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Abstract

Emulsions are precursors for formulating stable food products with high demand worldwide and efficient cosmetics that
can provide the capability of delivering bioavailable active ingredients. The development of Pickering emulsions is crucial
because they can eliminate the more prolonged need for chemical stabilizers, increasing the sustainability and stability of
the formulation. Conventional emulsion formulations employ chemical surfactants to stabilize. Nevertheless, incorporating
proteins as emulsion stabilizers improves stability and attractiveness. Therefore, a systematic reference review is essential to give
theoretical knowledge of Pickering emulsions and their structures and properties to review critical aspects, the mechanisms, and
the vital applications to promote their stability. The subject of this review article is research focused on developing new protein
modification technologies, improving their properties, and extending their applications. The applications of casein, whey
protein, and egg albumin as emulsion stabilizers primarily focus on widely published literature. The present study focuses on
evaluating the food industrial applications of casein, whey protein, egg albumin, lactoferrin, and myofibrils. The bioavailability
of casein, whey protein, and egg albumin is essential for applying in Pickering emulsion, and it can be a limiting factor. We are

opening new opportunities and options for utilizing alternative proteins, such as emulsion stabilizers.

Keywords: Pickering emulsions; lactoferrin; protein of animal origin; casein; albumin.

Practical Application: Animal proteins boost Pickering emulsions for better stability and sustainability.

1 INTRODUCTION

Emulsions are thermodynamically unstable systems consti-
tuted of a continuous and dispersed phase in the shape of tiny
droplets. To ascertain the stability of these droplets, a surfactant
or emulsifying agent is employed in the formulation, reducing
the surface tension between the phases (Wang, Wang, et al,,
2023). The stability of emulsions is a critical factor for their
application, and it is conditional on the development phases
and the proportion between the phases, size, and distribution
of the droplets, concentration, type of emulsifier, free energy of
the system, and the environmental factors (pH and temperature)
(Luo & Wei, 2023). Therefore, alternative stabilization mecha-
nisms exist, such as using solid particles that present advantages
over traditional emulsions, offering more excellent stability,
flocculation, and coalescence (Carvalho-Guimaries et al., 2022).

Pickering emulsions (PE) demonstrate greater biosafety and
biocompatibility compared to traditional emulsions (stabilized
by increasing viscosity) (PE) demonstrate greater biosafety
and biocompatibility (Du et al., 2024). The particles adsorb at
the interface between the immiscible liquid phases, forming a
stratum around the droplets and the stabilized dispersed phase.
A dense three-dimensional obstacle prevents the coalescence

and Ostwald ripening phenomenon, increasing the product’s
shelf life (Jiang et al., 2020). The combination of good stability,
reduced use of emulsifiers, and tunable rheological properties
makes these systems relevant for several contexts, including
food applications, the pharmaceutical industry, cosmetics, and
the petrochemical industry (Ran et al., 2023).

Since PE has recently received attention, PEs have been em-
ployed in different formulations, always following the intended
primary purpose. Pharmaceutical and cosmetic industries can
benefit from PE, as it allows stable formulations of encapsulated
and nonencapsulated products (Chu et al., 2021) and enrich-
ment and modification of raw materials utilized in different
formulations (Du et al., 2024). and enrichment and modification
of raw materials used in different formulations (Chen et al., 2020;
Huang et al., 2022; Ran et al., 2023) in bakery formulations (Su
etal., 2023) as in other applications. PE can be used to improve
waste treatment and sanitation technologies in environmental
applications (Hadi et al., 2024) across many industrial sectors.

PEs stabilized with animal proteins offer notable advantages
over those stabilized with plant-based particles, particularly in
structure, functionality, and nutritional benefits. Proteins such
as casein and whey, in addition to facilitating adsorption at the
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Animal proteins as Pickering emulsion stabilizers

oil-water interface, form stable and flexible layers that resist
coalescence and Ostwald ripening, increasing emulsion stability.
Proteins used as PE stabilizers exhibit high stability over a wide
range of pH and temperature conditions, making them ideal for
applications involving thermal processing or variable pH envi-
ronments. In addition, emulsions stabilized with animal protein
particles provide excellent nutritional value and are more easily
digestible and absorbable by the human body (Wen et al., 2023).

This study aimed to develop a systematic literature review
on using animal proteins as stabilizers in PEs. The review aims
to provide a theoretical basis from the available data on the PE
concept, properties, and structure knowledge, as well as review
the mechanisms and applications necessary to promote stability.

1.1 Relevance of the work

This study holds significant relevance as it explores the
potential of animal-derived proteins as stabilizers in Pickering
emulsions, presenting a sustainable alternative to conventional
chemical surfactants. By enhancing the stability, functionality,
and bioavailability of these emulsions, the research responds to
the increasing demand for environmentally friendly and effective
solutions in food and cosmetic formulations. Furthermore, it
delves into innovative protein modification techniques that could
streamline the incorporation of alternative proteins into product
designs. This work not only advances the understanding of Pick-
ering emulsions but also promotes sustainability, paving the way
for safer and more efficient formulations across various industries.

2 METHODS

This study was initially based on a strict methodology to
identify, select, and integrate the evidence available in scientif-
ic literature. Initially, the search was carried out on academic
platforms, including ScienceDirect, Wiley, PubMed, and Google
Scholar, using relevant search phrases (“Pickering emulsions,”
“Pickering,” “protein of animal origin,” “casein,” and “albumin”)
to identify relevant studies on PE. After the initial selection, the
inclusion and exclusion criteria were predefined and applied
to identify those that met the review’s objectives. The selected
articles were assessed based on methodological excellence and
scientific relevance, prioritizing publications from the last 5
years. Repeated articles were excluded to ensure a diverse range
of sources. Research with significant innovations in the field
was emphasized.

In some cases, older bibliographic references were included
due to their high relevance and the limited availability of recent
articles on specific topics. Relevant information, including the
main results and conclusions of the included studies, was rig-
orously extracted and systematically synthesized (Figure 1).

Initially, 2,383 articles were selected and refined based on
methodological quality. After evaluating the selected articles
according to their scientific significance, an additional 2,184
research articles were discarded, resulting in 150 articles. Filters
for scientific relevance were used, and publications from the
last 5 years were selected; 96 studies remained for this review.
In some cases, older articles were included in the text due to
the study’s relevance. The articles were critically examined

and interpreted to identify trends, gaps in knowledge, and
directions for new and innovative research that will use lacto-
ferrin (LF) and myofibrillar proteins as stabilizers in emulsions.
To increase the validity and consistency of the research results.
Transparency and replicability were crucial at all stages of the
systematic review to improve the reliability and validity of
the findings presented.

3 GENERAL ASPECTS OF PICKERING EMULSIONS

PEs are regarded as substitutes for traditional surfactant
stabilizers of emulsions (Sarkar & Dickinson, 2020), being at-
tractive because of their higher stability and biodegradability
(Gonzalez Ortiz et al., 2020). Compared to conventional emul-
sions, PE presents promising advantages, such as higher stability
contrary to coalescence and phase separation, and superior
resistance to pH and temperature variations (Mukherjee, 2020).
The overall stabilization mechanism, based on the adsorption
of solid particles at the interface of immiscible phases, is sche-
matically illustrated in Figure 2. The decreased use of chemical
surfactants, which can result in discomfort or allergic reactions,
enlarges the potential application of PEs in multiple sectors like
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Figure 1. Diagram of the article determination system for review.

Figure 2. The mechanism of stabilization in Pickering emulsion
highlights the use of solid particles.
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the production of chemicals, food, cosmetics, and pharma-
ceuticals (Carvalho-Guimaries et al., 2022). The area of PE is
consistently developing, primarily attributable to the research
and investigation of new types of stabilizing particles, methods
of formulation, and specific formulations. These stabilization
processes increase the resistance of emulsions to changes in
light, pH, and temperature variations, which enhances their
application in the food industry (Doost et al., 2019). According
to Li, Li, et al. (2023), PE presents higher stability, multifunc-
tionality in applications, diversity, and stabilization using solid
particles. The preference for the PE type is increased by the
reduction and/or elimination of chemical surfactants (Carval-
ho-Guimaraes et al., 2022), primarily attributable to the growing
environmental interest.

A noteworthy aspect of using PE is the competence to
control physical properties (stability and rheology), adapting
to the nature and characteristics of the solid particles used.
Furthermore, it can potentially enhance food’s nutritional value
and gastric protection (Xu et al., 2020). The excellent stability
attributes become a potential system for advancing controlled
properties and optimized performance (Du et al., 2024). Based
on Du et al. (2024), using nanocrystals made using starch per-
mitted the development of curcumin-encapsulated emulsions
with higher stability, not just in the emulsion but also in the
stability of the active ingredient, permitting this controlled
compound release.

Specific strategies can be used by applying PE as models to
structure liquid with low viscosity using vegetable oils into soft
solids and oil gels (Li et al., 2022). Regarding their structure,
emulsions are known as one of the most appropriate systems
for delivering bioactive ingredients (Fanfan et al., 2005). When
selecting a Pickering system, it is necessary to consider factors
including emulsion stability, application content, enhanced per-
formance, particle size, and shape (Doost et al., 2019). Moreover,
the preference for organic and natural compounds is increasing,
principally based on the absence of allergenic, inorganic, and
environmental compounds (Li et al., 2019).

3.1 Stabilization methodologies

PEs arise through many intermolecular mechanisms that
allow their formation (Wang, Jiang, & Shi, 2024b), including Van
der Waals interactions, polymer adsorption, electrostatic forces,
particle surface modifications, and many others (Elbers et al.,
2016). The Van der Waals interactions play a vital role in stabi-
lizing Pes. Due to their weak intermolecular forces that originate
from the random fluctuation of electric charges, they directly
influence the structure of the oil-water interface, inhibiting the
coalescence of dispersed particles (Elbers et al., 2016). The inter-
action depends on crucial factors, including material, particle size
and shape, and dispersed medium properties. The type of particle
material is directly responsible for the influence of polarizability
and the capacity to induce dipoles in another molecule (Wu et al.,
2025). In contrast, more petite and irregular shapes of particles
frequently show more significant interaction with dispersed
phase droplets as a result of the larger surface area. Furthermore,
the dispersed mediun’s polarity, viscosity, and temperature affect
how the particles and droplets interact.
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According to Ding et al. (2020), the same electrical charge
can repel particles from each other, inhibiting the dispersed
phase’s droplets from approaching and, as a result, coalescence.
The repulsion becomes more effective when the particles contain
high charges and a reduced distance between them. Addition-
ally, ions carrying the same charge as the particles adsorb on
the surface of the dispersed phase droplets, forming a repulsive
double layer that prevents the particles from approaching and
contributes to the stability of the emulsion (Atkins, 2024). In this
context, it is essential to know the factors such as size, shape,
particle surface charge, pH, and ion concentration of the me-
dium influence electrostatic stability (Chen, Chen, et al., 2022),
and as a result, the stability reduction of the emulsion and the
strength of the double layer of electricity.

Surface modification might change the affinity of particles
with the dispersed or continuous phase, impacting the distribu-
tion of particles at the interface and the stability of the emulsion
(Li et al., 2022). Various techniques are usable to modify the
surface of particles in PE, such as chemical functional modi-
fication, impregnation, covering the surface, and morphology
modification. The surface modification enlarges the possibility
of applications for emulsions in critical areas (Chen, Chen, et al.,
2022; Huang et al., 2018). Regardless of the numerous advantag-
es, modification steps still, in effect, have some challenges, for
example, precise control of the modification, scalability steps
(enhance technical and economic viability), and awareness of
the mechanisms of interaction between modified particles,
including others.

3.2 Pickering emulsions and industrial applications

In the present field, in light of the increasing research and
discoveries in the production of PE, a significant impact has
been observed in the large-scale production and associated ben-
efits. According to Koroleva and Yurtov (2020), using silica and
metal particles to stabilize emulsions improves the production of
micro- and nanocapsules and colloidosomes. The experimental
investigation demonstrated that emulsions formulated with
silica/magnetite nanoparticles at pH 8 are stable to cream due
to the appearance of a gel-like structure in the aqueous phase
of the emulsions. In contrast, silica/gold nanoparticles were un-
stable. The study concluded that hetero-aggregates of silica and
gold nanoparticle chains were unstable, gradually transforming
into spherical aggregates. The oil phase fraction increased in
the residual emulsion due to the partial separation from the
aqueous phase. Nevertheless, it demonstrated a smaller and less
dense packing, which can influence the quality of the particle.

Examining to explore alternatives to encapsulate and en-
hance the availability of the antioxidant, bioactive, antibac-
terial, and anti-inflammatory properties of curcumin, Wang,
Jiang, and Shi (2024b) created a PE formulated using casein
as a stabilizer, incorporating curcumin. Aiming to overcome
this compound’s reduced stability and low bioaccessibility,
the authors used the glycation method with transglutaminase
(TGase), analyzing beneficial effects, especially during in vitro
digestion. Casein glycated via TGase type was demonstrated
to be favorable for preserving hydrophobic compounds in
PE, showing excellent stability under different environmental
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stresses and enhancing the application of these nutrients in
commercial products. Moreover, the emulsion stabilized with
casein glycated with TGase type enhances a positive environ-
ment for the distribution of bioactive substances and curcum-
in’s bioaccessibility.

Concerning the application in the food industry, Tao et al.
(2024) stated that using particles in the emulsion’s stabilization
can replace allergenic ingredients. The researchers evaluated
different emulsion formulations, focusing on improving the
color parameters and texture and decreasing water evapo-
ration, while avoiding any alterations to the baked product
quality. It was observed that the supplementation of bilayer
emulsions was responsible for lower “hardness,” better ap-
pearance, greater color, and specific volume in the sponge
cake formulations. About 60% of bilayer emulsions presented
the best quality.

Another factor that significantly affects the study and appli-
cation of different PE formulations is the development of novel
food packaging with functional potential. Furthermore, PE can
also be applied in the manufacture of packaging. Bu et al. (2022)
examine the necessity of substituting standard packaging with
packaging made from natural polymers, mechanical resistance,
food protection, developed shelf life, light barrier, and water
resistance, among other things. Ran et al. (2023) developed
collagen films modified by PE formulations using cinnamon
essential oil and chitosan colloidal particles to conserve pork.
The movie containing PE presented excellent thermal stability,
ultraviolet-blocking properties, water resistance, and good an-
tioxidant and antimicrobial activity levels.

Despite the enormous potential of different engineer-
ing methodologies, compared to the necessary demand, few
studies exist about the effectiveness of these methodologies
in formulating emulsions. Li et al. (2022) analyzed how vari-
ous engineering methods affected the properties of oil/water
emulsions fortified with nutraceuticals. The authors stated
that LF, in place of other milk proteins, is attributable to the
higher isoelectric point, which allows the formation of com-
plexes with anionic polysaccharides under neutral conditions.
This represents a promising alternative to the issue raised by
Tao et al. (2024) in the bakery industry. Therefore, the covalent
interactions of the polysaccharide to the protein modified the
interfacial properties, thus being noticeable that the formula-
tions containing LF and hyaluronic acid demonstrated better
physical and chemical stability, with the conjugates supplying
a more significant improvement.

An additional significant consideration is the improvement
of methods and technologies intended to treat environmental
waste. In this regard, the process reverses, and a comprehensive
understanding is required, or more importantly (Baig et al.,
2022). Emulsification technology is beneficial in several envi-
ronmental processes. However, it is also responsible for gener-
ating significant amounts of emulsified oily wastewater (Wen
et al., 2024), so it is essential to understand how to reverse it.
Comprehending the subject being studied so that, if necessary,
when it becomes waste, it can be managed and directed correctly
(Ye et al., 2025), preventing the generation of environmentally
contaminating waste.

4 ANIMAL PROTEIN PARTICLES
AND NANOPARTICLES

The interest in animal protein particles and nanoparticles
has attracted industrial involvement primarily because of their
functional properties and ability to encapsulate, protect, and
release bioactive substances. These nanoparticles may carry
vitamins, minerals, and bioactive compounds (Dala-Paula et al.,
2021). They present a wide range of sizes, with some nanopar-
ticles exhibiting diameters less than 100 nm. Particular proper-
ties, for example, high surface charge and adsorption capacity
at interfaces, make them superior emulsifiers, stabilizers, and
nutrient carriers. For PE application, two specific types of solid
particles may be utilized: inorganic and organic (Wu etal., 2025).

Since PEs were developed as substitutes for traditional
emulsions, a key challenge for researchers within the field is the
investigation of quality polymers, given that most of the poly-
mers used are not biodegradable in the natural environment,
except for proteins and polysaccharides (Ding et al., 2020).
Therefore, different classes of proteins and polysaccharides
(especially animal proteins) were given priority when selecting
particles for their use in the emulsions. Applying protein com-
plexes with polyphenols is an efficient way to obtain improved
protein structural properties (Pourmohammadi & Abedi, 2021).

The low solubility of plant proteins in aqueous or food
phase is considered an essential functional characteristic for
researchers working with PEs (Sarkar & Dickinson, 2020). Au-
thors such as Huang et al. (2018) emphasize the relevance of
emulsion research, mainly owing to their increasing application
in the encapsulation of fatty acids, for example, omega-3. They
also analyze the limitations of traditional emulsions, which are
susceptible to breakdown by gastric fluids and result in insufhi-
cient bioavailability. Solid particles can improve the properties of
incorporated materials (Ding et al., 2024); however, such factors
are essential points that can influence the research for more
effective particles to enrich emulsions, particularly particles of
animal protein sources.

4.1 Bovine casein and whey protein: Definition and
stabilization mechanisms in Pickering emulsions

Casein is a phosphoprotein (comprising phosphoserine
residues) from the heteroprotein class, existing in milk and its
derivatives. It consists of multiple types of polypeptide chains
(each with a distinctive function), divided into oi-casein (most
prevalent—50% of total casein), B-casein (second most per-
vasive—30% of total casein), K-casein (necessary for the mi-
celles stability and the coagulation stage by rennet—10% of
total casein), and y-casein (less prevalent fraction and soluble
in water—8% of total casein). It is responsible for delivering, in
adequate proportions, essential amino acids required by the
human body. At pH 6.6, it is insoluble in water. However, it can
be solubilized by acids or bases. Additionally, the solubility
can be affected by salts or other solutes (Sadiq et al., 2021).

Casein is effectively digested by proteolytic enzymes in the
human digestive tract by the chymotrypsin in the small intestine,
responsible for hydrolyzing casein into smaller peptides that
can be absorbed. Casein is prominent for being a rich source of
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essential amino acids (histidine, isoleucine, lysine, methionine,
phenylalanine, threonine, tryptophan, and valine) and a great
source of calcium and phosphorus, however, making it a pref-
erable ingredient in crucial food formulations (Wang, Jiang, &
Shi, 2024a). Moreover, in the food industry, casein is notable
in different applications (Cosmetics industry—creams, lotions;
Pharmaceutical industry—medicines and dietary supplements).
The functional performance of casein is commonly improved,
predominantly through creating physical complexes with op-
positely charged polysaccharides (Hu et al., 2024).

The amphipathic structure serves as the key factor responsi-
ble for the emulsifying properties and, as a result, makes casein
one of the most commonly used natural polymers in the prepara-
tion of PE (Wang, Jiang, & Shi, 2024a). However, knowing about
the low solubility in the aqueous phase and its sensitivity to the
variations of pH increases the difficulty of controlling the size
and stability of emulsions with elevated polyphenol load (Kuang
etal., 2023). To address this issue, relevant authors, including Wu
et al. (2025), Wang, Jiang, and Shi (2024a), and others, suggest
the use of the protein modification technique by glycation with
TGase. The use of the TGase method permits the increase of the
antioxidant and antibacterial activities of proteins (Wang, Jiang,
& Shi, 2024a) and improves functional properties, including water
solubility, emulsification, and foaming capacity (He et al., 2021).

Bovine casein is the principal and relevant protein in cow’s
milk (constituting 80%), presented in micelles (aggregates of
molecules that disintegrate gradually in water). The bovine
casein is broken down gradually by the stomach, synthesizing a
gel capable of retaining water and nutrients, promoting satiety,
and the gradual absorption of amino acids over several hours
(Wen et al., 2024). Whey protein, or whey proteins, is the soluble
fraction preserved after the extraction of casein and is notable
for its high solubility over a wide pH range and for being rapidly
digested and absorbed by the body (Kilara & Vaghela, 2018).

Whey protein presents good emulsification and foaming
properties; however, it is less heat resistant than casein. Casein,
however, is more stable at high temperatures and exhibits a
greater capacity for binding with water and forming gels (Nayik
etal., 2024). Whey protein isolate (WPI), although a co-product
widely used in crucial industrial applications, is unstable in
aqueous solutions. Biopolymeric particle compilation tech-
niques have been proposed (Damodaran & Parkin, 2017) to
enhance stability without compromising structure. The instabil-
ity can be addressed by using cross-linked aldehydes acting as
Pickering stabilizers (Kaseem & Ko, 2021) as a result of applying
WPI in PEs as a viable option (Li, Zhao, Han, et al., 2024).

Zhu, Qiu, et al. (2024) found that PE stabilized with whey
protein isolate fibrils (WPIFs), and using sodium alginate com-
plexes, they were developed for encapsulation and carrying
lycopene. PE showed enhanced physicochemical properties,
including a reduction in droplet size and a good increase in vis-
coelasticity, due to the formation of a dense protective layer and
a compact structure around the oil droplets. These emulsions
provided good protection against lycopene’s thermal and pho-
tochemical degradation, making them a promising system for
delivering bioactive compounds with excellent stability during
in vitro digestion.

Food Sci. Technol, Campinas, 45, €501, 2025

Table 1 presents various studies performed using different
PE particle categories, their properties, and the primary char-
acteristics observed. It also presents the objective of each study.
Evaluating the principal objective of each study executed, the
breadth of the application of PE can be observed, intending to
enhance the efficiency of the capacity of encapsulation of the
nanoparticles applied in the emulsion, producing a new for-
mulation to replace macronutrients responsible for inducing
negative effects on health, among other things.

4.1.1. Mechanisms of stabilization of casein and whey protein
in Pickering emulsions production

Caseins are great PE stabilizers due to their singular ad-
sorption and interaction properties with the oil-water interface.
Specifically, caseins are capable of stabilizing emulsions by a
combination of electrostatic repulsion and steric hindrance.
Casein is an amphiphilic particle, permitting it to be quickly
adsorbed at the oil-water interface and creating a protective
layer around the oil droplets (Guo et al., 2021). Furthermore,
the modified casein particles can interact with one another and
other particles in the aqueous solution, formulating a system
capable of providing enhanced mechanical stability to emul-
sions. The casein solution’s surface properties and particle size
can be modified by adjusting the pH, which enhances emulsion
stability. As an example, it has been demonstrated that high in-
ternal phase PEs stabilized using casein adjusted to different pHs
demonstrate excellent viscoelasticity and thermal stability; in
contrast, they are sensitive to freeze-thaw treatment (Guo et al.,
2021). PEs stabilized by casein are founded on a multidimen-
sional approach that includes rapid adsorption at the interface,
formation of a protective layer through electrostatic repulsion
and steric barrier, and the modification of particle properties to
improve the emulsion stability under different environmental
conditions (Zhang et al., 2023).

In particular, WPI stabilizes emulsions effectively through
different mechanisms. The adsorption of proteins to the oil-wa-
ter interface creates a protective barrier around the oil droplets
and is one of the principal stabilization methods. The protein
layer produces a physical barrier inhibiting coalescence (drop-
let fusion) and flocculation (droplet agglomeration), increas-
ing emulsion stability. WPI is composed of soluble proteins,
for example, B-lactoglobulin, which can exhibit good affinity
to the oil-water interface, providing mechanical stability to
shear stresses (Zhao et al., 2023). Furthermore, WPI can form
nanoparticles capable of acting as emulsifiers in Pickering sys-
tems, creating a rigid physical barrier around the oil droplets.
The principal idea of the stabilization mechanism conferred
by these particles is to prevent direct contact between droplets,
reducing coalescence phenomena (Chen & Zhang, 2019).

Another relevant mechanism of stabilization is the modifi-
cation of WPI proteins and the combination with polysaccha-
rides or phenolic compounds, which can further enhance the
stability of emulsions under various pH, temperature, and ionic
strength conditions (Shi et al., 2019). Therefore, WPI provides
stability to the emulsions by physical mechanisms and promotes
the continuity and protection of bioactive compounds, such as
antioxidants and vitamins, in crucial industrial applications.
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Table 1. Properties and characteristics of Pickering emulsions stabilized with casein microparticles and nanoparticles.

Principal Principal particle
Products developed Technology applied  characteristics of the pa’ pa Objective References
. properties
emulsion
Stability under
Pickering emulsion different Optimizing the
formulated with casein Higher encapsulation environmental accessibility and

and oligochitosan

Glycation using

. efficiency of curcumin
transglutaminase

stresses; Delayed

bioaccessibility of

(Wang, Jiang, &
Shi, 2024b)

by glycation using (92.93%) release and enhanced curcumin in PE for
transglutaminase (TGase) bioaccessibility of commercial use
curcumin
01.1 —1n—wat.er PE of algae Enhanced lutein Enhance bioaccessibility
Usng casein-mannose Ultrasound-assisted retention, reduced of lutein and relieve
conjugates developed Superior stability ’ (Liu et al., 2024)

by ultrasound-assisted
Maillard reaction

Maillard reaction

droplet size, improved
stability

retinal thinning in mice
with AMD

Pickering emulsion

Bacteriostatic effect
opposed to Escherichia

Vitamin E retention

Formulating a
bacteriostatic Pickering

stabilized by the WPI-vanillin . is 43% superior to . . (Zhao et al,,
[ . coli and Staphylococcus emulsion and enhancing

whey protein isolate nanoparticles control after 21 days of . - 2023)

. a7 aureus; Enhanced N the bioaccessibility of
nanoparticles and vanillin o s storage at 4°C o

vitamin E stability vitamin E

Stabilized Pickering Enhanced thermal Particles with an Prolong the stability of
emulsion with whey Complexation with stability and strength  average size of 120 nm  bioactive compounds and  (Li, Zhao, Hu,
protein isolate and nicotinamide to the oxidative and enhanced stability ~ potentially apply them in etal,, 2024)
nicotinamide processes against coalescence functional foods
Pickering emulsion Use of WP combinates Enhanced stability and Smaller particles Improving the stability of

stabilized by WP and

better emulsification
sucrose esters

with sucrose esters

and enhanced heat (Ye et al., 2025)

. food systems rich in lipids
resistance

Superior antioxidant

High preservation

Pickering emulsion with Stabilization by . s capacity of phenolic Utilization in colored (Wang, Zhang,
. : protection and stability
WP and anthocyanins anthocyanins . L compounds and foods and beverages & Zhang, 2022)
against pH variations 1
stability of color

AMD: age-related macular degeneration; PE: Pickering emulsion; WP: whey protein; WPI: wh

The combination of WPI with different compounds, such as van-
illin, can also provide antibacterial properties to the emulsions,
making them ideal for products required for microbiological
degradation (Zhao et al., 2023).

4.2 Egg albumin

Albumins are globular proteins soluble in water, identified
in various organisms, and have biological and immunologi-
cal defense functions. They are categorized into four general
classes, with egg albumin being one of them (Dala-Paula et al.,
2021). Egg albumin is classified as a glycoprotein, containing
a phosphate group in the phosphoprotein class, abundant in
the egg white of birds, representing approximately 54% of the
protein content (Damodaran & Parkin, 2017). The structure
enables it to easily bind with water, which can form gels and
facilitate the transfer of nutrients during embryo development
(Kaseem & Ko, 2021). Furthermore, egg albumin presents an-
timicrobial and emulsifying properties, enzymatic, nutritional
functions, and allergenic properties (making its use difficult in
some cases). Therefore, comprehension is indispensable when
seeking to incorporate it into new products.

Egg albumin effectively stabilizes PEs, particularly in high
internal phase emulsions (HIPEs). Xu et al. (2018) highlighted
that egg albumin is an outstanding Pickering nanostabilizer,
providing a robust protective layer around the oil droplets and
preventing coalescence. This is facilitated by creating a stable

ey protein isolate.

three-dimensional network at the interface, conferring more
excellent structural stability to the emulsion. Moreover, the as-
sociation of egg albumin with another compound, for example,
tannic acid (TA), can improve emulsions’ emulsification prop-
erties and stability. The complexation of ovalbumin (OVA)-TA
was researched, demonstrating that these combinations can
structure a robust interfacial layer that enhances the emulsion
stability under various pH conditions and during the storage
and freeze-thaw processes.

When the egg albumin is denatured, the structure becomes
insoluble, which is recommended when applying emulsions,
especially the Pickering type (Shimoni et al., 2013), facilitating
favorable rheological properties. The insolubility promotes a
high adsorption capacity at the oil-water interface, contribut-
ing directly to enhanced stabilization and, as a result, stability
improvement over time (Tsai & Lin, 2022). Egg albumin can
also create a protective layer around the oil droplet emulsion
(Damodaran & Parkin, 2017), preventing coalescence and sep-
aration. This phenomenon occurs due to the egg albumin pro-
teins adsorbed at the interface between oil and water, forming a
physical barrier that prevents the fusion of oil droplets (Kaseem
& Ko, 2021); as a result, it represents a promising alternative
for application in PE. The emulsifying properties of egg albu-
min can be adjusted by processing modifications (different pH
variations, protein concentration, heat treatments, and other
variables), consequently enabling control of rheological proper-
ties and emulsion stability. Egg albumin provides the advantage
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of being a natural polymer and safe for human consumption,
consequently being a promising choice as a stabilizing particle
in arange of food and industrial applications (Dala-Paula et al.,
2021; Hosseini et al., 2021).

As aresult of its excellent emulsifying properties, egg albu-
min has become a viable alternative for incorporation in PEs.
During the formulation of different types of HIPPEs stabilized
with egg albumin and pectin, Wang, Zhang, Li, et al. (2022)
and Badar et al., 2024 evidenced a significant improvement in
viscoelasticity and water binding capacity and consequently
enhanced the rigidity of the gels present in the structure of
their emulsions. As stated by the authors, these characteristics
permit greater applicability in different food products, provid-
ing another specific type of viable and interesting technology.

Table 2 provides results derived from the research of dif-
ferent types of particles used in PEs, emphasizing each study’s
principal properties, characteristics, and objectives. Evaluating
the research objectives, it was reported that PE was applied in the

development of biodegradable and edible films to enhance the
preservation and protection of fruit and vegetables, in the de-
velopment of 3D inks for the food industry, and in improving
the quality of bakery products, with a focus on substituting
ingredients that can cause allergies or present potential health
risks. Furthermore, PE was used to increase the availability of
bio-compounds in food and for other benefits.

4.3 Lactoferrin

In case the proteins are used in emulsifying systems, the
functional characteristics of protein-polysaccharide complex-
es may differ according to the concentrations of proteins and
polysaccharides used for the formulation; this influences the
quality of the emulsion obtained (Cheng et al., 2021). LF is a
glycoprotein from the transferrin family widely found in human
and bovine milk. The principal characteristic of this protein
is the ability to bind iron and its antimicrobial, antioxidant,
anti-inflammatory, and immunomodulatory properties. These

Table 2. Properties and characteristics of Pickering emulsions stabilized with egg albumin microparticles and nanoparticles.

The principal
Products and technology used characteristic of the Principal particle properties Objectives References
emulsion
Develop biodegradable

Pickering emulsion of essential
oil of neem stabilized with
pectin/persimmon ovalbumin

Addition to the gelatin/
sodium alginate-based
mixture matrix

Significantly enhanced
flexibility (45.23%), excellent
oxygen barrier (32.32%), and

oxygen barrier water (37.02%)

films with improved
mechanical, water barrier, and
antimicrobial properties for
cherry tomato preservation

(Yang et al., 2024)

Gelation is induced in the
continuous phase with
Ca?* particles of complete-

Enhance viscoelasticity,
binding capacity to water,

Stable interface; Sophisticated
network structure; Compact oil

Capable of developing new
HIPPE gels for different food

(Wang, Liu, Bi,

Zf:ﬁfﬁfﬁgi;?‘;&:ﬁixgﬁt and rigidity of HIPPE gel droplet size; Higher stability applications et al, 2023)
pectin of methoxyl
ngh-Pha§e Pickering s . ) . Higher viscoelasticity and Develop 3D inks for the food .
emulsion internal stabilized Direct three-dimensional Lo, . . .. (Li, Li, et al.,
. . L . rigidity; Good wettability of ~ industry capable of printing a
by electrostatic protein- printing capacity of food food 2023)
polysaccharides complexes the complex complex food geometry
Pickering emulsion of Decrease of particle size; Enhance the economics of
8 en s Addition of gelatin to Reduction in secondary producing powders with ultra- .

seed oil perilla stabilized . S B (Li, Yu, et al,,
by electrostatic complex enhance spray drying emulsion viscosity; Great high oil contents through 2023)

Y P performance fluidity and water dispersibility ~ spray drying of PE stabilized

ovalbumin and gum arabic

of PSO powder

by the ovalbumin-GA complex

Pickering emulsion
of ovalbumin-acid
ferulic-carrageenan

Butter substitute

Specific volume of PE bread
is higher than that of bread
with butter (showing an
enhancement of 21.96%);
Continuous and complete
gluten network; Good
gelatinized starch incorporated
into the gluten network

Enhance the quality of white
bread, reducing the adverse
effects on health caused
by butter

(Su et al., 2023)

Curcumin nanocrystalline self-
stabilizing Pickering emulsion

Prepared by high-pressure

homogenization

Mean particle size: 163.66 +

Improve the oral

HIPPEs prepared by coacervates
of ovalbumin and pectin

Improved wettability and

ability to reduce the surface

tension of coacervates

6.78 nm; Mean drug content: bioavailability of curcumin (Wang, Liao,
2.78 £0.01 mg/mL; Spherical ~ and the therapeutic effect on etal., 2023)
core-shell structure airway inflammation
- . i :
Oil droplet s'lze. 21.3+2.3 um; Formulate biopolymer .
More efficient and compact . SR (Wang, Liao,
. particles as effective Pickering
droplet packing; Stronger gel etal., 2023)

network structures

stabilizers in the food industry

3DP: direct three-dimensional printing; Cur-NSSPE: curcumin nanocrystalline self-stabilizing Pickering emulsion; GA: gum Arabic; GS: sodium alginate; HIPPE: High-phase Pickering
emulsion internal; LMP: low content pectin of methoxyl; PE: pectin; PN: pectin; OVA: ovalbumin; PSO: Pickering emulsion of seed oil perilla; OLECP: pickering emulsion of seed oil perilla.
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characteristics make LF a relevant component in functional
nutrition, especially in improving intestinal health and treating
iron deficiencies; this establishes it as a versatile and valuable
ingredient (McCarthy & O’Callaghan, 2024). Concerning the
techno-functional properties of L, it can offer stable nanopar-
ticles, making it effective in the formulation of food and phar-
maceutical products. The stability of LF can vary according to
the form (apo or holo), with the holo form presenting more
excellent resistance to thermal denaturation and proteolysis
(McCarthy & O’Callaghan, 2024).

When applied to PEs, LF is effective as a stabilizer ow-
ing to the ability to produce nanoparticles that can adsorb
at the oil-water interface, creating a physical barrier preventing
the coalescence of oil droplets. This enhances the stability of
the emulsion, especially under adverse and various conditions,
such as pH and temperature variations. These emulsions mainly
protect bioactive compounds during digestion, making them
promising delivery systems for functional foods and bioactive
compounds (Shimoni et al., 2013). Furthermore, the combina-
tion of LF with polysaccharides, like alginate and carrageenan,
provides resistance to proteolysis and more excellent stability
of the emulsions under gastric conditions, which qualifies them
for application in controlled release systems (David-Birman
etal., 2013).

LF’s stabilization mechanisms in PEs include the interfa-
cial adsorption of nanoparticles on the surface of oil droplets,
forming a protective layer that prevents coalescence. Further-
more, when combined with polysaccharides, LF enhances the
emulsion’s resistance to enzymatic degradation during digestion,
securing greater efficacy in gastrointestinal systems (Shimoni
etal.,, 2013). These techniques make LF a good stabilizer of PEs,

particularly promising for developing functional food products
and nutrient delivery systems, such as iron in enriched foods
(McCarthy & O’Callaghan, 2024).

Table 3 shows some information from research using LF
applied in PE, as well as the properties and principal character-
istics corresponding to each work’s objective.

4.4 Myofibrils

Myofibrillar proteins (myofibrils) are the principal com-
ponents of muscle proteins and perform a fundamental role
in muscle contraction, composed predominantly of actin and
myosin (Lin et al., 2019). Myofibrils produce thick and thin fila-
ments that interact to generate force and facilitate muscle move-
ment. Myofibril is an amphiphilic protein with both hydrophilic
and hydrophobic regions, enabling it to act in emulsification
processes. Furthermore, proteins of the myofibrillar structure,
for example, myosin, have an excellent emulsification and fat
stabilization capacity, making them functional for forming gels
and stabilizing emulsions (Xiong, 2018).

Considering the technological characteristics, like physical
stability, biocompatibility, film-forming capacity, and emulsify-
ing properties, myofibrillar proteins have been widely applied
in the food industry to create edible and stable products. Myo-
fibrils have a relevant water-binding capacity, offering beneficial
properties in preserving the texture and hydration in processed
products and facilitating the stabilization of emulsions with a
high internal phase content (Wang, Cui, et al., 2023).

Furthermore, PEs resist environmental changes because solid
particles are subjected to irreversible adsorption at the droplet
interface (Nhouchi et al., 2022). PEs associated with myofibrils

Table 3. Properties and characteristics of Pickering emulsions stabilized with lactoferrin.

The main Main particle

Developed products Technology applied  characteristic of the par’ Objectives References
. properties
emulsion
Nanoparticles formed Improve the stabili
Lactoferrin-stabilized Lactoferrin Substantial reduction  with carrageenan and p . ty (Shimoni et al.,
o . . . . . ; of emulsions under

Pickering emulsion nanoparticles in creaming rate alginate; increased 2013).

e digestion conditions
stability 8

Pickering emulsion Resistance to

1 . A lexati
stabilized using comprexation

with alginate and

proteolysis and more

Average particle size:

100-200 nm; enhanced Develop delivery

L David-Birman
systems for bioactives (

lactoferrin and excellent stability stability under gastric R etal., 2013)
- carrageenan AT L during digestion
polysaccharides during digestion conditions
Lol el oy 8 oAl poeris i ety
nanoparticles pactty Y P Y O’Callaghan, 2024)

iron delivery acidic pH

absorption functional foods

Emulsion stabilized

Protection against

Generation of

1 -assi I ing the oxidati Zh L,
by lactoferrin and v trasognd ?SSISted oxidation and nanoemulsions with mproving the ox1da.tlve (Zhang eta
. conjugation . . s stability of algae oil 2022)
EGCG conjugates aggregation high stability
Emulsificati Protei s
. . . ustea tion Increased thermal rotein an'd Increase the stability _—
Oil-water emulsion with with protein and s . polysaccharide . (Yuliarti et al.,
. . . stability and resistance . of emulsions under
lactoferrin and pectin polysaccharide . complexes; increased o 2019)
to flocculation L adverse conditions
complexes viscosity
. M 11 Application i
Emulsion stabilized by Preparation of orange r(e)sries;):fe f:)lt Nanostructures b 5 \I/)e ;ecaatcfi:ricril
lactoferrin and anionic oil emulsions with flocculation and with good particle food rO(%uc ts with (Zhao et al., 2015)
polysaccharides lactoferrin and pectin distribution produ
coalescence emulsions

EGCG: epigallocatechin-3-gallate.
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are highly appealing to applications, especially in the food and
pharmaceutical industries (Zhu, Thian, et al., 2024). Moreover,
more excellent physical stability with lower toxicity is associated
with the good results attained by protein and polysaccharide
emulsifying agents (Badar et al., 2024) and the ability of myo-
fibrillar proteins to form a protective layer around oil droplets.

Engaged in new PE formulations, Zhang et al. (2024) for-
mulated edible emulsions stabilized by grass carp myofibrillar
protein particles. These particles conferred reduced oil droplet

size, enhanced water retention capacity, and optimized rheological
stability. Wang, Cui, et al. (2023) investigated the modification
of sturgeon myofibrillar proteins to form stable PEs. The results
indicated that the surface hydrophobicity of the proteins was
enhanced, altering the secondary structure of the protein parti-
cles and, consequently, upgrading the stability of the emulsions.

Table 4 presents the principal characteristics of emulsion for-
mulations containing myofibril microparticles and nanoparticles.
The use of myofibrillar proteins (and their modification) presents

Table 4. Properties and characteristics of Pickering emulsions stabilized with myofibril microparticles and nanoparticles.

Products and The pr‘i nFipal R . . s
technology used characteristic of the Principal particle properties Objective References
emulsion
Increased whiteness with increasing
HIPPE levels; Decreased water Use as fat substitutes in
High internal phase retention capacity; Greater amount of meat products: Improve
Pickering emulsions Influence on myofibrillar ionic bonds at 10% HIPPE; Greater the nuliritional’ ua{)i of
based on linseed-derived ~ protein gels by increasing ~ amount of hydrogen bonds at 40 and t product (I] f ty (Badar et al,,
diglycerides at different whiteness and decreasing 50% HIPPE; Reduced T2 relaxation feat products; Iuence 2024)

levels (0, 10, 20, 30, 40,
and 50%)

water retention capacity

the rheological and
physicochemical properties of
MP gels

time with increasing HIPPE levels; G’
values significantly higher than G” over
time; More compact microstructure
with low HIPPE levels

Pickering emulsion
based on sodium starch

Improvement of the
physicochemical properties
of hairtail myofibrillar

Improve the properties of
myofibrillar protein gels;
Reduce quality degradation
after FT cycles; Actas a

Increased water retention capacity and
storage modulus (G'); Improved texture
and whiteness; Promoted secondary
structure transformation; Increased

(Wang, Zhang,

octenyl succinate protein gels subjected to hydrogen bonding and hydrophobic  potential fat substitute; Increase etal, 2024)
freeze-thaw cycles interactions; Change in disulfide the stability of gels after
bond conformation FT cycles
P?epar_atlon of efilble . . . Stabilize PE; Serve as a
Pickering emulsions Stable Pickering emulsion otential vehicle for the
stabilized with GMP with improved water Irregular polyhedral structure; pote (Zhang et al,,
: . . s e ) delivery of food-grade
particles using low- retention, storage stability, Amphiphilic nanoparticles . . 2024)
. s active substances; Improve
value grass carp and rheological stability . e
. . emulsion stability
myofibrillar protein
Smaller droplet size (—26.17 wum) and
high stability with sunflower oil; Larger
droplet size (—77.00 wm) and low Identify suitable oils for the
Stabilization of stability with peanut oil; Sunflower oil preparation of Pickering
Pickeri . . with low content of saturated fatty acids ~ emulsions with myofibrillar
ickering emulsions The oil phase affects the o . - s
- : . . . (15.68%) and super long-chain fatty ~ proteins; Improve the stability (Feng et al.,
with myofibrillar protein  stability and droplet size of . O S N
. . . ! . . acids (0); Peanut oil with high content of Pickering emulsions for 2023)
microgel particles using the Pickering emulsion £ qf ids (23.67%) and food applications: Red h
different oil phases of saturated fatty acids (23.67%) an 0od applications; Reduce the
super long-chain fatty acids (9.02%); floating and aggregation of
Low viscosity favors the dispersion of droplets in the emulsion
oil droplets, improving the stability of
the emulsion
Improve emulsion stability;
Modification of sturgeon Formation of a stable high ~ Reduction of fluorescence intensity; Improve quercetin
myofibrillar protein . s L encapsulation efficiency; .
LS internal phase Pickering Increased surface hydrophobicity; R (Wang, Cui,
by the combination of . ; : . Increase lipid digestion
. emulsion with an internal Alteration of secondary structure; . et al., 2023)
malondialdehyde and rate; Increase quercetin
s . phase of up to 75% Smooth surface . ot
ultrasonic induction bioavailability; reduce
quercetin degradation
Stabilization of High absolute values of Zeta potential Utilization of high-value
Pickering emulsions Stability and gel-like in Na+ and K+; Small particle size and fish proteins; Construction
with myofibrillar hairtail behavior in the presence uniform droplet distribution in Na+ of stable emulsion systems; (Wang, Cui,
proteins using different of monovalent ions (Na+  and K+; High thermal stability in Na+ Development of emulsions with et al., 2023)
metal ions (Na+, K+, and K+) and K+; Lower stability in divalent ions improved thermal stability and
Mg2+, and Ca2+) (Mg2+ and Ca2+) uniform droplet distribution
Improve emulsifying ability;
Microfluidics to Stab.lehPmkeﬁmgdemllllsmn Average diameter of 150-250 nm; Ilr)n P rg(\ire en}lulsmq Stial%lht.y; S 1
repare myofibrillar with smaller droplets Improved amphipathic property; Three- rovice a theoretical basis (Sunetal,
p and lower degree of ; for scientific preparation 2021)

microgel particles

flocculation

phase contact angle of about 88.5 and screening of microgel

Pickering emulsifiers

FT: freeze-thaw; GMP: grass carp myofibrillar protein; HIPPE: High internal phase Pickering emulsions; MP: myofibrillar protein. PE: pickering emulsion.
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an increasing trend attributed to the attractive structural charac-
teristics. Therefore, myofibrillar proteins are favorable for various
biological applications, primarily due to their excellent transport
capacity for the controlled discharge of bioactive transport.

5 CONCLUSIONS

The increasing interest in PEs for application in food science
and other chemical industries is primarily due to excellent sta-
bility properties and potential benefits. The exceptional stability
combined with the reduction and/or exclusion of the surfactants,
the controlled discharge of actives, and the versatility of materials
(some materials can be used as stabilizing particles in PE (proteins
and polysaccharides) are highly appealing factors for the use.
As is known, the stability of an emulsion can be affected by the
following factors: the size of droplets and particles, shape, surface
charge, pH, and ion concentration of the medium phase influence,
and it can result in instability. However, modifying the particle
surface is sufficient to enhance stability with the dispersed phase.

Casein has an amphipathic structure responsible for its most
excellent stabilizing characteristic, and its performance as an emul-
sion stabilizer can be improved when associated with polysaccha-
rides due to forming opposite charges. Egg albumin is notable as
an emulsion nano stabilizer, and it can create a rigid layer around
the dispersed phase, tuning it to make it resistant to phase sepa-
ration. LF and myofibril are suitable for stabilizing and applying
emulsions for the food industry. However, there is a gap in obtaining
and availability of these materials, which is a factor that should be
enhanced, as well as an investigation of their application.

ACKNOWLEDGMENTS

The authors acknowledge with sincere gratitude to the
following institutions for their invaluable support through
the Young Doctor Researchers’ Support Scholarship Program
in Brazil: National Council for Scientific and Technologi-
cal Development—CNPq and Goias State Research Support
Foundation—FAPEG.

REFERENCES

Atkins, P. (2024). Concepts in Physical Chemistry (2nd ed.). Royal
Society of Chemistry. https://doi.org/10.1039/9781837674244

Badar, I. H., Wang, Z., Zhou, Y., Jaspal, M. H., Liu, H., Chen, Q., &
Kong, B. (2024). Influence of flaxseed-derived diglyceride-based
high internal phase Pickering emulsions on the rheological
and physicochemical properties of myofibrillar protein gels.
Food Chemistry, 456, Article 139970. https://doi.org/10.1016/j.
foodchem.2024.139970

Baig, U,, Faizan, M., & Waheed, A. (2022). A review on super-wettable
porous membranes and materials based on bio-polymeric chitosan
for oil-water separation. Advances in Colloid and Interface Science,
303, Article 102635. https://doi.org/10.1016/j.cis.2022.102635

Bu, N., Huang, L., Cao, G., Lin, H,, Pang, J., Wang, L., & Mu, R.
(2022). Konjac glucomannan/Pullulan films incorporated with
cellulose nanofibrils-stabilized tea tree essential oil Pickering
emulsions. Colloids and Surfaces A: Physicochemical and Engi-
neering Aspects, 650, Article 129553. https://doi.org/10.1016/j.
colsurfa.2022.129553

10

Carvalho-Guimaraes, F. B, Correa, K. L., Souza, T. P, Amado, ]. R.R,,
Ribeiro-Costa, R. M., & Silva-Janior, J. O. C. (2022). A Review of
Pickering Emulsions: Perspectives and Applications. Pharmaceu-
ticals, 15(11), Article 1413. https://doi.org/10.3390/ph15111413

Chen, H,, Zhao, R., Hu, J., Wei, Z., Mcclements, D. J., Liu, S., Li, B., &
Li, Y. (2020). One-step dynamic imine chemistry for preparation
of chitosan-stabilized emulsions using a natural aldehyde: acid
trigger mechanism and regulation and gastric delivery. Journal
of Agricultural and Food Chemistry, 68(19), 5412-5425. https://
doi.org/10.1021/acs.jafc.9b08301

Chen, J., Chen, X., Zhou, G., & Xu, X. (2022). Ultrasound: A reli-
able method for regulating food component interactions in pro-
tein-based food matrices. Trends in Food Science & Technology,
128, 316-330. https://doi.org/10.1016/j.tifs.2022.08.014

Chen, S., & Zhang, L.-M. (2019). Casein nanogels as effective stabilizers
for Pickering high internal phase emulsions. Colloids and Surfaces
A: Physicochemical and Engineering Aspects, 579, Article 123662.
https://doi.org/10.1016/j.colsurfa.2019.123662

Cheng, C., Wu, Z., Wang, Y., Chen, ], Zhong, Y., Liang, R., Peng, S.,
McClements, D. J., & Liu, W. (2021). Tunable high internal phase
emulsions (HIPEs) formulated using lactoferrin-gum Arabic
complexes. Food Hydrocolloids, 113, Article 106445. https://doi.
0rg/10.1016/j.foodhyd.2020.106445

Chu, C. C,, Chew, S. C., & Nyam, K. L. (2021). Recent advances
in encapsulation technologies of kenaf (Hibiscus cannabinus)
leaves and seeds for cosmeceutical application. Food and Bi-
oproducts Processing, 127, 99-113. https://doi.org/10.1016/j.
fbp.2021.02.009

Dala-Paula, B. M. (Ed.). (2021). Quimica & Bioquimica de Alimentos
(1st ed.). Editora Universidade Federal de Alfernas.

Damodaran, S., & Parkin, K. L. (Eds.). (2017). Fennema’s Food Chemis-
try (5th ed.). CRC Press. https://doi.org/10.1201/9781315372914

David-Birman, T., Mackie, A., & Lesmes, U. (2013). Impact of dietary
fibers on the properties and proteolytic digestibility of lactofer-
rin nano-particles. Food Hydrocolloids, 31(1), 33-41. https://doi.
org/10.1016/j.foodhyd.2012.09.013

Ding, E, Hu, B., Lan, S., & Wang, H. (2020). Flexographic and screen
printing of carboxymethyl chitosan based edible inks for food
packaging applications. Food Packaging and Shelf Life, 26, Article
100559. https://doi.org/10.1016/j.fps1.2020.100559

Ding, E, Long, S., Huang, X., Shi, J., Povey, M., & Zou, X. (2024).
Emerging Pickering emulsion films for bio-based food packaging
applications. Food Packaging and Shelf Life, 42, Article 101242.
https://doi.org/10.1016/j.fpsl.2024.101242

Doost, A., Nasrabadi, M. N., Kassozi, V., Dewettinck, K., Stevens, C.
V., & Van der Meeren, P. (2019). Pickering stabilization of thymol
through green emulsification using soluble fraction of almond
gum - Whey protein isolate nano-complexes. Food Hydrocolloids,
88, 218-227. https://doi.org/10.1016/j.foodhyd.2018.10.009

Du, Y., Niu, L., Song, X, Niu, J., Zhang, C., & Zhi, K. (2024). Du-
al-modified starch as particulate emulsifier for Pickering
emulsion: Structure, safety properties, and application for
encapsulating curcumin. International Journal of Biological
Macromolecules, 266, Article 131206. https://doi.org/10.1016/j.
ijbiomac.2024.131206

Elbers,N. A., van der Hoeven, J. E. S., Winter, D. A. M., Schneijdenberg,
C. T. W. M,, van der Linden, M. N., Filion, L., & van Blaaderen,
A.(2016). Repulsive van der Waals forces enable Pickering emul-
sions with non-touching colloids. Soft Matter, 12(35), 7265-7272.
https://doi.org/10.1039/C6SM01294A

Food Sci. Technol, Campinas, 45, €501, 2025


https://doi.org/10.1039/9781837674244
https://doi.org/10.1016/j.foodchem.2024.139970
https://doi.org/10.1016/j.foodchem.2024.139970
https://doi.org/10.1016/j.cis.2022.102635
https://doi.org/10.1016/j.colsurfa.2022.129553
https://doi.org/10.1016/j.colsurfa.2022.129553
https://doi.org/10.3390/ph15111413
https://doi.org/10.1021/acs.jafc.9b08301
https://doi.org/10.1021/acs.jafc.9b08301
https://doi.org/10.1016/j.tifs.2022.08.014
https://doi.org/10.1016/j.colsurfa.2019.123662
https://doi.org/10.1016/j.foodhyd.2020.106445
https://doi.org/10.1016/j.foodhyd.2020.106445
https://doi.org/10.1016/j.fbp.2021.02.009
https://doi.org/10.1016/j.fbp.2021.02.009
https://doi.org/10.1201/9781315372914
https://doi.org/10.1016/j.foodhyd.2012.09.013
https://doi.org/10.1016/j.foodhyd.2012.09.013
https://doi.org/10.1016/j.fpsl.2020.100559
https://doi.org/10.1016/j.fpsl.2024.101242
https://doi.org/10.1016/j.foodhyd.2018.10.009
https://doi.org/10.1016/j.ijbiomac.2024.131206
https://doi.org/10.1016/j.ijbiomac.2024.131206
https://doi.org/10.1039/C6SM01294A

SOUZA et al.

Fanfan, P. N., Mabon, N., Carletti, 1., Claustriaux, J. J., Thonart, P,,
Lognay, G., Copin, A., & Barthélemy, J. P. (2005). New model
for performance prediction in fixed-bed reactors based on the
approach of the unused bed zone. Water Research, 39(16), 4004
4010. https://doi.org/10.1016/j.watres.2005.07.027

Feng, X., Sun, Y., Tan, H., Ma, L., Dai, H., & Zhang, Y. (2023). Effect of
oil phases on the stability of myofibrillar protein microgel parti-
cles stabilized Pickering emulsions: The leading role of viscosity.
Food Chemistry, 413, Article 135653. https://doi.org/10.1016/j.
foodchem.2023.135653

Gonzalez Ortiz, D., Pochat-Bohatier, C., Cambedouzou, J., Bechelany,
M., & Miele, P. (2020). Current Trends in Pickering Emulsions:
Particle Morphology and Applications. Engineering, 6(4), 468-482.
https://doi.org/10.1016/j.eng.2019.08.017

Guo, Y., Wu, C,, Du, M,, Lin, S., Xu, X., & Yu, P. (2021). In-situ dis-
persion of casein to form nanoparticles for Pickering high in-
ternal phase emulsions. LWT, 139, Article 110538. https://doi.
org/10.1016/j.1wt.2020.110538

Hadi, N. A., Ashaari, A., Matos, M., & Rasdi, N. W. (2024). Exploring par-
ticle-based stabilisation of Pickering emulsions in food, aquaculture,
and industrial applications. International Journal of Food Science and
Technology, 59(10), 6834-6855. https://doi.org/10.1111/ijfs.17478

He, W, Tian, L., Fang, E, Chen, D., Federici, E., Pan, S., & Jones,
O. G. (2021). Limited hydrolysis and conjugation of zein with
chitosan oligosaccharide by enzymatic reaction to improve func-
tional properties. Food Chemistry, 348, Article 129035. https://doi.
org/10.1016/j.foodchem.2021.129035

Hosseini, S. N, Pirsa, S., & Farzi, J. (2021). Biodegradable nano com-
posite film based on modified starch-albumin/MgO; antibacterial,
antioxidant and structural properties. Polymer Testing, 97, Article
107182. https://doi.org/10.1016/j.polymertesting.2021.107182

Hu, Y., Wang, L., & McClements, D. J. (2024). Design, characterization
and digestibility of B-carotene-loaded emulsion system stabi-
lized by whey protein with chitosan and potato starch addition.
Food Chemistry, 440, Article 138131. https://doi.org/10.1016/j.
foodchem.2023.138131

Huang, J., Wang, Q., Li, T,, Xia, N., & Xia, Q. (2018). Multilayer emul-
sions as a strategy for linseed oil and o.-lipoic acid micro-encapsu-
lation: study on preparation and in vitro characterization. Journal
of the Science of Food and Agriculture, 98(9), 3513-3523. https://
doi.org/10.1002/jsfa.8870

Huang, Z.,Ni, Y., Yu, Q, Li, ], Fan, L., & Eskin, N. A. M. (2022). Deep
learning in food science: An insight in evaluating Pickering emul-
sion properties by droplets classification and quantification via ob-
ject detection algorithm. Advances in Colloid and Interface Science,
304, Article 102663. https://doi.org/10.1016/j.cis.2022.102663

Jiang, H., Sheng, Y., & Ngai, T. (2020). Pickering emulsions: Versatility of col-
loidal particles and recent applications. Current Opinion in Colloid and
Interface Science, 49, 1-15. https://doi.org/10.1016/j.cocis.2020.04.010

Kaseem, M., & Ko, Y. G. (2021). A novel hybrid composite composed
of albumin, WO3, and LDHs film for smart corrosion protection
of Mg alloy. Composites Part B: Engineering, 204, Article 108490.
https://doi.org/10.1016/j.compositesb.2020.108490

Kilara, A., & Vaghela, M. N. (2018). Whey proteins. In R. Y. Yada (Ed.),
Proteins in Food Processing (2nd ed., pp. 93-126). Woodhead
Publishing. https://doi.org/10.1016/B978-0-08-100722-8.00005-X

Koroleva, M., & Yurtov, E. (2020). Pickering emulsions stabilized with
magnetite, gold, and silica nanoparticles: Mathematical modeling
and experimental study. Colloids and Surfaces A: Physicochem-
ical and Engineering Aspects, 601, Article 125001. https://doi.
org/10.1016/j.colsurfa.2020.125001

Food Sci. Technol, Campinas, 45, 501, 2025

Kuang, Y., Zhao, S., Liu, P, Liu, M., Wu, K,, Liu, Y., Deng, P, Li, C,,
& Jiang, E. (2023). Schiff base type casein-konjac glucomannan
conjugates with improved stability and emulsifying properties
via mild covalent cross-linking. Food Hydrocolloids, 141, Article
108733. https://doi.org/10.1016/j.foodhyd.2023.108733

Li, K.-Y,, Yu, W.-K,, Xiao, J.-X., & Huang, G.-Q. (2023). Addition of
gelatin increased the spray drying performance of the Pickering
emulsion stabilized by the ovalbumin - gum Arabic electrostat-
ic complex. Colloids and Surfaces A: Physicochemical and Engi-
neering Aspects, 671, Article 131640. https://doi.org/10.1016/j.
colsurfa.2023.131640

Li, Q.-H,, Li, S.-Y,, Yu, W.-K,, Xiao, J.-X., & Huang, G.-Q. (2023).
Comparison of the 3D printability of high internal phase Pickering
emulsions stabilized by protein — Polysaccharide complexes and
process optimization. Journal of Food Engineering, 353, Article
111548. https://doi.org/10.1016/j.jfoodeng.2023.111548

Li, S., Zong, Z.-M,, Liu, ], Liu, E-J., Wei, X.-Y,, Liu, G.-H., & Wang,
S.-K. (2019). Changes in oxygen-functional moieties during
sequential thermal dissolution and methanolysis of the ex-
traction residue from Zhaotong lignite. Journal of Analytical
and Applied Pyrolysis, 139, 40-47. https://doi.org/10.1016/j.
jaap.2019.01.006

Li, W, Jiao, B., Li, S., Faisal, S., Shi, A., Fu, W,, Chen, Y., & Wang, Q.
(2022). Recent Advances on Pickering Emulsions Stabilized by
Diverse Edible Particles: Stability Mechanism and Applications.
Frontiers in Nutrition, 9, Article 864943. https://doi.org/10.3389/
fnut.2022.864943

Li, W,, Zhao, P,, Han, L., Zhang, F, Liu, B., & Meng, X. (2024).
Antibacterial mechanism of whey protein isolated-citral
nanoparticles and stable synergistic antibacterial eugenol en-
capsulated Pickering emulsion for grapes preservation. Food
Chemistry, 455, Article 139851. https://doi.org/10.1016/j.
foodchem.2024.139851

Li, Z., Zhao, R., Hu, E, Zhang, Y., Dong, B., Lu, P, Song, Z., Wang, H.,
Zhang, E, Liu, W,, Yu, D., & Li, H. (2024). Pickering emulsions
stabilized by whey protein isolate/nicotinamide mononucleotide
complex and their application in pH-responsive drug delivery.
Industrial Crops and Products, 214, Article 118494. https://doi.
org/10.1016/j.indcrop.2024.118494

Lin, D., Zhang, L., Li, R., Zheng, B., Rea, M. C., & Miao, S. (2019). Effect
of plant protein mixtures on the microstructure and rheological
properties of myofibrillar protein gel derived from red sea bream
(Pagrosomus major). Food Hydrocolloids, 96, 537-545. https://doi.
org/10.1016/j.foodhyd.2019.05.043

Liu, K., Li, Y., Zhong, X., Hou, Y., Fei, S., Chen, E., & Tan, M. (2024).
Protection effect of lutein-loaded Pickering emulsion prepared via
ultrasound-assisted Maillard reaction conjugates on dry age-relat-
ed macular degeneration. Food and Function, 15(12), 6347-6358.
https://doi.org/10.1039/d4f000673a

Luo, T., & Wei, Z. (2023). Recent progress in food-grade double emul-
sions: Fabrication, stability, applications, and future trends. Food
Frontiers, 4(4), 1622-1642. https://doi.org/10.1002/ft2.276

McCarthy, E. K., & O’Callaghan, T. E (2024). Bovine lactoferrin and
its potential use as a functional ingredient for tackling the global
challenge of iron deficiency. Current Opinion in Food Science, 59,
Article 101211. https://doi.org/10.1016/j.cofs.2024.101211

Mukherjee, S. (2020). Pickering emulsions stabilized by nanoparticles.
In K. Pal, I. Banerjee, P. Sarkar, D. Kim, W.-P. Deng, N. K. Dubey,
& K. Majumder (Eds.), Biopolymer-Based Formulations: Biomed-
ical and Food Applications (pp. 365-380). Elsevier. https://doi.
org/10.1016/B978-0-12-816897-4.00016-3

11


https://doi.org/10.1016/j.watres.2005.07.027
https://doi.org/10.1016/j.foodchem.2023.135653
https://doi.org/10.1016/j.foodchem.2023.135653
https://doi.org/10.1016/j.eng.2019.08.017
https://doi.org/10.1016/j.lwt.2020.110538
https://doi.org/10.1016/j.lwt.2020.110538
https://doi.org/10.1111/ijfs.17478
https://doi.org/10.1016/j.foodchem.2021.129035
https://doi.org/10.1016/j.foodchem.2021.129035
https://doi.org/10.1016/j.polymertesting.2021.107182
https://doi.org/10.1016/j.foodchem.2023.138131
https://doi.org/10.1016/j.foodchem.2023.138131
https://doi.org/10.1002/jsfa.8870
https://doi.org/10.1002/jsfa.8870
https://doi.org/10.1016/j.cis.2022.102663
https://doi.org/10.1016/j.cocis.2020.04.010
https://doi.org/10.1016/j.compositesb.2020.108490
https://doi.org/10.1016/B978-0-08-100722-8.00005-X
https://doi.org/10.1016/j.colsurfa.2020.125001
https://doi.org/10.1016/j.colsurfa.2020.125001
https://doi.org/10.1016/j.foodhyd.2023.108733
https://doi.org/10.1016/j.colsurfa.2023.131640
https://doi.org/10.1016/j.colsurfa.2023.131640
https://doi.org/10.1016/j.jfoodeng.2023.111548
https://doi.org/10.1016/j.jaap.2019.01.006
https://doi.org/10.1016/j.jaap.2019.01.006
https://doi.org/10.3389/fnut.2022.864943
https://doi.org/10.3389/fnut.2022.864943
https://doi.org/10.1016/j.foodchem.2024.139851
https://doi.org/10.1016/j.foodchem.2024.139851
https://doi.org/10.1016/j.indcrop.2024.118494
https://doi.org/10.1016/j.indcrop.2024.118494
https://doi.org/10.1016/j.foodhyd.2019.05.043
https://doi.org/10.1016/j.foodhyd.2019.05.043
https://doi.org/10.1039/d4fo00673a
https://doi.org/10.1002/fft2.276
https://doi.org/10.1016/j.cofs.2024.101211
https://doi.org/10.1016/B978-0-12-816897-4.00016-3
https://doi.org/10.1016/B978-0-12-816897-4.00016-3

Animal proteins as Pickering emulsion stabilizers

Nayik, G. A., Gull, A., Masoodi, L., Navaf, M., Sunooj, K. V,, Ucak, 1.,
Afreen, M., Kaur, P, Rehal, ], Jagdale, Y. D., Ramniwas, S., Singh,
R., & Mugabi, R. (2024). Milk proteins: chemistry, functionality and
diverse industrial applications. Cogent Food and Agriculture, 10(1),
Article 2377686. https://doi.org/10.1080/23311932.2024.2377686

Nhouchi, Z., Watuzola, R., & Pense-Lheritier, A. M. (2022). A review
on octenyl succinic anhydride modified starch-based Picker-
ing-emulsion: Instabilities and ingredients interactions. Journal of
Texture Studies, 53(5), 581-600. https://doi.org/10.1111/jtxs.12663

Pourmohammadi, K., & Abedi, E. (2021). Enzymatic modifications of
gluten protein: Oxidative enzymes. Food Chemistry, 356, Article
129679. https://doi.org/10.1016/j.foodchem.2021.129679

Ran, R,, Zheng, T., Tang, P,, Xiong, Y., Yang, C., Gu, M., & Li, G. (2023).
Antioxidant and antimicrobial collagen films incorporating Pick-
ering emulsions of cinnamon essential oil for pork preservation.
Food Chemistry, 420, Article 136108. https://doi.org/10.1016/j.
foodchem.2023.136108

Sadiq, U, Gill, H., & Chandrapala, J. (2021). Casein micelles as an
emerging delivery system for bioactive food components. Foods,
10(8), Article 1965. https://doi.org/10.3390/fo0ods10081965

Sarkar, A., & Dickinson, E. (2020). Sustainable food-grade Pickering
emulsions stabilized by plant-based particles. Current Opinion in
Colloid and Interface Science, 49, 69-81. https://doi.org/10.1016/j.
cocis.2020.04.004

Shi, Y, Liang, R., Chen, L., Liu, H., Goff, H. D., Ma, J., & Zhong, E
(2019). The antioxidant mechanism of Maillard reaction products
in oil-in-water emulsion system. Food Hydrocolloids, 87, 582-592.
https://doi.org/10.1016/j.foodhyd.2018.08.039

Shimoni, G., Levi, C. S., Tal, S. L., & Lesmes, U. (2013). Emulsions
stabilization by lactoferrin nano-particles under in vitro diges-
tion conditions. Food Hydrocolloids, 33(2), 264-272. https://doi.
org/10.1016/j.foodhyd.2013.03.017

Su, T, Zhang, E., Yang, Y., Zheng, T., Xin, T., Dong, L., Huang, F, &
Su, D. (2023). Utilization of ovalbumin-ferulic acid-carrageenan
Pickering emulsion in baked bread for butter reduction: Bread
microstructural properties and quality. LWT, 185, Article 115124.
https://doi.org/10.1016/j.1wt.2023.115124

Sun, Y., Ma, L., Fu, Y., Dai, H., & Zhang, Y. (2021). Fabrication and char-
acterization of myofibrillar microgel particles as novel Pickering
stabilizers: Effect of particle size and wettability on emulsifying
capacity. LWT, 151, Article 112002. https://doi.org/10.1016/j.
lwt.2021.112002

Tao, J., Zhu, L., Zhu, L., Lei, L., & Zhao, G. (2024). Colloidal lignin par-
ticle reinforces the stability of Pickering emulsions prepared with
zein nanoparticle. Food Chemistry, 460(Part 1), Article 140581.
https://doi.org/10.1016/j.foodchem.2024.140581

Tsai, C.-R., & Lin, Y.-K. (2022). Artificial steak: A 3D printable hydro-
gel composed of egg albumen, pea protein, gellan gum, sodium
alginate and rice mill by-products. Future Foods, 5, Article 100121.
https://doi.org/10.1016/j.fufo.2022.100121

Wang, H., Zhang, J., Liu, X., Wang, J., Li, X, & Li, J. (2024). Effect of
sodium starch octenyl succinate-based Pickering emulsion on
the physicochemical properties of hairtail myofibrillar protein
gel subjected to multiple freeze-thaw cycles. Food Science and
Human Wellness, 13(2), 1018-1028. https://doi.org/10.26599/
FSHW.2022.9250088

Wang, J., Cui, Y., Shi, L., Yang, S., Qiu, X., Hao, G,, Liu, Z,, Liu, S,,
Chen, Y., Weng, W., & Ren, Z. (2023). Effect of ionic types on the
characteristics of Pickering emulsions stabilized by myofibrillar
proteins from hairtail (Trichiurus lepturus). LWT, 189, Article
115559. https://doi.org/10.1016/j.Iwt.2023.115559

12

Wang, S., Liu, L., Bi, S., Zhou, Y, Liu, Y., Wan, J., Zeng, L., Zhu, Q., Pang,
J., & Huang, X. (2023). Studies on stabilized mechanism of high in-
ternal phase Pickering emulsions from the collaboration of low dose
konjac glucomannan and myofibrillar protein. Food Hydrocolloids,
143, Article 108862. https://doi.org/10.1016/j.foodhyd.2023.108862

Wang, T., Wang, S., Zhang, L., Sun, J., Guo, T,, Yu, G., & Xia, X. (2023).
Fabrication of bilayer emulsion by ultrasonic emulsification: Ef-
fects of chitosan on the interfacial stability of emulsion. Ultrason-
ics Sonochemistry, 93, Article 106296. https://doi.org/10.1016/j.
ultsonch.2023.106296

Wang, X, Liao, Z., Zhao, G., Dong, W., Huang, X., Zhou, X., & Li-
ang, X. (2023). Curcumin nanocrystals self-stabilized Pickering
emulsion freeze-dried powder: Development, characterization,
and suppression of airway inflammation. International Journal
of Biological Macromolecules, 245, Article 125493. https://doi.
org/10.1016/j.ijbiomac.2023.125493

Wang, Y, Jiang, Y., & Shi, J. (2024a). Fabrication of novel casein/oligochitosan
nanocomplexes for lutein delivery: Enhanced stability, bioavailability,
and antioxidant properties. Food Research International, 197(Part 1),
Article 115241. https://doi.org/10.1016/j.foodres.2024.115241

Wang, Y., Jiang, Y., & Shi, J. (2024b). Novel Pickering emulsion sta-
bilized by glycated casein embedding curcumin: Stability, bioac-
cessibility and antioxidant properties. LWT, 194, Article 115796.
https://doi.org/10.1016/j.1wt.2024.115796

Wang, Y., Zhang, J., & Zhang, L. (2022). Study on the mechanism
of non-covalent interaction between rose anthocyanin ex-
tracts and whey protein isolate under different pH conditions.
Food Chemistry, 384, Article 132492. https://doi.org/10.1016/j.
foodchem.2022.132492

Wen, A, Yuan, S., Wang, H., Mj, S., Yu, H., Guo, Y,, Xie, Y., Qian, H.,
& Yao, W. (2024). Molecular insights on the binding of chlortet-
racycline to bovine casein and its effect on the thermostability of
chlortetracycline. Food Chemistry, 432, Article 137104. https://
doi.org/10.1016/j.foodchem.2023.137104

Wen, J., Jiang, L., & Sui, X. (2023). Plant protein and animal pro-
tein-based Pickering emulsion: A review of preparation and mod-
ification methods. Journal of the American Oil Chemists’ Society,
101(10), 1027-1042. https://doi.org/10.1002/a0cs.12779

Wu, C., Chen, H., Zhang, T., Wang, W., Chen, L., Feng, X., Zhou, F, &
Tang, X. (2025). Recent developments on the freeze-thaw stability
of Pickering emulsions and its application as nutrient delivery
vehicles. Food Hydrocolloids, 158, Article 110494. https://doi.
0rg/10.1016/j.foodhyd.2024.110494

Xiong, Y. L. (2018). Muscle proteins. In R. Y. Yada (Ed.), Proteins in
Food Processing (2nd ed., pp. 127-148). Woodhead Publishing.
https://doi.org/10.1016/B978-0-08-100722-8.00006-1

Xu, Y., Chu, Y, Feng, X, Gao, C., Wu, D., Cheng, W,, Meng, L., Zhang, Y.,
& Tang, X. (2020). Effects of zein stabilized clove essential oil Pick-
ering emulsion on the structure and properties of chitosan-based
edible films. International Journal of Biological Macromolecules,
156, 111-119. https://doi.org/10.1016/j.ijbiomac.2020.04.027

Xu, Y.-T., Tang, C.-H., Liu, T.-X., & Liu, R. (2018). Ovalbumin as an
Outstanding Pickering Nanostabilizer for High Internal Phase
Emulsions. Journal of Agricultural and Food Chemistry, 66(33),
8795-8804. https://doi.org/10.1021/acs.jafc.8b02183

Yang, Z., Chen, B, Tahir, H. E,, Li, Z., Huang, X,, Li, M., Zhang, K,, Li,
B., Zhai, X,, Shi, J., Zou, X., & Xiao, J. (2024). Gelatin/sodium algi-
nate-based biodegradable films functionalized by persimmon pectin/
ovalbumin-stabilized neem essential oil Pickering emulsion: Appli-
cation for cherry tomato preservation. Progress in Organic Coatings,
192, Article 108448. https://doi.org/10.1016/j.porgcoat.2024.108448

Food Sci. Technol, Campinas, 45, €501, 2025


https://doi.org/10.1080/23311932.2024.2377686
https://doi.org/10.1111/jtxs.12663
https://doi.org/10.1016/j.foodchem.2021.129679
https://doi.org/10.1016/j.foodchem.2023.136108
https://doi.org/10.1016/j.foodchem.2023.136108
https://doi.org/10.3390/foods10081965
https://doi.org/10.1016/j.cocis.2020.04.004
https://doi.org/10.1016/j.cocis.2020.04.004
https://doi.org/10.1016/j.foodhyd.2018.08.039
https://doi.org/10.1016/j.foodhyd.2013.03.017
https://doi.org/10.1016/j.foodhyd.2013.03.017
https://doi.org/10.1016/j.lwt.2023.115124
https://doi.org/10.1016/j.lwt.2021.112002
https://doi.org/10.1016/j.lwt.2021.112002
https://doi.org/10.1016/j.foodchem.2024.140581
https://doi.org/10.1016/j.fufo.2022.100121
https://doi.org/10.26599/FSHW.2022.9250088
https://doi.org/10.26599/FSHW.2022.9250088
https://doi.org/10.1016/j.lwt.2023.115559
https://doi.org/10.1016/j.foodhyd.2023.108862
https://doi.org/10.1016/j.ultsonch.2023.106296
https://doi.org/10.1016/j.ultsonch.2023.106296
https://doi.org/10.1016/j.ijbiomac.2023.125493
https://doi.org/10.1016/j.ijbiomac.2023.125493
https://doi.org/10.1016/j.foodres.2024.115241
https://doi.org/10.1016/j.lwt.2024.115796
https://doi.org/10.1016/j.foodchem.2022.132492
https://doi.org/10.1016/j.foodchem.2022.132492
https://doi.org/10.1016/j.foodchem.2023.137104
https://doi.org/10.1016/j.foodchem.2023.137104
https://doi.org/10.1002/aocs.12779
https://doi.org/10.1016/j.foodhyd.2024.110494
https://doi.org/10.1016/j.foodhyd.2024.110494
https://doi.org/10.1016/B978-0-08-100722-8.00006-1
https://doi.org/10.1016/j.ijbiomac.2020.04.027
https://doi.org/10.1021/acs.jafc.8b02183
https://doi.org/10.1016/j.porgcoat.2024.108448

SOUZA etal.

Ye, Q, Chen, Z., Li, Y., Zheng, W., Wang, W., Shi, T., & Xiao, J. (2025).
Dynamic adsorption and stability mechanisms in Pickering
emulsions co-stabilized by whey protein microgel particles and
sucrose esters. Food Hydrocolloids, 159, Article 110593. https://
doi.org/10.1016/j.foodhyd.2024.110593

Yuliarti, O., Lau, Z. X., Wee, L., & Kwan, C. K. J. (2019). Enhancing
the stability of oil-in-water emulsion using pectin-lactoferrin
complexes. International Journal of Biological Macromolecules, 139,
421-430. https://doi.org/10.1016/j.ijbiomac.2019.07.210

Zhang, S., Li, X., Yan, X., McClements, D. J., Ma, C,, Liu, X., & Liu,
E (2022). Ultrasound-assisted preparation of lactoferrin-EGCG
conjugates and their application in forming and stabilizing algae oil
emulsions. Ultrasonics Sonochemistry, 89, Article 106110. https://
doi.org/10.1016/j.ultsonch.2022.106110

Zhang, T., Seah, K.-W., & Ngai, T. (2023). Single and double Pickering
emulsions stabilized by sodium caseinate: Effect of crosslink-
ing density. Food Hydrocolloids, 139, Article 108483. https://doi.
org/10.1016/j.foodhyd.2023.108483

Zhang, X., Liu, Z., & Shi, W. (2024). Pickering emulsion stabilized by grass
carp myofibrillar protein via one-step: Study on microstructure, pro-
cessing stability and stabilization mechanism. Food Chemistry, 447,
Article 139014. https://doi.org/10.1016/j.foodchem.2024.139014

Food Sci. Technol, Campinas, 45, 501, 2025

Zhao, J., Wei, T., Wei, Z., Yuan, E, & Gao, Y. (2015). Influence of
soybean soluble polysaccharides and beet pectin on the phys-
icochemical properties of lactoferrin-coated orange oil emul-
sion. Food Hydrocolloids, 44, 443-452. https://doi.org/10.1016/j.
foodhyd.2014.10.025

Zhao, S., Wang, X., Zhang, H., Li, W., He, Y., Meng, X., & Liu, B. (2023).
Bacteriostatic Pickering emulsions stabilized by whey protein
isolate-vanillin nanoparticles: Fabrication, characterization and
stability in vitro. Food Chemistry, 429, Article 136871. https://doi.
org/10.1016/j.foodchem.2023.136871

Zhu, C., Tian, Y., Liu, H., Zhao, G., Ma, Y., Bai, X., & Wang, K. (2024).
Having their cake and eat it too: Effects of different cations in re-
duced-salt myofibrillar protein microgel pickering emulsion under
high-intensity ultrasound. LWT, 210, Article 116856. https://doi.
0rg/10.1016/j.1wt.2024.116856

Zhu, Q.,, Qiu, Y., Zhang, L., Lu, W,, Pan, Y,, Liu, X,, Li, Z., & Yang,
H. (2024). Encapsulation of lycopene in Pickering emulsion
stabilized by complexes of whey protein isolate fibrils and
sodium alginate: Physicochemical property, structural char-
acterization and in vitro digestion property. Food Research
International, 191, Article 114675. https://doi.org/10.1016/].
foodres.2024.114675

13


https://doi.org/10.1016/j.foodhyd.2024.110593
https://doi.org/10.1016/j.foodhyd.2024.110593
https://doi.org/10.1016/j.ijbiomac.2019.07.210
https://doi.org/10.1016/j.ultsonch.2022.106110
https://doi.org/10.1016/j.ultsonch.2022.106110
https://doi.org/10.1016/j.foodhyd.2023.108483
https://doi.org/10.1016/j.foodhyd.2023.108483
https://doi.org/10.1016/j.foodchem.2024.139014
https://doi.org/10.1016/j.foodhyd.2014.10.025
https://doi.org/10.1016/j.foodhyd.2014.10.025
https://doi.org/10.1016/j.foodchem.2023.136871
https://doi.org/10.1016/j.foodchem.2023.136871
https://doi.org/10.1016/j.lwt.2024.116856
https://doi.org/10.1016/j.lwt.2024.116856
https://doi.org/10.1016/j.foodres.2024.114675
https://doi.org/10.1016/j.foodres.2024.114675

