 2012).

The fluorescence lifetime of tryptophan has been reported around 3
ns (Lakowicz, 2013). The K, calculated by the equation (3), is 7.5 x
10'2 M ! per second at 25 °C, which is highly greater than the maximum
dynamic quenching constant (~10 x 10'® M~'s™1). This indicates that
there was a specific complex formation between CAS and TC. It is worth
noting that this quenching constant may be underestimated because in
Stern-Volmer model, the total quencher concentration is used instead of
the free quencher concentration, as critically discussed by van de Weert
(2010). For further analysis of static quenching interactions, the binding
constant and binding sites can be calculated by the following modified
Stern-Volmer equation (5).

Fo—F
log[ (F ] = logK + nlog|Q] 5)

where K is the binding constant and n the binding sites. Fig. 5C exhibited
the curves of log [(Fy-F)/F] against log [TC] for the quenching of CAS
intrinsic fluorescence by TC. Table 2 displayed the quenching parameter
K (binding constant) and n (binding sites) at different temperatures. The
linear correlation coefficients obtained by fitting at different tempera-
tures are all higher than 0.99 (Table 2), indicating that the Stern-Volmer
equation is suitable for analyzing the interactions between CAS and TC.
The large values of K were obtained at 25 and 30 “C which could indicate
that the binding of TC to CAS is highly favorable. As increasing the
temperature, the binding constants gradually decreased which sug-
gested that the complexation becomes weak at high temperatures
(Khatun & Rabbani, 2019). Similar results were also found in the study
of resveratrol and whey proteins by fluorescence spectroscopy (Hemar
et al,, 2011). Meanwhile, plots were linear by modified Stern-Volmer
equation, and the obtained slopes yielded binding stoichiometries (n)
suggesting that CAS interacted with TC at a molar ratio of one-to-one at
all temperatures in this study (Rabbani et al., 2018).

To a better understanding of the thermodynamic of the interactions
between CAS and TG, Van’t Hoff equation (6) was followed to calculate
the change of enthalpy AH and entropy AS.

AH AS

nK = -]
RI' " R

(6)
where K is binding constant, R is the gas constant (8.314 Jmol’lk’l) and
T is the absolute temperature (K). Thereby, thermodynamic parameters
AH and AS can be calculated by the slope and intercept of the curve of
InK as a function of 1/T. Fig. 5D showed the current Vant’s Hoff fitting
curve (correlation coefficient = 0.975) and it gives AH = -55.76
kJmol !, AS = -86.05 Jmol . The free energy change (AG) can be then
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CAS molecules.

Table 2

Variation of binding constant K and the number of binding sites n as a function
of temperature and thermodynamic parameters of binding calculated using
Van’t Hoff equation.

i K n # AH AS AG
Q) (mol )  @mol 'K (kJmol )
25 1.782 1.225 099 5576 ~86.05 ~30.11
% 10°
30 1.106 1.201  0.997 29.68
% 10°
35 0.925 1177 0.99% —29.25
% 10°
10 0.618 1147 0.997 -28.81
% 10°

calculated from the equation (7) as follow:
AG — AH —TAS 7)

Table 2 summarizes the thermodynamic parameters of binding be-
tween CAS and TC. AG values at different temperatures are all negative,
indicating that the binding process of TC and CAS is spontaneous and
exothermic. The negative AH and AS values suggested that binding
would be mainly driven by hydrogen bonds, which would promote a
more ordered configuration of the solvent molecules around the
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complexes (Aghili et al., 2016). This similar interaction was also found
for other protein-small molecules combinations, such as zein proteins-
resveratrol (Joye et al, 2015), crosslinked caseinate-quercetin,
caseinate-kaempferol (Zhang et al., 2021, Zhang et al, 2021) and
bovine serum albumin-theaflavin-3,3’-digallate (Yu et al, 2022).
Moreover, the high absolute value of AH could indicate that a covalent
bond may be formed between CAS and TC. Other complementary
technologies are needed in the future to fully explore the exact type and
strength of interactions between CAS and TC. Nevertheless, the present
work showed that TC, a common flavoring in food, may be used as an
interesting ingredient to improve the surface rheological properties of
protein-based interfaces.

4, Conclusion

The interactions between two selected aldehydes and CAS were
investigated in the current study. Both aldehydes, especially TC, have
pronounced abilities to decrease the interfacial tension to 9.12 mN/m at
O/W interface after 3 h adsorption. A small amount of TC introduced
into the oily phase was shown to significantly improve the diffusion
properties of CAS at the O/W interfaces. Compare with pure MCT (7.79
mN/m), dilatational measurements indicated that the use of TC into the
oily phase resulted in the development of stronger and more elastic in-
terfaces (16.21 mN/m). Furthermore, the fluorescence quenching test
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proved that TC has a more obvious quenching effect on CAS than citral.
The large binding constants (1.78 x 10° M~ !) was calculated by Stern-
Volmer equation which suggest that TC has a strong affinity to CAS. The
negative free energy change for the binding between TC and CAS indi-
cated that complexation process is spontaneous. The negative enthalpy
and negative entropy changes suggested that the binding is mainly
driven by formation of hydrogen bonds. Entropy is unfavorable sug-
gesting that there is a loss of conformational freedom associated with
binding. In summary, the two studied natural aldehydes could be useful
ingredients to enhance the interfacial properties of food protein-based
products.
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Summary of Chapter VII

Under certain conditions, emulsions containing oil droplets surrounded by
multilayer interfaces are known to be resistant to environmental stresses than
conventional oil-in-water emulsions. So far, few thermodynamic analyses have been
performed on the preparation process of multi-layer emulsions. Thus, this study tries to
demonstrate the basic mechanism for the preparation of multilayer emulsions by
titrating primary emulsions into coating materials based on the results of isothermal
titration calorimetry (ITC) and dynamic light scattering (DLS). In the first part, the
thermodynamic parameters and surface charge obtained during the formation (titration
and back-titration) of the multilayer emulsions were evaluated to understand the
stabilization mechanism during the preparation process. Moreover, the multilayer
emulsions prepared by titration and direct mixing methods were compared in terms of
particle size distribution. Results indicated that stable multilayer emulsions could be
formulated by titrating the primary emulsion into LMP instead of back-titrating. ITC
titration confirmed that LMP does bind CAS-coated droplets through the electrostatic
forces and it was a spontaneous exothermic process (AG < 0, AH < (). DLS results
indicated that slow titration can effectively avoid droplet aggregation. In conclusion,
this study may help to obtain optimal coating conditions for the preparation of

multilayer emulsions.
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ABSTRACT
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Bridging flocculation

The formation of multilayer interfaces in oil-in-water (O/W) systems has many advantages in delivering lipid-
soluble active compounds. In this study, isothermal titration calorimetry (ITC) and dynamic light scattering
(DLS) were used to investigate the formation mechanism of multilayer emulsions by mixing low methoxyl pectin
(LMP) and sodium caseinate (CAS) stabilized O/W emulsion. Thermodynamic properties and (-potential curves
were studied as a function of polymer ratio, suggesting that ITC could provide more accurate information about
the polymer concentration effect. ITC titration confirmed that LMP binds CAS-coated droplets mainly through
electrostatic forces, which was a spontaneous exothermic process (AG < 0). Furthermore, stable multilayer
emulsions were obtained by titrating CAS-stabilized droplets into LMP instead of back-titrating. Finally, the
effects of mixing methods on the stability of multilayer emulsions were evaluated. The results suggest that
titration rather than direet mixing can produce uniform and smaller-sized droplets and delay the onset of droplets

aggregation.

1. Introduction

Oil in water (O/W) emulsion systems, produced by homogenizing oil
and aqueous phases together in the presence of one or more emulsifiers,
have been extensively applied in foods such as soft drinks, milk,
mayonnaise, and vinaigrette, etc. (Guzey & McClements, 2006). Along
with the food safety concerns, there is a growing interest trend in the
food field to replace commercial synthetic emulsifiers with natural
“label-friendly” ones. In this regard, several food protein-based emul-
sifiers, from different sources like milk, whey, eggs, legume, oilseed, and
so on, have been extensively investigated as natural emulsifiers in recent
years due to their amphiphilic character, polymeric structure, and
electrical charge characteristics (Kim et al., 2020). Despite their favor-
able properties, protein-stabilized emulsions have been reported to be
highly sensitive to environmental stresses such as pH, ionic strength,
temperature, and oxygen (Bouyer et al, 2012). This instability of
protein-based emulsions under these conditions will limit their further
application in certain commercial products. In fact, the quality and
stability of emulsions can be improved by combining protein emulsifiers
with other natural polymers to form multilayered interfaces (Surh et al.,
2006). For example, protein-coated droplets are either negatively or

* Corresponding author.
E-mail address: adem.gharsallaoui@univ-lyonl .fr (A. Gharsallaoui).
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positively charged when the pH is below or above their isoelectric point
(pD) (Wang et al, 2019), and then they could attract the oppositely
charged polysaccharides present in the continuous phase, thereby
forming a thicker layer at O/W interface. Zhang et al. (2020) developed
multilayer emulsions by addition of camellia saponin (CS) into almond
protein isolate (API) based primary emulsions at pH 3. Compared to
primary emulsions with single-layer interfaces, droplets with
multi-layered interfaces show improved inhibit lipid and protein
oxidation during storage. Emulsions with multilayered interfaces were
also found to have better stability against environmental stresses, such
as pH extremes, high ionic strengths, thermal processing, and freezing
(Ogawa et al., 2003, 2004).

The basic method for the preparation of multilayer interfaces is to
add oppositely charged polymers to a “primary” emulsion prepared by
conventional homogenization techniques (Ogawa et al., 2003). As a
result, a “secondary” emulsion with a two-layer interface could be
formulated due to electrostatic attraction. This process can be repeated
several times to produce three or more-layer emulsions with desired
functional properties. Previous studies (Guzey & McClements, 2006;
MecClements, 2012) demonstrated that adsorption layers can be depos-
ited around droplets in two different ways: a one-step or two-step mixing
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procedure, depending on the charge-pH properties of the used
biopolymer. In the one-step mixing method, a solution containing
oppositely charged biopolymers is directly mixed with a primary
emulsion containing charged droplets. This approach tends to promote
the tendency of droplets to flocculate or coalesce during the process, and
the aggregation is generally irreversible (Guzey & McClements, 2006;
Surh et al., 2006). In the two-step method, the solution containing the
charged biopolymer is mixed with the primary emulsion at a pH where
there is no strong electrostatic attraction between them. The pH of the
mixture is then adjusted to a pH where the droplets and the unabsorbed
polymer have opposite charges, so that the polymer can be adsorbed to
the droplet surface. This method is usually preferred for the production
of multilayered interfaces at laboratory scale, since the second layer of
biopolymer is more uniformly distributed throughout the aqueous phase
prior to adsorption (Liu et al., 2022; Mundo et al., 2021; Shi et al., 2021).
Nonetheless, the two-step approach has several drawbacks: (i) Irre-
versible aggregation occurs when the pH is adjusted to pass the iso-
electric point (pI) of protein emulsifiers; (ii) not suitable for the
preparation of emulsions with more than two layers; (iii) relatively
complex process is not suitable for industrial mass production. For this
reason, the one-step approach was selected in our study and further
optimized to avoid droplet aggregation for preparing stable multilayer
emulsions.

To minimize droplet aggregation in the one step method, it is
necessary to ensure that enough biopolymers for coatings is present in
the system to surround the entire surface of the added oil droplets.
Otherwise, bridging flocculation may occur, as one polyelectrolyte may
adsorb to the surface of multiple droplets, causing them to link together
(McClements, 2012). Even with sufficient free polyelectrolyte concen-
tration in the aqueous phase, droplet aggregation cannot be completely
avoided because particle-particle collisions are sometimes faster than
the adsorption of biopolymers to the surface of the primary coating
droplets. One strategy to avoid the droplet aggregation during the pro-
cess of forming multilayer emulsions is to control the ratio of mixing by
titrating primary emulsions into coating solutions (Zeeb et al., 2015),
Therefore, the concentration and mixing methods of biopolymers must
be carefully designed to avoid extensive droplet aggregation and
massive free polyelectrolyte remaining in the aqueous phase after the
coating step.

The saturation concentration for a multilayer system has been mostly
characterized by dynamic light scattering (DLS), which provides the
saturation condition by identifying the {-potential plateau (Okubo &
Suda, 2003). Indeed, the saturation concentration is only the theoretical
concentration for the preparation of multilayer emulsions. Even when
the system reaches the {-potential plateau, it is impossible to speculate
whether the multilayer system is stable, since extensive aggregation of
droplets may occur. The {-potential can only represent the overall po-
tential of the system. Therefore, other methods are needed to study the
preparation mechanism of multilayer emulsions and understand the
occurrence of droplet flocculation. In this study, we used isothermal
titration calorimetry (ITC) and conventional DLS to investigate the
interaction and thermodynamic characteristics between sodium
caseinate (CAS) stabilized emulsion and low methoxyl pectin (LMP)
during the preparation of multilayer emulsions. In the first part, the
thermodynamic parameters and surface charge during the formation
(titration and back-titration) of the multilayer emulsion were evaluated
to understand the stabilization mechanism of the multilayer emulsion
during the preparation. Meanwhile, the advantages of ITC and DLS in
measuring the system are described and compared. In the second part,
the multilayer emulsions prepared by titration and direct mixing
methods were compared in terms of particle size distribution, zeta po-
tential ({-potential), creaming behavior, microstructure, and fluores-
cence intensity. This research could provide more information for the
rational design of multilayer emulsions.
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2. Materials and methods
2.1. Materials

The powder of CAS with 93.20% protein content (determined by the
Kjeldahl method, N = 6.38) was purchased from Fisher Scientific (UK).
The powder of LMP (esterification degree from 22% to 28% and acet-
ylation degree from 20% to 23%) with 81.21% carbohydrate content
was obtained from Cargill (Baupte, France). A medium chain tri-
acylglycerol oil (MCT) was purchased from Gattefossé (Saint-Priest,
France). Imidazole, acetic acid, sodium azide, sodium hydroxide, and
hydrochloric acid were purchased from Sigma-Aldrich Chimie (St
Quentin Fallavier, France). The water used in all preparations was
deionized water.

2.2. Sample preparation

Imidazole-acetate buffer solutions (5 mM) containing 0.04 wt% so-
dium azide (to avoid microbial growth (Chang, Gupta, et al., 2016)) was
prepared by dispersing weighed amounts of imidazole and acetic acid
into deionized water. Biopolymer stock solutions were prepared by
slowly dispersing 0.53 wt% CAS and 0.50 wt% LMP separately into 5
mM imidazole-acetate buffer and stirring overnight to ensure complete
hydration. The pH of both stock solutions was then adjusted to 3.0 by
adding HCI (1 M) 24 h prior their use. Based on our previous study
(Wang et al,, 2019), CAS showed positive charge and LMP showed
negative charge at pH 3.0. This pH environment could provide appro-
priate environment for forming multilayer interfaces by electrostatic
interactions between them.

2.3. Preparation of primary emulsions and multilayer emulsions

Oil-in-water coarse emulsions were prepared by mixing 5.0 g MCT oil
and 95 g emulsifier aqueous solution (0.53 wt% CAS stock solution at pH
3.0) by high-speed homogenization (IKA, Staufen, Germany) under
13,500 rpm for 5 min. The resultant pre-emulsions were then passed
through a microfluidizer (Microfluidics LM20, Microfluidics Gorp.,
Newton, MA, USA) 5 times at 5 x 107 Pa to obtain nanoemulsions (Liao
et al., 2021). The obtained nanoemulsions (containing 0.5 wt% CAS)
were then adjusted to pH 3.0 and considered as “primary emulsions”,

Multilayer emulsions were prepared by titrating the primary emul-
sions into LMP stock solution (0.5 wit%) at a rate of 2.5 mL/min by using
an automated procedure with the TitroLine 5000 (TitroLine 5000,
Xylem Analytics GmbH, Weilheim in Oberbayern, Germany). During the
titration, the samples were kept under agitation and different ratios of
primary emulsion/LMP were collected for subsequent analysis. To
investigate the effect of LMP on the formulation of multilayer emulsions
when the coating material was insufficient, back-titration was also
performed on the same ratio of CAS-based emulsion/LMP. Meanwhile,
direct mixing was performed by slowly pouring different volumes of
primary emulsions in same ratios (w/w) into the LMP stock solution
under stirring to compare the effects of different mixing methods on the
multilayer emulsions.

2.4. Isothermal titration calorimetry (ITC)

The energetics of the interactions between primary emulsions and
LMP was measured using an isothermal titration calorimeter with a
viewing and printing software (VP-ITC) (MicroCal, Malvern In-
struments, Northampton, MA) in a reaction cell volume of 1.4214 mL.
LMP and CAS-based emulsions were diluted to the desired concentration
(0.05 or 0.50 wt%) with the same buffer (5 mM imidazole-acetate
buffer, pH 3.0). All solutions were degassed under stirring for 5-10
min before being loaded. The pH of each solution was checked again
before measuring to ensure the same values in the cell and in the syringe.
The calorimetric cell was filled with LMP solution (0.5 wt%) and the
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electric injector was filled with CAS-based emulsion (0.05 wt%), equil-
ibrated at 25 “C. The titration was performed by adding an initial 2 pL
injection and 28 consecutive 10 pL injections while continuously stirring
the mixture at 307 rpm. Each injection lasted 20 s with a 200 s interval
between consecutive injections. Back-titration was also performed by
placing the CAS-based emulsion (0.5 wt%) into the cell and the LMP
solution (0.05 wt%) into the syringe, separately. Controlled titrations
were performed by injecting the primary emulsion or LMP solution into
imidazole-acetate buffer to obtain the heat of dilution, so corrected data
were obtained by subtracting the heat of dilution data from the raw data.
Data analysis was carried out by Origin 7.0 software. The Gibbs free
energy is calculated by the equation AG = AH — TAS. Measurements
were performed in triplicate and results are reported as mean and
standard deviation.

2.5. Intrinsic fluorescence

Intrinsic fluorescence intensity of multilayer emulsions with
different ratios of CAS-based emulsion/LMP was carried out at room
temperature by a multimode microplate reader equipped with a
temperature-controlled 96-wells microplate (Thermo Scientific™ Vari-
oskan). The excitation wavelength was set at 280 nm and the emission
spectrum was recorded in the wavelength range of 298-550 nm with an
excitation and emission slit width of 5 nm. The multilayer emulsions
formulated by titration in different ratios was diluted with 5 mM
imidazole acetate buffer (pH 3.0) to a final concentration of 0.05 wt%
CAS. The diluted samples were then evenly transferred to 96-well plates
for analysis, with 6 measurements per sample. The fluorescence in-
tensity of acetate-imidazole buffer and pure LMP solution were used as a
blank and a control, separately.

2.6. Zeta potential ({ potential)

The  potential was performed by electrophoretic mobility (Zetasizer
Nano-ZS90, Malvern Instruments, Worcestershire, UK) under room
temperature. To avoid multiple scattering effects, each sample was
diluted to a concentration of around 0.05 wt% with the same buffer (5
mM imidazole-acetate buffer, pH 3) (Liao et al., 2022). Diluted samples
were transferred to disposable cells for electrophoretic mobility mea-
surement. All measurements were performed three times and the -po-
tential values were calculated by the software as the average of three
individual measurements.

2.7. Mean particle size

Mean particle size (nm), polydispersity index (PdI) and size distri-
bution were determined by dynamic light scattering using a Zetasizer
Nano-ZS90 (Malvern Instruments, Worcestershire, UK) under room
temperature. To eliminate multiple scattering effects, each sample was
diluted to a droplet concentration around 0.1 wt% with corresponding
pH buffers (Liao et al., 2022). After 90's of equilibrium, each sample was
analyzed three times.

2.8. Microscopic observations

Before analysis, each sample was gently stirred in glass tubes to
ensure they were homogeneous. A drop of the emulsion was placed on a
microscope slide and covered with a coverslip. The microstructure of
samples was then visualized at room temperature using an Evos bright-
field microscope (EVOS M5000, Thermo-Invitrogen, USA).

2.9. Statistical analysis

All experiments were carried out at least three times with freshly
prepared samples. Data are reported as means + standard deviations.
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3. Results and discussions
3.1. Formation mechanism of multilayer emulsions

3.1.1. Zeta potential analysis

The appropriate concentration of the biopolymer coating around the
primary emulsion droplets can usually be assessed by measuring the zeta
potential (Okubo & Suda, 2003). It has been reported that the (-potential
of colloidal systems varies with the continuous addition of adsorbable
polymers, and the plateau of the (-potential as a function of ratio is
related to the surface saturation of the polymer coating (Chang, Gupta,
et al., 2016).

Fig. 1 showed the {-potential of multilayer emulsions prepared by
titration and back-titration as function of CAS/LMP or LMP/CAS ratio.
The {-potential of pure LMP solution (Fig. 1A) at pH 3.0 is negative
(—17.0 mV) which is attributed to the ionization of its carboxyl groups.
When the ratio of CAS-based emulsion/LMP was increased, the (-po-
tential initially remain stable until the ratio reached 0.5, then became
increasingly less negative, with a point of zero charge in the ratio range
around 1.25-1.50, and finally reached a plateau for higher ratio (3.0)
(C-potential close to that of primary emulsion). This is the fact that the
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Fig. 1. (-potential of multilayer emulsions at pH 3.0 as a function of
biopolymer ratio: (A) titrating the primary emulsion into LMP solution or (B)
titrating LMP solution into the primary emulsion (Primary emulsion: 0.5 wt%
CAS; LMP solution: 0.5 wt%).
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primary emulsicn exhibited positive charge at pH 3.0 because the pro-
tonation of the basic side chain (NHj3) of the casein molecules. As a
result, LMP molecules can be adsorbed on the droplet surface by elec-
trostatic force, and then the overall negative charge of the system
gracdually increases until there are not enough LMPs in the system to
cover the newly dropped droplet. As shown in Fig. 1B, the {-potential of
the primary emulsion is positive (+32.6 mV) and this value could be
considered enocugh to ensure high intermolecular repulsions. When the
LMP concentration was increased, the {-potential initially remains stable
until the ratio reaches 0.3, then becomes increasingly less positive, with
a point of zero charge in the ratio range around 0.6-0.8, and finally
reached a plateau at a ratio of 1.5 (Fig. 1B). According to previous re-
ports (Chang, Gupta, et al.,, 2016; Liu et al., 2019), the plateau of
{-potential indicates that the lipid droplet surface is saturated with
coating polysaccharides at this level. It should be mentioned that during
the experiment, the titration of the primary emulsion into the LMP so-
lution resulted in a stable multilayer emulsion, while titration in the
opposite direction (LMP solution into the primary emulsion) showed
obvious flocs and these flocs did not disappear with the continuous
addition of LMP (Data not shown). Based on our results, the forward
titration reached a plateau at ratio 3.0 (Fig. 1A), which corresponds
exactly to a ratio of 0.3 (Fig. 1B) for titration of the primary emulsion
into the LMP solution. After the ratio 0.3, the absclute value of the zeta
potential begins to decrease, indicating that the droplet saturation po-
tentials corresponding to the titrated and back-titrated samples are
consistent. Therefore, this finding suggests that the zeta potential can
represent the overall distribution of particles in solution but cannot
reflect whether the multilaver emulsion formulation is stable during
preparation (the occurrence of particle aggregation).

Meanwhile, to find the exact concentration of coating polymer at
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which the multilayer emulsions reach the plateau, a large number of
samples in different ratios should be prepared to measure for -potential
measurements, which are considered very complex and time-consuming
processes. In this regard, we employed ITC to measure thermodynamic
parameters to gain a deeper understanding of the stoichiometry of layer-
by-layer interactions and to analyze the energetics of multilayered in-
terfaces processes,

3.1.2. ITC analysis

ITC have been widely used to investigate molecular interactions in
biological systems (Jafari et al., 2007; Wang et al., 2019), but there are
few reports on the use of this technique for studying the interactions
between droplets and molecules (Fotticchia et al., 2014). Hence, ITC was
used to obtain more information about the evolution of deposition
around the primary emulsion, such as the equilibrium adsorption con-
stant, enthalpy of adsorption, and adsorption stoichiometry. CAS-based
emulsions and LMP solutions at pH 3.0 were chosen to perform ITC tests
at 25 ?C because CAS-coated droplets showed positive charge and LMP
molecules showed negative charges at pH 3.0 (Wang et al., 2019). In this
study, heat flow versus time curves (the upper of Fig. 2) were obtained
by gradually injecting 0.5 wt% primary emulsion or 0.5 wt% LMP so-
lution into a reaction cell containing 0.05 g/L LMP solution or 0.05 wt%
primary emulsion at 25 °C. The enthalpy changes (the lower of Fig. 2) as
a function of mass ratio were obtained by the software. Since both CAS
and LMP are high molecular weight polymers, mass units were used
instead of molecular weight unit in this study. In addition, the mass
fraction of the emulsion samples was replaced by the mass fraction of
CAS.

The ITC measurements (Fig. 2A) showed that the titrating process
was exothermic with a stepwise change in the exothermic value for each
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injection. When the ratio of primary emulsion/LMP is lower than 1.0,
the values of heat released per injection are very close, which indicates
that the injected CAS-coated droplets have a more stable interaction
with the LMP molecules in the reaction cell at this stage. This phase also
corresponds to that when the absolute value potential of zeta (Fig. 1A)
gradually approaching the “0" point from larger values (—17.0 mV to
—8.42 mV), implying that emulsions may go from stable to relatively
unstable from this point (Ratio 1.0). This was probably attributed to the
fact that, at the initial stage, excess negatively charged LMP molecules in
the cell can quickly adsorb on the surface of the positively charged
emulsion droplets due to electrostatic interactions. Our previous study
(Wang et al., 2019) reported the interactions between CAS and LMP
when used at the same content. Interestingly, the heat released by the
interaction between CAS and LMP decreases with regularity from the
beginning. This difference may stem from differences in binding be-
tween molecules and between molecules and droplets. The
CAS-encapsulated droplets prepared in this study have nanoscale di-
ameters with an average particle size of about 300 nm, so the CAS
molecules adsorbed on the surface of the oil droplets have a more or-
dered structure in the system than free casein molecules in the aqueous
phase. As a result, each casein-coated droplet entering the cell has
enough LMP molecules to cover the droplet surface through electrostatic
attraction rather than disordered droplet aggregation, thereby releasing
a relatively stable heat per injection at the initial stage. For ITC mea-
surements between CAS and LMP solutions, complexes were formed
during each injection and these complexes were confirmed to be insol-
uble at pH 3.0 (Wang et al., 2019). Therefore, it can be hypothesized that
the casein molecules may rapidly form disordered network fibers after
entering the reaction cell, and the degree of network structure is more
extensive, and the heat released is higher. When the ratio was above 1.0,
the heat released per injection stated to decrease regularly (Fig. 2A).
This may be attributed to the gradual depletion of LMP chains in the
reaction cell Above the ratio of 1.4, the enthalpy becomes slightly
positive and remains stable, indicating that none of the LMP molecules
in the cell can interact with the newly added droplet. This also means
that almost all LMP molecules in the cell are adsorbed onto CAS-based
O/W interface at this ratio. However, the result of zeta potential
(Fig. 1 A) showed that the plateau was obtained when the ratio of
CAS-based emulsion/LMP was around 3.0, which was not consistent
with ITC results. Our previous study (Wang et al., 2019) reported a
similar phenomenon by investigating the complex formation between
CAS and LMP. The enthalpy of the thermodynamic curve (by ITC) rea-
ches a plateau (Value “0™) at a ratio of 1.0, while the zeta potential of the
sample with the same ratio was positive (~+20 mV). Fotticchia et al

(2014) also reported similar results by titration of chitosan or poly--
-lysine into egg lecithin based emulsions. These contradictory results
seem to indicate that the potential change in the system may not be
accompanied by intermolecular interactions or that the endothermic
and exothermic systems have reached a thermodynamic equilibrium. In
addition, the measurement of zeta potential is highly sensitive to envi-
ronmental conditions and may not represent the real environment in the
system well (Fotticchia et al.,, 2014). For instance, sample should be
diluted before measurements the {-potential and the dilution may in-
fluence the authenticity of the system. However, more characterization
tools are needed to further elucidate the relationship between zeta po-
tential changes and thermodynamic changes in emulsion systems.

Fig. 2A showed that the enthalpy change (AH) in the titration was
—534.4 keal/g. Table S1 (see supplemental file) summarized the Gibbs
free energy (AG, —8957.8 kcal/g) and entropy (AS) which were calcu-
lated by fitting the curve of “one set of sites ". The negative AG indicated
that the interaction between the primary emulsion and LMP was a
spontaneous reaction. Similar exothermic sequences were also found in
ovalbumin/chitosan (Xiong et al., 2016) and soy proteins/gum Arabic
(Dong et al., 2015). This result supports the generally accepted view that
adsorption is primarily driven by electrostatic interactions (Burgos-Diaz
et al., 2016; Fotticchia et al., 2014). In fact, it was found that AH<0 and
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AS>0, indicating that electrostatic interactions play a major role in the
binding between CAS-based emulsion and LMP. Indeed, the interactions
that occur during the preparation of multilayer emulsions is more
complex than just an electrostatic mechanism. It may also include hy-
drophobic interactions, van-der-Waals forces, and hydrogen bonding.
However, we cannot say whether these forces are present, because ITC
measures the sum of all events that occur in the reaction cell. Further-
more, comparing to the AG value (—8134.5 kcal/g (Table 51, Supple-
mentary material) obtained from studying the interactions between CAS
and LMP (Wang et al., 2019), it was found that the absolute value of AG
is higher in this study. This could be attributed to the fact that the
adsorbed caseinate molecules (+32.6 mV) exhibited stronger surface
charge than free caseinate molecules (+20 mV) in the continuous phase
at pH 3.0 (Wang et al., 2018).

ITC measurements by titrating LMP solution into primary emulsions
were also performed to understand the heat flow (Fig. 2B) in the pres-
ence of insufficient polysaccharides. Instead of dear acreasing regularly,
the heat released of each injection increased in the initial phase and the
maximum heating was obtained at ratio 0.3. Several possibilities may
explain this behavior: (i) insoluble flocs were clearly observed by
titration of LMP into the primary emulsion at the initial stage, and these
flocs did not disappear with the continuous addition of LMP (Data not
shown). This can be attributed to the bridging flocculation caused by
negatively charged pectin molecules and positively charged droplets.
The bridging flocculation process may be accompanied by more com-
plex reactions than electrostatic adsorption, such as some endothermic
effects (unfavorable conformational changes, hydrophobic interactions,
etc. (Bou-Abdallah & Terpstra, 2012)) and, (ii) when the pH of stock
solution was adjusted to 3.0 by HCl, some ions remained in the solution
may inhibit binding interactions (Xiong et al., 2017) due to the forma-
tion of an ionic screen that prevents the interactions between the two
biopolymers. Interestingly, the ratio 0.3 also corresponds to the starting
decrease of -potential (Fig. 1B), suggesting that the overall droplet
surface charge in this system changed. Beyond this ratio, the heat
released after each injection started to decrease regularly and reaches
the “0” point at ratio 0.7. However, Fig. 1B showed that the {-potential
reached a plateau until the ratio 1.5, while ITC data indicated that there
was no obvious heat changed at ratios higher than 0.7. This finding
suggested that the continued decrease in potential caused by the addi-
tion of LMP is probably not accompanied by a significant thermal
change.

3.1.3. Schematic representation of the formation of multilayer emulsions by
titration

Based on the above results, a schematic diagram was established to
summarize the main events occurring as a function of the ratio in
titration and back-titration systems (Fig. 3). For the primary emulsion
titration by LMP solution, stable multilayer emulsions are successfully
formed at the initial stage, which were stable to droplet flocculation.
This is because each injection contains enough LMP chains to completely
cover oil droplets and gives them a negative surface charge, thereby
avoiding droplet aggregation due to electrostatic repulsions. Theoreti-
cally, as the LMP in the system is gradually depleted, the injected
droplets will interact with other LMP-coated droplets, causing large
droplets to aggregate. In general, bridging flocculation tends to occur
earlier (before the biopolymer in the continuous phase is completely
depleted), which are mainly dependent on the mixing methods (mixing
(Liu et al., 2019) or titration (Zeeb et al., 2015)) and biopolymer
properties (e.g., charge density, molecular weight, and conformation
(Gharsallaoui et al,, 2010)). For back-titration, bridging flocculation
occurs at the initial stage, as the injected negatively charged LMP mol-
ecules will adsorb to the surface of multiple droplets and link them
together. Although negatively charged pectin continued to be added to
the system, making the surface of the entire system negatively charged
(Fig. 1B), the flocs that had produced did not disappear. This finding is
consistent with some other reports (Liu et al., 2019; Surh et al., 2006).
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Fig. 3. Schematic representation of the formation of multilayer emulsions by titration based on CAS-coated emulsion and LMP at pH 3.0.

Clusters of droplets held together by protein bridges is generally not
reversible, which can be distupted only by strong shear forces (e.g. a
second-stage of homogenization) (Dickinson, 2019). For instance, Liu
et al. (2016) mixed primary emulsions and lactoferrin and then used a
blender and a high pressure homogenizer to redisperse droplets to
obtain stable multilayer emulsions. However, Fotticchia et al. (2014)
indicated that stable multilayer emulsions can be prepared by titrating
chitosan or poly-i-lysine into the primary emulsion, although bridging
flocculation occurs at the initial stage of titration. Tang et al. (2021)
successfully prepared multilayer emulsions by direct mixing relatively
high content of sodium alginate with chitosan based picking emulsions.
These differences may originate from the properties of the different used
biopolymers (e.g., charge density, molecular weight, and conformation),
the primary layer thickness of emulsion droplets, as well as the solution
conditions (e.g., pH, ionic strength, temperature, and stirring) (Bur-
gos-Diaz et al., 2016).

3.1.4. Analysis of fluorescence intensity

Several studies have reported (Acharya et al., 2013; Qiu et al., 2015)
that CAS or CAS-based droplets exhibited an obvious emission band
around 330 nm when the excitation band was 280 nm due to the pres-
ence of tryptophan. When the protein conformation is changed, the local
molecular environment of tryptophan and phenylalanine groups will be
changed, resulting in changes in the endogenous fluorescence spectrum.
For this reason, measurements of tryptophan fluorescence spectroscopy
during the formation of CAS-LMP based multilayer emulsions could be
used to study CAS conformational changes. Wang et al. (2022) added
proteases to soybean protein-based emulsions and investigated the
structure or aggregation state of protein-coated droplets after protease
treatment by observing typical intrinsic fluorescence emission curves.

Fig. 1A shows the tluorescence spectra of multilayer emulsions pre-
pared by titrating the primary emulsion into LMP solution with different
ratios and while maintaining the same CAS content, All emulsion sam-
ples showed strong fluorescence emission upon excitation at 280 nm,
with a peak near 330 nm. Interestingly, when the ratio <0.6, there was
no obvious shift in the maximum emission wavelength of LMP-CAS
based emulsion. However, when the ratio was above 0.6, the wave-
length corresponding to the maximum fluorescence showed a slight red
shift compared to the primary emulsion. It has been reported that the red
or blue shift in the emission band of CAS is usually related to changes in
the tryptophan environment (Li et al., 2019). Therefore, no shift was
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observed at ratio <0.6 which suggest that binding of LMP and
CAS-coated droplets in this stage did not change the tryptophan
environment.

The quenching of the fluorescence intensity has been reported as an
indicator of the interactions between the components in the solution
(Wang et al.,, 2015). Therefore, the conformation and stability of LMP
and protein-based emulsion systems can be inferred in part from the test
results. The maximum fluorescence intensities of these emulsions pre-
pared by titration as a function of ratic are plotted in Fig. 4B. In the ratio
range of 0-0.6, titration-prepared samples showed similar maximum
fluorescence intensities; however, when the ratio was greater than 0.6,
the maximum intensity of samples decreased obviously with the in-
crease of the ratio until it reached 1,75, The decrease in fluorescence
intensity indicated that part of the tryptophan residues of CAS adsorbed
on the surface of droplets were buried in the interior of the large par-
ticles, which may be caused by the partial aggregation of the droplets.
Similar behavior was reported for soy protein isolate/pectin interactions
(Liet al., 2021). In this study, the authors explained that the decrease in
fluorescence intensity was due to the formation of complexes. As the
ratio increased from 1.75 to 2.5, the maximum fluorescence intensity of
these samples increased. This can be attributed to the presence of some
individual CAS-coated droplets in the system due to the relatively high
CAS-based emulsion/LMP ratio.

3.2. Effect of titration or mixing on the properties of multilayer emulsions:
analysis of droplet size and flocculation

It should be noted that many papers demonstrated the successful
preparation of multilaver emulsions by adding primary emulsions to
other coating materials (Burgos-Diaz et al., 2016; Liu et al., 2019; Shi
et al., 2021). However, there are no details on how to define “add”. In
fact, there are many ways of addition, such as slow/quick addition,
titration or direct pouring, etc. and these different ways of addition seem
to have a significant effect on droplet aggregation during the prepara-
tion of multilayer emulsions. In this section, the direct mixing and
titration under stirring were used to prepare multilayer emulsions with
different ratios of CAS-based emulsion/LMP. Then, dynamic light scat-
tering (DLS) (Fig. 5A-D), creaming index (Fig. 6A), and optical micro-
scopy (Fig. 6 B) will be presented to evaluate the surface charge, mean
particle size and droplet aggregation of these emulsions.

Fig. 5A exhibited the zeta potential of emulsions in both preparation
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methods. Interestingly, the multilayer emulsions in both methods
showed similar trends in surface charge as a function of ratio, although
distinct flocs were observed earlier in the emulsions prepared by direct
mixing. This might be the limitation of the microelectrophoresis
mobility method: samples need to be highly diluted and this process may
have changed the surface charge of the system (Hu et al., 2017; Sal-
via-Trujillo et al., 2013). For example, droplet aggregation in highly
concentrated emulsions may be partially redispersed to some extent
after dilution and agitation. Primary emulsions exhibited nanoscale
diameter (~300 nm, Fig. 5B) with relatively lower polydispersity index
(PdI) values (Fig. 5C). As the ratio increases, all emulsions showed
increased droplet size and Pdl values, which can be attributed to the fact
that negatively charged LMP molecules adsorbed on the surface of
CAS-coated droplets or droplet aggregates. A similar result was found in
a study of chitosan/pectin-stabilized multilayer emulsions (Liu et al.,
2019). It is worth noting that the particle size and PdI values of samples
prepared by mixing method are higher than those prepared by titration
one. Until the ratio reached 0.8, the titration-prepared multilayer
emulsions still exhibited nanoscale average droplet diameter (~600 nm)
based on DLS analysis. However, when the ratio was higher than 0.5, the
size of samples prepared by mixing method was outside the
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measurement range of DLS. This could be probably attributed to the fact
that directly mixing provides more droplets in the same time than
titration, and consequently droplet-droplet collisions may occur more
rapidly than polyelectrolyte molecules adsorption to the droplet sur-
faces, thereby causing larger droplets (Guzey & McClements, 2006).
However, during the titration process, a small number of droplets added
each time can be quickly encapsulated by the polyelectrolyte at a lower
concentration ratio. As a result, once the surface charge reached a
certain value, there will be a strong electrostatic repulsions between the
surfaces and similarly charged polyelectrolytes in the aqueous phase,
which limits further adsorption of the polyelectrolyte molecules,
thereby reducing the probability of droplet-droplet collision and
retarding the occurrence of particle aggregation. This result was also
confirmed by the droplet size distribution measurement. The
titration-prepared samples did not show distinet peaks in the larger size
range until the ratio reached 0.5, while even for a ratio of only 0.1
(Fig. 5D), distinct peaks in the larger size range were detected in the
sample formed by mixing (Fig. 5E). This result proved that droplet
flocculation is readily to occur in the direct mixing method, indicating
that different adding methods have a significant effect on the droplet
flocculation during the formulation of multilayer emulsions.

Fig. 6A showed the visual appearance of multilayer emulsions pre-
pared by directly mixing and titration methods. As expected, those
prepared by mixing showed a cream layer when the ratio increased.
Even at a ratio of 0.1, a phase separation can be observed where an
opaque cream layer at the top and a strongly turbid droplet-depleted
layer at the bottom, which was consistent with result of particle size
(Fig. 5E). This behavior can be attributed to bridging flocculation pro-
motion leading to an increase in particle size, which facilitates gravi-
tational separation (Grundy et al., 2018). However, when the ratio was
increased to 0.5, there was a slight creaming at the bottom of the
emulsion prepared by mixing, which may be due to an increase in vis-
cosity (polymer entanglement or viscoelastic network formation)
(Grundy et al., 2018). As a result, the increased viscosity restricts the
upward movement of the aggregated droplets. Notably, the multilayer
emulsion prepared by titration showed much better stable creaming
stability than that prepared by mixing, since no obvious phase separa-
tion occurred until the ratio reached 1.0. This could be attributed to
relatively low PdI value (Fig. 5C) in these emulsions.

For further analysis, the microstructure of the primary emulsion
(control) and several selected multilayer emulsions prepared by titration
at different ratios (0.5:1; 0.8:1; 1:1; 1.5:1; 2:1) were observed by optic
microscopy. These samples represent different states of droplets during
the preparation of multilayer emulsions. Compared to the primary
emulsion, the multilayer emulsion also exhibits a very homogeneous
microstructure in the ratios <0.5, which supports the results of the size
measurements. As the ratio increased, droplet aggregation was clearly
observed at higher chitosan concentrations, especially when the ratio
was higher than 1.0, This is because there are not enough LMP molecules
in the system to coat the droplets, and then two or more droplets share a
polysaccharide chain to form aggregates. Remarkably, both extensive
droplet aggregation and significantly increased droplet size (Fig. 5B)
occurred around the ratio 1.0, which corresponds to the ratio where the
heat released by titration began to decrease (Fig. 2A). These findings
suggest that ITC could provide accurate information on when floccula-
tion occurs, leading to optimal conditions for the preparation of O/W
multilayer emulsions. Nevertheless, the long-term stability of emulsions
is still an important indicator that we cannot ignore, and we will explore
the physical stability under different conditions of multilayer emulsions
in a future work.

4, Conclusion
This study tried to explain the mechanism of the formation of

multilayer emulsions by titrating primary emulsions into coating ma-
terials. According to the obtained results, ITC measurements by titration
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of the primary emulsion into the coating material allow the acquisition
of thermodynamic characteristics of the studied system, and are fast,
accurate and informative compared to the information obtained from
zeta potential measurements. ITC titration confirmed that LMP does
bind CAS-coated droplets mainly through the electrostatic forces and
this absorption was a spontaneous exothermic process (AG < 0, AH < 0).
Titration of the primary emulsion into the LMP solution resulted in a
stable multilayer emulsion, while titration in the opposite direction
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showed obvious flocs due to bridging flocculation. Meanwhile, uniform
and smaller-sized droplets can be prepared by titrating the primary
emulsion into LMP solution rather than mixing them directly, which can
be attributed to the fact that slow addition can effectively avoid the
aggregation of droplets. Based on emulsion stability and microscopy
observations, ITC appears to have the ability to define when flocculation
begins, thus providing optimal conditions for the preparation of O/W
multilayer emulsions. In this way, the remaining coating materials in the
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(A)

Fig. 6. (A) Visnal appearance of multilayer emulsions prepared by titration or mixing as a function of ratio; and (B) Photomicrographs of multilayer emulsions
prepared by titration. The scale bar is 20 pm in length.
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continuous phase of the prepared double-layer emulsion can be reduced,
so as to further prepare emulsions with three or four interfaces ..., thus
providing more possibilities for O/W food emulsion products.
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Many foods are perishable and require food preservatives from preparation to
consumption to prevent spoilage and pathogenic bacteria. Due to the increasing safety
requirements, efforts have been devoted to designing novel food preservatives with
food-grade molecules and biopolymers, which are generally considered safer and more
reliable. One of the potential strategies is the encapsulation of essential oils (EOs) with
food-grade emulsifiers, especially proteins, to formulate O/W emulsion systems.
Therefore, it will be very important to formulate nanoemulsions with long-term stability
and good antibacterial activity by incorporating different natural or food-grade
biopolymers. Besides, it is important to investigate the putative interactions between
selected biopolymers and antimicrobial components and to identify the interactions that

govern emulsion stability.

This thesis aims to develop novel food preservatives formulated from natural
compounds and food-grade biopolymers. In the first part, nanoemulsions were
successfully prepared by high-speed homogenization and high-pressure
homogenization in the different combinations of emulsifiers (CAS or lecithin) and EOs
(TCA and citral). Nanoemulsions containing TCA exhibited higher antimicrobial
activities against two common Gram-negative (Escherichia coli) and Gram-positive
(Listeria innocua) bacteria than that containing citral whatever the used emulsifier.
These nanoemulsions were then incorporated into low methoxyl pectin (LMP) films
and the obtained results showed that films containing TCA droplets coated by CAS had
a larger inhibition zone than the ones stabilized by lecithin whatever the EO used. These
results could be attributed to the combination of several phenomena such as (i)
evaporation of free EOs during the formation of biopolymer films, (i1) diffusion of EOs
through the interfacial membrane containing the emulsifier, (ii1) diffusion of EOs
through the pectin matrix, (iv) film structure, and (v) interactions between pectin,
emulsifier, EO molecules, and the bacterial membranes. Thus, the antimicrobial activity
of nanoemulsions and nanoemulsion-based films was the highest when the combination

of TCA and CAS was used. Furthermore, nanosized emulsions prepared by TCA and
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CAS were more stable than microsized ones in our systems, but no significant
differences were observed concerning their antibacterial activity. These results
highlight the potential advantages of emulsions as delivery systems of EOs as
preservatives, but more factors should be considered in our future studies to evaluate
the effect of the type, chemical structure, and physical properties of EOs on their

antibacterial activities.

One of the main challenges to overcome when formulating essential oil-loaded
emulsions is that the oil phase contains components that are soluble in water, which
promotes droplet growth through Ostwald ripening, thereby accelerating emulsification
and phase separation. To overcome Ostwald ripening, we compared the ability of two
different carrier oils to improve the properties of emulsions containing TCA and
stabilized by CAS. The effects of different contents of two different oils (MCT and LCT)
on the physical stability and antibacterial activity of nanoemulsions were investigated.
The analyses revealed that stable CAS-coated nanoemulsions are difficult to formulate
using pure TCA. However, nanoemulsions containing TCA mixed with a carrier oil
could keep stable for a relatively long period (more than one month at room
temperature), especially when LCT is used as carrier oil. This stability improvement
can be attributed to a reduction of TCA diffusion in the aqueous phase and an inhibition
of Ostwald ripening. Antibacterial effect measurement revealed that, compared to
nanoemulsions containing pure TCA, the activity of nanoemulsions containing
mixtures of TCA and carrier oils exhibited better antibacterial activity against E. coli
and L. innocua. The incorporation of carrier oils into nanoemulsion-based systems
containing TCA is a promising technique that can extend the shelf life of perishable

foods.

After optimizing the preparation, the next step was to further improve the stability
of nanoemulsions under certain conditions (high ionic concentration, freeze-thaw cycle,
accelerated oxidation). In this regard, the effect of pectin on the physical and oxidation
stability of CAS-stabilized nanoemulsions under neutral pH was investigated as a
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function of several parameters and conditions. It emerges that the presence of LMP
could improve the physical (especially against high salt concentrations and freeze-thaw
cycles) and chemical stability of CAS-stabilized nanoemulsions, depending on its
concentration. Particularly, nanoemulsions containing 0.10 wt% and 0.25 wt% are
considered as the optimal formulation which exhibited the ability to inhibit lipid and
protein oxidation more effectively than CAS alone. There are at least two possible
mechanisms to explain the antioxidant properties of pectin in nanoemulsions: (i) the
non-adsorbed pectin could have the ability to scavenge free radical and chelate metals;
and (ii) the non- adsorbed pectin can reduce droplet mobility by forming a weak gel-
like network that prevents water-soluble pro-oxidants reaching the lipids. In addition, a
higher concentration of pectin (0.5 wt%) can promote the occurrence of depletion
flocculation of nanoemulsions, resulting in phase separation, more secondary lipid

oxidation products, and more tryptophan loss.

Environmental conditions, especially pH, have been reported to greatly affect the
structural properties of proteins or protein-polysaccharide-based emulsion systems. To
further understand the stability of CAS-LMP-based nanoemulsions under different pH
conditions, the effect of pH on the interfacial rheology of CAS/LMP at the O/W
interfaces was systemically investigated. Meanwhile, the colloidal stability
(microstructure, C-potential, particle size, and viscosity) of CAS-LMP-based
nanoemulsions was studied by adjusting the pH from 7.0 to 3.0. Interfacial
measurements suggested that pH and LMP concentration had limited effects on the
equilibrium interfacial tension of CAS/LMP at the O/W interface. The studied pH
conditions showed that CAS can effectively reduce the O/W interfacial tension to an
equilibrium value of about 14.0 ~ 15.5 mN/m, but an increase in viscoelastic modulus
was observed at pH 5.0 with increasing LMP content. Size and {-potential results
suggested that LMP adsorbed to CAS-coated droplet at pH 3.0 and pH 5.0, but not at
pH 7.0. The corresponding isoelectric point (p/) for charge neutralization in CAS/LMP

based nanoemulsions was shifted to lower pH values. Notably, nanoemulsions
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containing LMP can significantly inhibit the aggregation and creaming of CAS-coated

droplets at pH 5 compared to the nanoemulsions without LMP.

After the characterization of the physical properties of prepared nanoemulsions, the
interactions between the different components of the emulsions systems were also
investigated. In this part, the interactions between the two used natural aldehydes (TCA
and citral) and CAS were evaluated at the O/W interface. First of all, both aldehydes,
especially TCA, have pronounced abilities to decrease the interfacial tension at O/W
interfaces during adsorption process. Small amounts of TCA introduced into oil phase
were shown to significantly improve the dispersibility and diffusion properties of CAS
at the O/W interfaces. Dilatational measurements showed that the use of TCA into the
oily phase resulted in stronger and more elastic interfaces. The fluorescence quenching
test proved that TCA has more obvious quenching effect on CAS than citral. The large
binding constants (1.78 x 10> M™!) were calculated by Stern-Volmer equation and
suggested that TCA has a strong affinity with CAS. The negative enthalpy and negative
entropy change suggested that the binding is mainly driven by formation of hydrogen
bonds, which is spontaneous. Entropy was unfavorable suggesting that there is a loss

of conformational freedom associated with binding.

In the final step of this thesis, we tried to explain the mechanism of the formation
of multilayer emulsions by titrating primary emulsions into coating materials by
isothermal titration calorimetry (ITC) and dynamic light scattering (DLS). Stable
multilayered interfaces could be formed by titrating primary emulsion (CAS-based
droplets) into LMP solution, rather than the titration in the opposite direction. ITC
titration confirmed that LMP does bind CAS-coated droplets through electrostatic
forces and it was a spontaneous exothermic process (AG <0, AH <0). In addition, more
uniform and smaller-sized droplets could be obtained by titrating the primary emulsion
into LMP solution rather than mixing them directly, which can be attributed to the fact
that slow addition can effectively avoid the aggregation of droplets. Compared to DLS,
ITC measurements allowed to obtain thermodynamic properties of the studied systems
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and it appears to have the ability to define when flocculation begins, thereby providing
optimal conditions for the preparation of O/W multilayer emulsions. In brief, ITC
measurements by titration of the primary emulsion into the coating material allow the
acquisition of thermodynamic characteristics of the studied system, which are fast,
accurate and informative compared to the information obtained from zeta potential

measurements.

In conclusion, encapsulation systems containing EOs as preservatives and based on
food-grade emulsifiers (proteins and polysaccharides) were successfully prepared. The
physicochemical stability of these emulsions during storage and under certain applied
conditions were systematically investigated. Meanwhile, the molecular interactions
between the different components in the emulsions were illustrated from the point of
view of oil-water interfaces and fluorescence quenching. In summary, these results are
expected to provide more information for using natural active biomolecules to

manufacture food antibacterial agents with stable multifunctional bioactivity.

Concerning the perspectives of this work, there are some aspects that could be

explored in future works:

1) Our results showed the potential advantages of emulsions as delivery systems of
EOs as preservatives, but more factors should be considered in future studies to
evaluate the effect of the type, chemical structure, and physical properties of EOs

on their antibacterial activities.

2) It would be interesting to measure the release kinetics of EOs from emulsions
and films and to follow their diffusion in different environments, like food/drug

matrices, simulated gastrointestinal tract (GIT) system, or food packaging...

3) The interactions between emulsion droplets and target bacteria, the effective
concentration of the encapsulated molecules and the resistance phenomena of

the bacteria are also worth studying.

4) The multilayered nanoemulsions are worth to convert into powders by
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evaporating water by spray-drying or freeze-drying. The resulting powders can
be characterized in terms of activity, density, flow, size, stability, and re-

dispersion properties for further applications.
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