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RESUMO

O processo de emulsificacido de 6leos ricos em compostos bioativos permite sua
melhor aplicagao e preservagao ao longo do tempo de armazenamento. Dentre os
varios mecanismos de emulsificagdo, o método de Pickering tem se destacado
devido a utilizagdo de nanoparticulas soélidas naturais, em substituicdo aos
surfactantes artificiais. Estas particulas possuem afinidade tanto pela agua quanto
pela fase lipidica. Elas se adsorvem na interface 6leo/agua de forma a estabilizar as
gotas de 6leo, prevenir sua coalescéncia e viabilizar a incorporagéo da fase lipidica
em produtos alimenticios hidrofilicos. Entretanto, para que as particulas apresentem
propriedades adequadas de adsorcao, modificacbes quimicas e/ou fisicas devem
ser realizadas. Devido a propriedade antioxidante, ndo-toxicidade e disponibilidade,
este trabalho buscou analisar a quitosana e suas modificagdes como potencial
particula de Pickering. As modificagdes estudadas foram a autoagregacado, ou
também chamada de desprotonacao, e o intercruzamento com tripolifosfato de
sodio. O desempenho destas particulas foi avaliado ao emulsificar 6leo de café
torrado, um subproduto da industria cafeeira com alto teor de compostos bioativos e
volateis de interesse. Posteriormente, foram analisadas as propriedades fisico-
quimicas e estabilidade das microcapsulas produzidas apos secagem das emulsdes
por meio das técnicas de spray-drying e liofilizagcdo. Emulsdées com diferentes
concentracbes de oOleo e de nanoparticulas de quitosana foram avaliadas com
relacdo a sua microestrutura, liberacdo de acidos graxos e bioativos durante
digestdo gastrointestinal in vitro e sua bioacessibilidade. Todas as emulsdes foram
caracterizadas com comportamento reoldgico pseudoplastico, passando por
desestruturacdo ao longo do processo de digestdo. As emulsdes formuladas com
nanoparticulas de quitosana desprotonada e menor concentragdo de Oleo
demonstraram melhor estabilizagdo e, consequentemente, maior bioacessibilidade
aos compostos fenolicos totais. As diferentes nanoparticulas de quitosana foram
caracterizadas quanto a sua carga superficial, distribuicdo de tamanho de particula,
microestrutura e afinidade pela agua/dleo. Nanoparticulas de quitosana
desprotonadas tiveram maior tamanho de particula, o que resultou em emulsdes
com gotas de Oleo também maiores. Na medida em que se aumentou a
concentracdo destas particulas, a viscosidade das emulsdes foi positivamente

afetada pela formacdo de uma rede tridimensional na fase continua. As



nanoparticulas obtidas pelo intercruzamento da quitosana com o tripolifosfato de
sédio foram menores, originando emulsbes com gotas também menores. A
viscosidade destas emulsdes foi menor e pouco afetada pela concentragdo de
particulas. As imagens obtidas por microscopia permitiram evidenciar a estabilizagao
das gotas pelo método de Pickering. Emulsdes de Pickering contendo 10% de 6leo
de café torrado foram secas por spray-drying e liofilizagdo, utilizando as diferentes
nanoparticulas de quitosana estudadas e maltodextrina como agentes carreadores.
As microcapsulas obtidas apresentaram umidade, atividade de agua e solubilidade
adequadas para manuseio e estocagem. A presenga das nanoparticulas de
quitosana permitiu maior retengdo de O6leo nas microcapsulas e eficiéncia de
encapsulagdo. Enquanto as microcapsulas obtidas por spray-drying tiveram formato
esférico mais regular, as microparticulas obtidas por liofilizagao foram maiores com
morfologia irregular. Os compostos bioativos e propriedades antioxidantes foram
melhor preservados durante a liofilizagcdo. Por outro lado, a secagem por spray-
drying permitiu maior protecdo destes compostos durante a digestdo. As
microcapsulas formuladas com nanoparticulas desprotonadas foram também
submetidas ao ensaio de estocagem durante 30 dias a 25 °C. Ao longo da
estocagem, avaliou-se a sua protecdo contra a oxidagao lipidica e liberagdo de
volateis. Para isso, as isotermas de sor¢do de agua destas amostras foram
previamente determinadas nas condicdes de armazenamento. Ambas amostras
apresentaram isotermas do tipo Il, possibilitando um bom ajuste do modelo de GAB
aos dados experimentais. O indice de peroxido e teor de dienos conjugados
resultaram em valores adequados ao longo do armazenamento, embora as
amostras liofilizadas tenham apresentado ligeira tendéncia a oxidagado devido a
maior quantidade de d6leo superficial. Estes resultados concordam com os dados de
liberagdo dos compostos volateis. Apesar de ligeiras diferengas entre as amostras
secas, todas mostraram menor perda de aromas totais (~28%) quando comparadas
ao oOleo nao-encapsulado (~51%) ao final da estocagem. Assim, péde-se concluir
que as nanoparticulas de quitosana estudadas foram eficientes para encapsular o
oleo de café torrado e preservar suas caracteristicas contra a agdo de agentes

externos.

Palavras-chave: subprodutos, emulsdo de Pickering, encapsulagéo, estabilidade,

compostos bioativos.



ABSTRACT

The emulsification process of bioactive-rich oils makes possible their better
application and preservation over the storage time. Among the many emulsification
mechanisms, the Pickering method has been highlighted as it uses natural solid
nanoparticles in replacement of artificial surfactants. These particles have affinity for
both water and lipid phases. They are adsorbed at the oil/water interface in order to
stabilize oil droplets, preventing their coalescence and making easier the oll
incorporation into food products. However, in order to provide adequate adsorption
properties to these particles, chemical and/or physical modifications must be
performed. Due to the antioxidant properties, non-toxicity and availability, this work
aimed at studying chitosan modifications to produce potential Pickering particles. The
studied modifications comprised self-aggregation, also called deprotonation, and
crosslinking with sodium tripolyphosphate. The performance of these particles was
evaluated in the emulsification of roasted coffee oil, a by-product of the coffee
industry with a high content of bioactive and volatile compounds of interest.
Subsequently, the physicochemical properties and stability of the microcapsules
produced after drying the emulsions using spray-drying and lyophilization techniques
were analyzed. Emulsions with different concentrations of oil and chitosan
nanoparticles were evaluated with respect to their microstructure, release of fatty
acids and bioactive compounds during in vitro gastrointestinal digestion, as well as
their bioaccessibility. All emulsions were characterized as shear-thinning, being them
destabilized over the digestion process. Emulsions formulated with deprotonated
chitosan nanoparticles and lower oil concentrations showed better stabilization and,
consequently, greater bioaccessibility of to total phenolic compounds. The different
chitosan nanoparticles were characterized regarding surface charge, particle size
distribution, microstructure and oil/water affinity. Deprotonated chitosan nanoparticles
had a larger particle size, which resulted in emulsions with larger oil droplets. As the
concentration of these particles increased, the viscosity of the emulsions was
positively affected by the formation of a three-dimensional network in the continuous
phase. The nanoparticles obtained by crosslinking with sodium tripolyphosphate
were smaller, resulting in emulsions with smaller droplets. The viscosity of these
emulsions was lower and little affected by the concentration of particles. The images

obtained by microscopy showed the stabilization of the oil droplets by the Pickering



method. Pickering emulsions containing 10% roasted coffee oil were spray-dried and
freeze-dried, using the different studied chitosan nanoparticles and maltodextrin as
carrier agents. The resulting microcapsules showed adequate moisture content,
water activity and solubility for subsequent handling and storage. The presence of
chitosan nanoparticles resulted in greater oil retention in the microcapsules and
higher encapsulation efficiency. Microcapsules obtained by spray-drying had a more
regular spherical shape, while the microparticles obtained by freeze-drying were
larger with irregular morphology. Bioactive compounds and antioxidant properties
were more preserved during freeze-drying. On the other hand, spray drying allowed
greater protection of these compounds during the in vitro digestion. The spray- and
freeze-dried microcapsules formulated with deprotonated nanoparticles were
subjected to the storage test for 30 days at 25 °C. During storage, their protection
against lipid oxidation and volatile release were evaluated. The water sorption
isotherms of these samples were previously determined under the storage
conditions. Both samples presented type |l isotherms, which resulted in a good fitting
accuracy of the GAB model to the experimental data. The peroxide index and the
conjugated dienes content resulted in adequate values during storage, although the
freeze-dried samples showed a slightly higher tendency to oxidation due to the
higher amount of surface oil. These results were in accordance to the release of
volatile compounds. Although slight differences were observed between the dried
samples, both of them showed less loss of total volatile compounds (~28%) when
compared to the non-encapsulated oil (~51%) at the end of storage. Thus, it was
concluded that the studied chitosan nanoparticles were efficient to encapsulate
roasted coffee oil and to preserve its characteristics against the action of external

agents.

Keywords: Pickering emulsion, encapsulation, spray-drying, freeze-drying, stability,

bioactive compounds



RESUMEN

El proceso de emulsificacion de aceites ricos en compuestos bioactivos permite su
mejor aplicacion y conservacion durante el tiempo de almacenamiento. Entre los
diversos mecanismos de emulsificacion, se destaca el método de Pickering ya que
utiliza nanoparticulas solidas naturales en sustitucion de los tensioactivos artificiales.
Estas particulas tienen afinidad tanto por el agua como por la fase lipidica y se
adsorben en la interfaz aceite/agua para estabilizar las gotas de aceite, previniendo
la coalescencia y permitiendo la incorporacion de la fase lipidica en productos
alimenticios. Sin embargo, para que las particulas tengan propiedades de adsorcién
adecuadas, se deben realizar modificaciones quimicas y/o fisicas. Debido a sus
propiedades antioxidantes, no toxicidad y disponibilidad, en este trabajo se
estudiaron distintas modificaciones del quitosano para su potencial aplicacion como
particula de Pickering. Las modificaciones estudiadas fueron la autoagregacion,
también denominada desprotonacion, y el entrecruzamiento con tripolifosfato de
sodio. Se evalud el comportamiento de estas particulas emulsionando aceite de café
tostado, un subproducto de la industria de café con un alto contenido de compuestos
bioactivos y compuestos volatiles de interés. Posteriormente, se analizaron las
propiedades fisico-quimicas y la estabilidad de las microcapsulas producidas tras el
secado de las emulsiones mediante técnicas de secado por atomizacién y
liofilizacién. Se prepararon emulsiones con diferentes concentraciones de aceite y
nanoparticulas de quitosano y se estudié su microestructura, liberaciéon de acidos
grasos Yy bioactivos durante la digestion gastrointestinal in vitro asi como su
bioaccesibilidad. Todas las emulsiones se caracterizaron por tener un
comportamiento reolégico pseudoplastico, sufriendo desintegracién a lo largo del
proceso de digestion. Las emulsiones formuladas con nanoparticulas de quitosano
desprotonadas y menor concentracion de aceite mostraron una mejor estabilizacion
y, en consecuencia, una mayor bioaccesibilidad de los compuestos fendlicos totales.
Las diferentes nanoparticulas de quitosano se caracterizaron estudiando su carga
superficial, distribucion del tamafo de particula, microestructura y afinidad
agua/aceite. Las nanoparticulas de quitosano desprotonadas tuvieron un tamafno de
particula mas grande, lo que dié lugar a emulsiones con gotas de aceite mas
grandes. A medida que se aumentd la concentracién de estas particulas, se afectd

positivamente la viscosidad de las emulsiones debido a la formacién de una red



tridimensional en la fase continua. Las nanoparticulas obtenidas al entrecruzar
quitosano con tripolifosfato de sodio fueron mas pequefias, dando como resultado
emulsiones con gotas mas pequenas. La viscosidad de estas emulsiones fue menor
y poco afectada por la concentracion de particulas. Las imagenes obtenidas por
microscopia mostraron la estabilizacion de las gotas por el método de Pickering. Las
emulsiones de Pickering que contenian un 10% de aceite de café tostado se secaron
por atomizacion y se liofilizaron utilizando las diferentes nanoparticulas de quitosano
estudiadas y maltodextrina como agentes portadores. Las microcapsulas obtenidas
tuvieron la humedad, actividad del agua y solubilidad adecuada para su
manipulacion y almacenamiento. La presencia de nanoparticulas de quitosano
permitid una mayor retencion de aceite en las microcapsulas y mayor eficiencia de
encapsulacion. Las microcapsulas obtenidas por secado por atomizacion tuvieron
una forma esférica mas regular, mientras que las microparticulas obtenidas por
liofilizacion fueron mas grandes y con morfologia irregular. Los compuestos
bioactivos y las propiedades antioxidantes se conservaron mejor durante la
liofilizacion. Por otro lado, las microcapsulas obtenidas por atomizacién presentaron
mayor proteccidon de estos compuestos durante la digestidn. Las microcapsulas
formuladas con nanoparticulas desprotonadas fueron sometidas a almacenamiento
durante 30 dias a 25 °C. Durante el almacenamiento, se evalud la proteccidén contra
la oxidacion de lipidos y la liberacion de volatiles. Las isotermas de sorcion de agua
de estas muestras se determinaron también previamente en las condiciones de
almacenamiento. Ambas muestras presentaron isotermas del tipo Il, lo que permitio
un buen ajuste del modelo de GAB a los datos experimentales. La determinacion del
indice de peroxido y del contenido de dienos conjugados dio lugar a valores
adecuados durante el almacenamiento, aunque las muestras liofilizadas presentaron
una ligera tendencia a la oxidacién debido a la mayor cantidad de aceite superficial.
Estos resultados estuvieron en concordancia con los datos de liberacion de
compuestos volatiles. Aunque hubo ligeras diferencias entre las muestras secas,
todas mostraron menos pérdida de aromas totales (~28%) en comparacion con el
aceite no encapsulado (~51%) al final del almacenamiento. Asi, se concluyo que las
nanoparticulas de quitosano estudiadas fueron eficientes para encapsular el aceite
de café tostado y preservar sus caracteristicas frente a la accion de agentes

externos.



Palabras clave: subproductos, emulsién de Pickering, encapsulacion, estabilidad,
compuestos bioactivos.



RESUM

El procés d'emulsificacié d'olis rics en compostos bioactius permet la seua millor
aplicacié i conservacid durant el temps d'emmagatzematge. Entre els diversos
mecanismes d’emulsificacio, destaca el métode de Pickering, ja que utilitza
nanoparticules solides naturals en substitucié als tensioactius artificials. Aquestes
particules tenen afinitat tant per l'aigua com per la fase lipidica. Les particules
s'adsorbeixen a la interfase oli/aigua per a estabilitzar les gotes d'oli, prevenint la
coalescencia i permetent la incorporacioé de la fase lipidica en productes alimentaris.
No obstant aixd, perque les particules tinguen propietats d'adsorcié adequades,
s'han de realitzar modificacions quimiques i/o fisiques. A causa de la seua propietat
antioxidant, de la no toxicitat i de la disponibilitat, aquest treball va buscar analitzar el
quitosa i les seues modificacions com potencials particules de Pickering. Les
modificacions estudiades van ser la autoagregacié, també anomenada
desprotonacio, i l'entrecreuament amb tripolifosfat de sodi. Es va avaluar el
comportament d'aquestes particules emulsionant oli de café torrat, un subproducte
de la industria del café amb un alt contingut de compostos bioactius i volatils
d'interés. Posteriorment, es van analitzar les propietats fisicoquimiques i I'estabilitat
de les microcapsules produides després de l'assecat de les emulsions mitjangant
técniques d'assecatge per atomitzacié i liofilitzacié. Es van avaluar emulsions amb
diferents concentracions d'oli i nanoparticules de quitosa, estudiant la seua
microestructura, alliberament d'acids grassos i bioactius durant la digestio
gastrointestinal in vitro aixi com la seua bioaccesibilitat. Totes les emulsions tenien
un comportament reoldgic pseudoplastic, sofrint desintegracio al llarg del procés de
digestid. Les emulsions formulades amb nanoparticules de quitosa desprotonades i
menor concentracid d'oli van mostrar una millor estabilitzacié i, en consequéncia,
una major bioaccesibilitat als compostos fendlics totals. Les diferents nanoparticules
de quitosa es van caracteritzar estudiant la seua carrega superficial, distribuci6 del
tamany de particula, microestructura i afinitat aigua/oli. Les nanoparticules de
quitosa desprotonades van tindre un tamany de particula més gran, el que va
resultar en emulsions amb gotes d'oli més grans. A mesura que es va augmentar la
concentracio d'aquestes particules, es va afectar positivament la viscositat de les
emulsions a causa de la formacié d'una xarxa tridimensional en la fase continua. Les

nanoparticules obtingudes a I'entrecreuar quitosa amb tripolifosfat de sodi van ser



més menudes, donant com a resultat emulsions amb gotes més menudes també. La
viscositat d'aquestes emulsions va ser menor i poc afectada per la concentracio de
particules. Les imatges obtingudes per microscopia van mostrar l'estabilitzacié de les
gotes pel métode de Pickering. Les emulsions de Pickering que contenien un 10%
d'oli de café torrat es van assecar per atomitzacio i es liofilitzaren utilitzant les
diferents nanoparticules de quitosa estudiades i maltodextrina com a agents
portadors. Les microcapsules obtingudes van obtenir una humitat, activitat de I'aigua
i solubilitat adequada per a la seua manipulacié i emmagatzematge. La preséncia de
nanoparticules de quitosa va permetre major retencié d'oli en les microcapsules i
major eficiencia d'encapsulacio. Les microcapsules obtingudes per assecat per
atomitzacié6 van tindre una forma esférica més regular, mentre que les
microparticules obtingudes per liofilitzaci6 van ser més grans i amb morfologia
irregular. Els compostos bioactius i les propietats antioxidants es van conservar
millor durant la liofilitzacié. D'altra banda, les microcapsules obtingudes per
atomitzacié presentaren major proteccié d'aquests compostos durant la digestio. Les
microcapsules formulades amb nanoparticules desprotonades també van ser
sotmeses a la prova d'emmagatzematge durant 30 dies a 25°C. Durant
I'emmagatzematge, es va avaluar la seua proteccido contra l'oxidacié de lipids i
I'alliberament de volatils. Per aix0, les isotermes de sorcid d'aigua d'aquestes
mostres es van determinar préviament en les condicions d'emmagatzematge. Les
dues mostres van presentar isotermes de tipus Il, el que va permetre un bon ajust
del model de GAB a les dades experimentals. L'index de peroxids i el contingut de
diens conjugats van resultar en valors adequats durant 'emmagatzematge, encara
que les mostres liofilitzades van presentar una lleugera tendéncia a Il'oxidacio a
causa de la major quantitat d'oli superficial. Aquests resultats van estar d'acord amb
les dades d'alliberament de compostos volatils. Encara que va haver lleugeres
diferéncies entre les mostres seques, totes van mostrar menys perdua d'aromes
totals (~28%) en comparaci6 amb l'oli no encapsulat (~51%) a la fi de
I'emmagatzematge. Aixi, es va concloure que les nanoparticules de quitosa
estudiades van ser eficients per encapsular I'oli de cafe torrat i preservar les seues
caracteristiques enfront de I'accié d'agents externs.

Paraules clau: subproductes, emulsié de Pickering, encapsulacié, estabilitat,

compostos bioactius.
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1. Introduction
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Many food products are produced by immiscible ingredients, such as water
and oil. However, their adequate incorporation is often dependent on a previous
emulsification process. In the emulsified systems, surfactants are used in order to
avoid phase separation and to increase stability. Conventional emulsions are usually
stabilized by molecules that present at least one (non-polar) hydrophobic region and
at least one (polar) hydrophilic region. This is a common structural feature of
surfactants, or also called surface-active substances. Their amphiphilic nature
provides the ability to decrease the interfacial tension when adsorbed at the oil-water
interface.

Althoug the use of stabilizers is important for homogenizing two different
phases, the stability of an emulsion is determined according to its resistence to
changes in its physicochemical properties over time. Emulsions may typically break
down and become unstable during storage due to different mechanisms, such as
gravitational separation (creaming or sedimentation), flocculation, coalescence and
Ostwald ripening.

Gravitational separation processes occur by the action of the gravity and
depend upon the emulsion droplets density. Droplets move upward (“creaming”) or
downwards (“sedimentation”) when their density is, respectively, lower or higher than
that of surrounding liquid. Flocculation is the adhesion of two or more droplets
forming an aggregate. As well as gravitational separation, flocculation does not lead
to changes in the integrity of individual droplets. Coalescence, in turn, is the process
by wich several droplets merge together and form a single larger droplet. Ostwald
ripening is a diffusional mass transfer process that is linked to the difference of
solubility between dispersed and continuous phase of emulsion. It occurs in a
polydisperse emulsions in wich small droplets disappear by dissolution and
deposition on the larger droplets (McClements, 2007; Liu et al., 2019).

Alternatively to the artificial surfactants, emulsions can be stabilized by solid
colloidal particles. They can be inorganic or organic particles with partial wetting
property by both oil and water. It results in the so-called Pickering emulsions, a
different approach to replace surfactants by solid particles that strongly adsorb the
oil-water interface. This technique enables the Pickering stabilizers to form a rigid
barrier around the droplets that reduces their mobility, resulting in a steric hindrance
at the oil/water (O/W) interface. The wettability of a particle is characterized by how

intense is the particle affinity for one phase or other. In addition, particles with an
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equal affinity for both phases require high desorption energy at the interface —
making them responsible for the physical barrier that prevent the coalescence of the
droplets (Berton-Carabin e Schroén, 2015).

Natural sources for producing such particles are widely reported in literature,
such as zein, soy protein, pea protein, starches, cellulose derivatives, chitin and
chitosan. They have been used in Pickering emulsion formulations after modifications
to achieve suitable properties to act as Pickering stabilizers (Jiang, Sheng & Ngai,
2020; Sarkar & Dickinson, 2020)

Chitosan is included in the group of commonly used polyssaccharides for
emulsions stabilization. Physicochemical changes are produced in its structure to
obtain the expected binding properties at the oil-water interface. Chitosan presents
free amine and hydroxyl groups along its structure, being them susceptible to
changes depending on the pH of the medium. In acid aqueous solutions the
protonation of the amino groups makes the chitosan soluble as a polycationic
polymer. As the pH solution increases, chitosan aggregates with favorable properties
are formed for acting as particulate emulsifiers to produce Pickering emulsions.

Chitosan particles can also be formed throught its interaction with a
polyelectrolyte complex with polyanions such as sodium tripolyphospate (TPP). The
intermolecular bounds between phosphate groups of TPP and positively charged
amino groups of chitosan give rise to the crossliked chitosan particles to be adsorbed
onto the oil-water interface of Pickering emulsions.

The development of emulsions by well-defined templates has been extensively
explored to produce systems with adequate release of functional compounds,
protection against chemical degradation and increased bioaccessibility during
gastrointestinal digestion (Araiza-Calahora, Akhtar, & Sarkar, 2018; Low et al., 2019;
Lamothe, Guérette, & Britten, 2020; Singh, Lim, & Chan, 2021). The stabilization of
emulsions by biopolymers, such as chitosan, has been studied as a potential method
for encapsulation, oxidative stability and release systems for bioactive compounds.
However, little information is reported about the mechanisms of particle synthesis
and their role in the release of bioactive compounds and storage stability.

Recent studies have been carried out to produce microcapsules from
Pickering emulsions by drying methods. In addition to the lower volume and water
content, the microcapsules form a protective barrier to the sensitive components
found into the core (Stasse et al.,, 2020; Singh, Lim, & Chan, 2021). These
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compounds can be sensitive to moisture, light and oxygen. Encapsulation, therefore,
results in products with a longer shelf life and has a wide variety of applications, from
flavors and fragrances to bioactive and probiotic compounds.

There are several microencapsulation techniques, such as spray-drying, spray
chilling, coacervation, lyophilization, extrusion and emulsification. The choice of the
technique depends on the type of material to be encapsulated, the application of the
microcapsule, the required size of the particles to be obtained, the physical and
chemical properties of the core and the wall material as well as the release
mechanism of the encapsulated compound. Thus, the control of the structure,
permeability, mechanical resistance and compatibility must be taken into account to
make them compatible in many applications with controlled release and protection of
the components against adverse conditions.

The spray-drying technique is one of the most used for microencapsulation
and has been used to encapsulate lipophilic and hydrophilic compounds in order to
protect them from degradation. In this technique, the liquid containing the material of
interest is dispersed in droplets that come into contact with a flow of heated air,
quickly removing the solvent and forming solid particles. However, although it is
considered a technique with fast processing and low cost, there is a need to use high
temperatures, which can compromise the integrity of bioactive compounds present in
the material.

On the other hand, freeze-drying is used for the dehydration of heat-sensitive
products. This method is based on water sublimation from the solid phase to the gas
phase under low temperatures and low pressure. In spite of its high production costs
and long processing time, freeze-drying has been an efficient method to protect
flavorings products and suscetibles to oxidation.

Regardless the type of microcapsules obtained, the release of the
encapsulated material can be evaluated by several mechanisms: solvent addition,
changes at pH and temperature, mechanical break during food processing and
storage or its absorption in specific sites of the body. During digestion, structural
changes in the food provide important information about the digestibility and
bioaccessibility of compounds present in the food matrix. In this way, the mechanical
and chemical transformations that occur during digestion are considered ways of

releasing an encapsulated compound.



23

Among the most diverse source of bioactive compounds, there is an
increasing trend by using ingredients from food co-products. Coffee oil from roasted
coffee beans is an example of bioactive-rich co-product. The coffee bean consists of
around 17% of oil depending on the species (C. Arabica and C. Canephora), and the
lipid fraction is composed of about 75% of triacylglycerides (Speer, 2006). The fatty
acids are represented mainly by palmitic, stearic, linolenic acids and by essential
acids such as oleic and linoleic, corresponding to 7% - 14% and 43% - 54% of the
whole fraction, respectively. Tocopherols, caveol and cafestol diterpenes, sterols and
other minority components in the unsaponifiable fraction have been highlighted for
their antioxidant, antimicrobial and anticarcinogenic activities (Raba et al., 2015;
Cardenas et al., 2015; Hatzold et al., 2012), in addition to provide emollient
properties and protection agaist UV radiation (Wagemaker et al., 2015).

The global coffee production is estimated at 170 million 60-kilogram bags
annually. Brazil is the largest world’s coffee producer, being responsible for around
30% of the world suplly. The quality of coffee beans is the main concern of
producers, since harvesting and pre-processing operations can affect their chemical
composition. About 20% of coffee production consists of defective beans such as
irregularly-shaped, immature, insect-damaged and broken beans that dramatically
affect the taste in the cup (Casas et al., 2017). An alternative for adding value to the
defective coffee beans is the extraction of oil, making it a value-added co-product.

Although still little exploited, roasted coffee oil has shown great potential for
the food industry due to the presence of large amounts of essential fatty acids and
phenolic compounds. Moreover, the aromatic compounds found in the roasted coffee
beans are fat-soluble substances that can be used as flavoring ingredients in most
diverse food formulations. In addition, studies report that the roasting process of
grains does not affect the oxidation level of the oil, but confers stability due to the
antioxidant characteristics of the Maillard reaction products (Anese et al., 2000).

Due to its composition, coffee oil has potential for application in formulations of
food products, such as ice cream, chocolates, instant beverages, confectionery, and
nutraceutical foods. However, the insolubility in water is one of the factors that
possibly hinder its use. Therefore, emulsion-based encapsulation can be regarded as
one of the most promising techniques to protect the oil against oxidative degradation

and also make it easier to be applied in matrices of food products.
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In this way, this work was aimed at considering different chitosan
nanoparticles as Pickering stabilizers to protect the bioactive and aromatic
compounds of roasted coffee oil in emulsions and/or in the resulting dried

microcapsules.
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2. Objectives



26

2.1. General

The general objective of this thesis was to produce chitosan-based emulsions
of roasted coffee oil and to evaluate the efficiency of spray-drying and freeze-drying

in the protection of interest compounds.

2.2. Specifics

In order to attain the general objective, it was intended specifically:

1. To produce chitosan nanoparticles able to stabilize o/w emulsions of
roasted coffee oil.

2. To evaluate the crosslinking method on the production of chitosan
nanoparticles to stabilize the emulsions.

3. To evaluate the effectiveness of chitosan nanoparticles by investigating
changes in the emulsion structure during in vitro digestion.

4. To characterize the physical properties of chitosan nanoparticles and to
evaluate their role on the stabilization of emulsions.

5. To produce dryed microcapsules from emulsions using spray-drying
and freeze-drying methods.

6. To characterize the effect of drying methods and wall material on the
physical properties and digestibility of microcapsules.

7. To evaluate the oxidative stability of microcapsules as indicated by

peroxide index, conjugated dienes and volatile compounds.
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3. Thesis structure
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This section describes the work packages (Figure 3.1) followed in the present
thesis, in order to achieve the previously established objectives. The thesis consists
of five main chapters that address the use of chitosan particles as emulsion
stabilizers and further as wall material of roasted coffee oil dried microcapsules. In
order to provide information for food industry, each chapter reports different steps
used for developing the final product. The specific matherials and methods used are
widely described in each chapter.

Chapter 1 addresses a review about Pickering particles, an alternative system
to surfactant-stabilized emulsions.

In Chapter 2, changes in the structure of emulsions during in vitro digestion
were studied. A simulated gastrointestinal model consisting in mouth, stomach and
intestine was used to mimic the human digestion and the effectiveness of chitosan
nanoparticles was evaluated based on bioaccessibility of phenolic compounds of
roasted coffee oil.

Chapter 3 was focused on characterizing the chitosan nanoparticles able to
stabilize o/w emulsions as well as the physical properties of the emulsions. Chitosan
nanoparticles were produced by two different methods: deprotonation and ionic
gelation with crosslinking agent. Deprotonated particles were produced by modifying
the pH of chitosan solution to pH > pKa, resulting in self-aggregation particles.
Crosslinked nanoparticles were formed through electrostatic interaction between
negative groups of sodium tripolyphosphate (TPP) and the positively charged amino
groups of chitosan. Chitosan nanoparticles were characterized according to surface
charge, particle size distribution, chemical structure, wettability and microstructure
imaging whereas physicochemical, microscopic and rheological assays were carried
out to evaluate the emulsions stabilized by the nanoparticles.

Chapter 4 addresses on the production of microcapsules from previously
prepared emulsions using two different drying methods: spray-drying and freeze-
drying. The microcapsules were characterized in relation to moisture content, water
activity, solubility, particle size distribution and oil retention. Powder morphology was
evaluated by microscopic images. In addition, microcapsules were subjected to in
vitro digestion to evaluate the effect of the drying method and wall material on the
recovery index and bioaccessibility of phenolic content and antioxidant activity.

Finally, the stability and volatile composition of roasted -coffee oil

microcapsules during storage were evaluated in Chapter 5. Sorption isotherms were
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experimentally determined and modeled for samples obtained by spray-drying and
freeze-drying. Lipid oxidation and volatile compounds were evaluated over 30 days of

storage under controlled relative humidity.

Figure 3.1. Thesis structure
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4. Results
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4.1. CHAPTER 1

Pickering particles
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Abstract: Food science researchers have been motivated to investigate novel
Pickering emulsions templates stabilised using food-grade solid particles. Protein-
and polysaccharide-based particles can function as effective stabilisers and
thickening agents, respectively, in multi-phase food systems. Studies have shown
that using protein-based particles may lead to aggregation and structural instability,
whereas using polysaccharide-based particles can cause poor emulsifying
performance and interfacial activity. Thus, the purpose here is to show those studies
highlighting using amphiphilic protein-polysaccharide particles that can function as
outstanding copolymer stabilising agents. Combining protein- and polysaccharide-
based particles and tailoring the multi-phase systems results in particle-stabilised
emulsions with higher stability against coalescence. The current challenges and
emerging research trends are exploring renewable, sustainable, clean-label, and

eco-friendly biopolymer particles that are effective as Pickering stabilisers.

Keywords: biopolymers, colloidal particles, particle-stabilised emulsions, Pickering

stabilisers
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4.1.1. Introduction

The use of solid particles as stabilisers for oil droplets in water dates back over
a century ago (Binks, 2002). The first studies documenting the particle-stabilised
emulsions, also referred to as Pickering emulsions, were reported by Ramsden and
Pickering and have had an increasing interest in recent years (Berton-Carabin and
Schroén, 2015). Despite the well-established theories on inorganic and synthetic
polymer-based Pickering emulsions, research about emulsions stabilised using
edible colloidal particles is increasingly attractive (Xiao, Li, and Huang, 2016). The
current challenges and emerging research trends address using renewable,
sustainable, clean-label, and environmentally friendly biopolymer particles that are
not only effective as Pickering stabilisers but also acceptable as food-grade materials
(Rayner et al., 2014).

In multi-phase food systems, protein and polysaccharide particles have the
ability to function as stabilizers and thickening agents, either in the form of nano- or
micro-particles (Dickinson, 2012). In addition to its surface activity, proteins have fast
interfacial adsorption kinetics, whereas the polysaccharide moieties form a thick
steric layer because they protrude into the aqueous phase providing electrostatic
repulsive forces against droplet aggregation (Chen et al., 2018). Nevertheless,
modification of the particles’ surface hydrophobicity and formation of protein-
polysaccharide complexes have been recommended, as protein particles may cause
aggregation and structural instability in Pickering emulsions, and polysaccharide-
based particles give poor emulsifying performance and surface activity (Ashaolu and
Zhao, 2020).

Physical stability and textural characteristics of colloidal systems (dispersions,
emulsions, foams, gels, and their mixed variants) in food manufacture can be
improved using well-known and efficient methods of associative interactions between
proteins and polysaccharides (Dickinson, 2017). There is a great diversity of possible
interactions between these types of macromolecules, including non-covalent
attractive forces such as electrostatic, hydrogen bonding, hydrophobic, and van der
Waals. In addition, covalent bonds are mostly formed between side-chain-exposed
functional groups resulting in an irreversible binding (Semenova, 2017).

Flexible biopolymers such as protein and polysaccharide form thick interfacial

layers, which possess high viscoelastic moduli, and therefore can provide excellent
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stability for emulsion droplets (Gao et al. 2017). However, a required dual wettability
of the particles by oil and water is a critical factor for obtaining emulsions with long-
term stability (Gao et al. 2014). Therefore, not all food biopolymers are suitable as
Pickering stabilisers for emulsions due to the limited wettability and interfacial
properties.

Novel opportunities for the stabilisation of food emulsions using solid
biopolymer nanoparticles and microparticles are emerging. The major advantage of
such stabilisation is its longevity, regarding coalescence, with no significant structural
change over storage. Due to the effective steric structural barrier formed by the
adsorbed solid particles, only slight coarse droplets might be formed after several
months (Dickinson, 2013; Semenova, 2017).

Regarding to the advances in the use of Pickering emulsions, gel-like
emulsions obtained from Pickering systems are an emerging trend. Emulsion gels
are achieved by modulating the gelling agents’ concentration, oil volume fraction (®),
and magnitude of triggering forces (Mao et al. 2018). In addition to the high physical
stabilisation and oxidative stability due to a strong gel-like network, Pickering
emulsion gels also represent a novelty for delivering bioactive compounds (Li et al.
2020; Mao et al. 2019). Zhu, Ya, Huan, et al. (2020) named these emulsions as
Pickering high-internal-phase emulsions (HIPEs).

This review focuses on recently achieved insights concerning the contribution
of proteins and polysaccharides and their associative interactions, considering many
functions. (i) The characterisation of the most common biopolymer (protein and
polysaccharide) micro and nanoparticles for emulsion stabilisation). (ii) The review
and analysis of the relevant studies of emulsion stabilisation using biopolymeric
particles. (iii) The ongoing challenges and novel techniques to achieve and assess
biopolymer associations. Moreover, to meet the novel demand of this review’s topic,
literature references were limited to the past decade. Table 4.1 provides a list of
recent investigations regarding protein- and polysaccharide-based particles used for

Pickering emulsion stabilisation.

4.1.2. Food-grade particles for emulsion stabilisation
4.1.2.1. Polysaccharide-based particles
Natural biopolymers, such as polysaccharides, can be an attractive source of

particulate material for potential use in foods. Significant research have shown that
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modified starches, cellulose-based, and chitin-based particles could be used as
Pickering stabilisers in food-grade emulsions (Table 4.1) (Dickinson, 2017; Murray,
2019).

Increasing storage stability can be achieved when small starch particles are
used, as decreasing starch particle size decreases droplet size of Pickering
emulsions. Therefore, different methods have been reported for producing starch
nanoparticles and nanocrystals: acid hydrolysis, high pressure homogenisation,
ultrasonication, reactive extrusion, y-irradiation, steam jet cooking, nanoprecipitation,
enzymatic debranching and recrystallisation, polyelectrolyte complex formation,
electrospinning, electro spraying, and self-assembly (Sun, 2018; Zhu, 2019).

Modified starch particles of various biological sources play the major role as
food-grade particles with potential to be used as Pickering stabilisers for oil-water
(O/W) emulsions (Murray, 2019). Because these particles are generally highly
hydrophilic, chemical modifications are to make them more hydrophobic to confer
higher affinity for the O/W interface (Berton-Carabin and Schroén, 2015). The
particles remain intact even after the hydrophobic modification, thus presenting
proper wettability by the aqueous phase and being able to be used as a stabiliser in
Pickering emulsions (Song et al. 2020; Wang et al. 2017). Starch esterification with
OSA is the most widely used modification. It consists of a partial substitution of the
hydroxyl groups by hydrophobic substituents. The degree of starch granule
derivatisation can be performed differently to provide them an amphiphilic character
and interfacial activity (Altuna, Herrera, and Foresti, 2018; Li et al., 2019; Saari,
Wahlgren, Rayner, et al. 2019; Wang, Luo, Chun-Chen, et al. 2020). It is important to
highlight that in addition to the properties of the starch raw material, other factors
may influence the physicochemical properties of OSA-modified starches: the
processing conditions used not only during, but also before and after the modification
in case pre-/post-treatments are applied; the extent of derivatisation; and the
distribution of the introduced groups within the starch granules (Altuna et al., 2018).
Other chemicals used to increase the hydrophobicity of starch granules include
acetic anhydride and phthalic anhydride. However, starch particles produced using
chemical modifications may not be appealing to consumers in the rising clean-label
ingredients market (Zhu, 2019).

Another important group is formed by cellulose derivatives. Native cellulose is

a hydrophilic polysaccharide lacking good emulsifying ability. However, studies have
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demonstrated that stable Pickering emulsions can be formed using various cellulose
particulate materials which act as emulsifiers by adsorbing at the O/W interface
(Kalashnikova et al. 2013; Kalashnikova, et al. 2011). Structurally, both amorphous
and crystalline regions are found in native cellulose. Cellulose crystals with different
shape and size can be produced by isolating crystalline zones by chemical,
mechanical and/or biological techniques in order to develop several functional
ingredients. Depending on the preparation methods and sources, examples include
microcrystalline cellulose, microfibrillated cellulose, regenerated cellulose,
nanocrystalline cellulose, nanofibrillated cellulose, and bacterial cellulose (Nsor-
Atindana et al., 2017).

Micro/nanoscale cellulose crystals can stabilise emulsions by taking
advantage of their amphipathic nature, since hydrophilic points correspond to the free
hydroxyl groups on the material surface, while the crystalline portion can function as
the hydrophobic edge, giving amphiphilic character (Kalashnikova et al., 2011; Nsor-
Atindana et al., 2017). Cellulose nanocrystals are regarded as an ideal biomaterial
due to their low density, low carbon footprint, chemical tenability, environmental
sustainability, and anticipated low cost. The preparation processes are simple and
easy to handle because they are conducted in aqueous solutions, in which
nanocelluloses are well dispersed and do not require any time-consuming solvent
exchange process (Fujisawa, Togawa, and Kuroda, 2017). Modifying and
functionalising cellulose nanocrystals is an attractive prospect since new or improved
properties can be found in the final product such as good mechanical properties and
environmentally friendly characteristics (Tang et al. 2017).

Besides cellulose derivatives, chitin and its derivatives represent another
interesting group of biopolymers suitable for Pickering stabilisers. Chitin is a linear
polysaccharide that works as a major structural component in the exoskeleton of
various marine invertebrates. It is extracted from marine shell waste streams on an
industrial level (Muxika et al. 2017). Chitin has garnered considerable interest due to
its non-toxicity, biocompatibility, and biodegradability. To extend its applications,
chitin has been converted into chitosan, chitin nanocrystals, chitin nanoparticles,
and/or chitin nanofibers by mechanical processing, acid, and enzymatic hydrolysis
(Sun et al. 2019). Chitin nanocrystals and nanofibers have produced Pickering
emulsions by adsorbing on the O/W interface, exhibiting good emulsifying ability and
stability (Barkhordari and Fathi, 2018).
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Despite being abundant and having exceptional functional features, chitin has
limited utility due to its poor solubility. Chitin can be converted into chitosan through
enzymatic or chemical processes, thus improving its solubility and providing
opportunities to be converted to many forms, such as films, nanofibers, hydrogels,
and pastes. In addition, its functional properties such as antibacterial activity also
include it in a wide variety of applications (Muxika et al., 2017).

4.1.2.2. Protein-based patrticles

Proteins have long been recognised as excellent natural building blocks to
prepare micro and nanoparticles due to their versatility in tuneable conformations
(Xiao, Li and Huang et al. 2016). As the globular protein is heated, aggregates with
varied morphologies may arise depending on the protein concentration and thermal
conditions. As a consequence, it can generate spherical particles, flexible or rigid
fibrils, and fractal clusters (Nicolai and Durand, 2013). Different kinds of protein-
based particles have been reported to successfully stabilise O/W emulsions by the
Pickering method (Table 4.1). Proteins stabilise emulsions not only by the creation of
a physical barrier but also by the presence of repulsive steric and electrostatic
interactions between the oil droplets (Tavernier et al. 2016). The main protein-based
particles can be classified according to their source; from plant origin (zein, kafirin,
gliadin, vicilin, and legumin) and animal origin (gelatin, dairy protein such as whey
protein, bovine lactoglobulin, bovine serum albumin, a-lactalbumin, and lactoferrin).

Proteins from plant sources exhibit an excellent Pickering stabilisation. In
general, the emulsifying properties of plant proteins depend on their amino acid
composition, pH, concentration, and lipid content in the resulting emulsion (Liang and
Tang, 2014). Prolamins are plant storage proteins with potential application as O/W
stabilisers as they are naturally insoluble in water and hydrophobic. Good
stabilisation of O/W emulsions has been reported that the hydrophobicity of the
prolamin particles can be moderate in combination with other water-soluble polymers
(Murray, 2019). Among prolamins, of paramount interest regarding their stabilisation
ability are zein from maize (Kasaai, 2018) and gliadins from wheat (Zhu, Chen,
McClements, et al. 2018), which are major cereals crops, but kafirin from sorghum
has also been studied extensively (Xiao et al., 2015; Xiao, Lu, and Huang, 2017;

Xiao, Wang, Perez Gonzalez et al. 2016).
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Zein, the major storage protein in maize, is an environmentally friendly
material, recognised as safe for food applications (Weissmueller, 2016). Zein has a
significant amount of non-polar amino acids (about 50% of total amino acids
including leucine, alanine, and proline) and can form relatively hydrophobic
nanoparticles due to its self-assemble capability (Kasaai, 2018). Moreover, zein-
based complex particles, e.g. zein-polysaccharides and zein-polyphenols, have been
successfully prepared via an antisolvent approach, which provides the self-assembly
behaviour and changes the interfacial wettability, thus forming different stable zein-
based complexes that could be used at the droplet interface in Pickering emulsions
(Sun et al. 2019; Wang et al. 2015).

Kafirin, a sorghum protein, belongs to the prolamin family with the highest
hydrophobicity — which makes them insoluble in water and soluble in alcohol.
Although it resembles zein in its solubility, molecular weight, amino acid composition,
and structure of polypeptides, kafirin is more hydrophobic than zein (Xiao, Wang,
Perez Gonzalez et al. 2016). It enables the production of more stable films with better
gas and water vapour barrier characteristics (Xiao et al. 2015).

Self-assembled structure can be also found in gliadins — the major constituent
of wheat protein. The nanoparticles that result from this natural process are due to
both hydrophobic and hydrophilic regions on gliadin surface that support Pickering
stabilization (Zhu, Chen, McClements, et al. 2018). In addition, intramolecular and
intermolecular disulphide bonds may be formed by the numerous residues of
cysteine in the chain. Gliadin colloidal particles have been proved as effective
particle-stabilisers of O/W emulsions and Pickering HIPEs with the advantage of
being biocompatible, edible, and based on fully natural renewable resources (Hu et
al. 2016).

Among plant proteins, legume proteins are of great interest for the food
industry. In addition to their widespread abundance and good functional attributes,
they are low cost, sustainable, and impact customer perceptions in a positive way.
Globulins consist in around 70% of the legume proteins and are represented mainly
by vicilin and legumin. Due to its low molecular weight and more flexible tertiary
structure, vicilin shows the best surface-active properties (Gumus, Decker, and
McClements, 2017). The most important sources of legume protein for Pickering

stabilisation are soy and pea.
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Soy protein isolate is produced by a conventional process that consists of an
alkali extraction followed by an acid precipitation. Soy proteins act as effective
emulsifiers to form and stabilise O/W emulsions diffusing and adsorbing at the
interface of oil droplets due to their amphipathic nature (Tang et al. 2017). Although
most proteins in soy protein isolate are in an aggregated state, nanostructured
particles can be obtained if an appropriate pre-treatment is applied, e.g., shearing
homogenisation, ultrasonication, or micro fluidisation (Benetti, do Prado Silva, and
Nicoletti, 2019; Tang, 2019).

The increasing knowledge of the emulsifying properties of purified globulins,
vicilin, and legumin from pea protein fractions can greatly extend their application in
the food industry, as they present emulsifying capacity with the possibility of foaming
and gelling. Extensive studies have indicated that the emulsifying ability of pea
protein isolate is better at acidic conditions (pH 3.0) than at neutral or alkali pH (Liang
and Tang, 2014; Vélez-Erazo et al. 2020).

Concerning animal protein, gelatin is the denaturation product of collagen
under different conditions (e.g., the action of acid, alkali, enzyme, or high
temperature). Collagen is commonly found in animal products and by-products, as
skin, bones and tendons. Gelatin is cheap, easy to obtain, and theoretically suitable
for preparing Pickering soft particles because of its good gelling properties. However,
due to its strong hydrophilicity and thermal dissolution, gelatin nanoparticles able to
stabilise Pickering emulsions are difficult to obtain (Feng et al. 2019; Jin et al. 2017).
Furthermore, taking into account that insects are a promising alternative for meat-like
products, recent studies have shown comparable properties of cricket flours and
protein isolates regarding emulsifying activity and foaming capabilities of legume
flours (Stone, Tanaka, and Nickerson, 2019; Zielinska, Karas, and Baraniak, 2018).

Dairy protein fractions, as whey proteins and caseins, are the major natural
food emulsifiers, but there is a scarcity of reports on their application in Pickering
emulsions (Destribats et al. 2014). Specifically, isolated globular proteins (e.g. B-
lactoglobulin) denatured under specific conditions of pH and temperature have been
used to prepare well-defined particles with emulsion stabilising ability (Su et al.
2020). However, dairy proteins are a chemically interesting source for emulsion
stabilisation due to their ability to turn into protein microgels.

Microgels are deformable and soft polymer-based particles that, in contrast to

an individual macromolecular species, possess a more complex structure and
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functionality acting as an emulsifier, thickener, or steric stabiliser. It is a colloidal
entity with definite particle-like features, and comprises a crosslinked network of
polymer molecules. Its particular features enable the microgel particle to rapidly swell
and deswell reversibly in response to various external stimuli, including changes in
pH, temperature, ionic strength, as well as following the addition of cosolvents,
polymers, and surfactants. They are surface active and its emulsion stability is
attributable to the thickness, coherence, and elasticity of the adsorbed layer. Many
food proteins and polysaccharides can form edible microgel ingredients, such as
casein micelles, whey proteins, legume proteins, and even starch granules
(Dickinson, 2015b).

4.1.2.3. Protein-polysaccharide particles

Protein-polysaccharide interactions are well-known basic constituents of food
structures. These interactions could lead to particle formation that includes composite
protein-polysaccharide nanoparticles and microparticles, protein-polysaccharide
complex coacervates, and protein-polysaccharide multilayer Pickering emulsions
(Table 4.1) (Dickinson, 2010; Li and de Vries, 2018).

Proteins rarely provide optimal amphiphilicity (balance between hydrophobicity
and hydrophilicity) for interfacial stabilisation since they are generally too
hydrophobic. Moreover, their hydrophobicity may be too high to be used as efficient
Pickering stabilisers. However, using complexation or conjugation with
polysaccharides provides a hybrid stabilisation that has the right amphiphilicity (Li
and de Vries, 2018).

Complexation can be obtained through controlled association of protein and
polysaccharide molecules. One of the possible methods is driven by electrostatic
interactions (Figure 4.1). Proteins and polysaccharides can associate with each other
under conditions of opposed electrical charge. Proteins possess a net negative
charge above their isoelectric point (pl) and a net positive charge below this pH.
Proteins that possess a high net negative charge (pH > pl) have a repulsive force
between proteins and anionic polysaccharides. However, when the solution is
adjusted to around the pl of the protein (pH = pl), localised cationic segments on the
protein interact with anionic groups on the polysaccharide leading to weak
electrostatic complexation and formation of complexes. Further pH reduction (pH <

pl) induces greater interaction between the protein and polysaccharide, eventually
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resulting in phase separation of the fully neutralised complex, which is also termed a
coacervate (Figure 4.1). Complex coacervation is the association of the initially
soluble protein-polysaccharide complexes into larger particles (coacervates)
generally by reducing pH beyond the pl of the protein. This process results from both
entropic and enthalpic factors and depends on compositional and environmental
variables, such as polymer type, pH, temperature, and ionic strength (Jones and
McClements, 2010; Wu and McClements, 2015).

Protein-polysaccharide (P-PS) interactions

Non-covalent interactions Covalent interactions
Electrostatic interaction Enzymatic crosslinking Maillard reaction
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Figure 4.1 Schematic representation of both protein-polysaccharide non-covalent
and covalent interactions and the different processes of Pickering stabilisation of

these complexes and conjugates.

An alternative electrostatic particle formation mechanism involves heating the
protein, thus inducing denaturation and aggregation to form the protein nanoparticle
core. Then, desirable pH adjustment is required to coating the protein nanoparticles
with polysaccharides through electrostatic interaction. The nucleation and growth of
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the biopolymer particles can be managed by controlling conditions such as the
holding temperature, holding time, concentration, pH, and ionic strength, giving rise
to different biopolymer nanoparticle’s size (Dickinson, 2015a; Jones and
McClements, 2010; Xiao, Li and Huang. 2016).

These stable inter-biopolymer electrostatic complexes are generally known to
form and stabilise emulsions effectively, although many parameters including salt
concentration, pH values, and protein to polysaccharide ratio can influence the
protein-polysaccharide interaction. In contrast, covalent crosslinking results in
permanent and firmer complexes than those formed by electrostatic interactions
(Chen et al., 2018).

The Maillard reaction and enzymatic crosslinking can give protein-
polysaccharide conjugates (Figure 4.1). Maillard reaction is a sequence of non-
enzymatic browning reactions, which begins by linking protein amino groups to the
reducing end carbonyl groups of polysaccharides. Energy in the form of heat is
necessary for the Maillard reaction to take place, and a higher reaction velocity is
reached as the temperature increases. Moreover, the capacity of Maillard reaction
products to enhance emulsifying properties has been verified, and, in addition, they
are environment friendly compounds for food industry uses. Protein-polysaccharide
conjugates can also be produced by enzymatic methods. Using enzymes to structure
foods is an ecologically and economically viable alternative. Crosslinking enzymes
such as transglutaminase and laccase promote intra- and intermolecular bond
formation between biopolymers to improve stability and functionality (Zeeb,
McClements, and Weiss, 2017).

The solubility of native proteins can be improved by the covalent coupling of
proteins and polysaccharides under unfavourable conditions, due to the attached
hydrophilic polysaccharide moieties (Akhtar and Ding, 2017). To function as a
copolymer stabilising agent, the conjugate should be strongly adhered to the oil-
water interface via the protein’s hydrophobic regions at the same time the
nonadsorbing polysaccharide region is extended away from the interface to enhance
steric stabilisation. It provides an amphiphilic conjugate, which is the main concept
underlying this strategy (Dickinson, 2008).

Therefore, Pickering stabilisation can be obtained wusing protein-

polysaccharide composite colloidal particles, or by a direct coating of interfaces either
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with complex coacervates of proteins and polysaccharides or multilayers formed by
complexation (Figure 4.1) (Li and de Vries, 2018).

4.1.3. Pickering emulsions
4.1.3.1. Pickering emulsions with polysaccharides

Starch can be modified to become suitable for Pickering emulsion fabrication,
and a range of chemical and physical modifications, plus their combinations have
been investigated as suitable to tune starch particles for Pickering emulsion
formulations (Zhu, 2019). Wang et al. (2020) prepared OSA-modified rice starches
with the same degree of substitution using different percentages of sodium hydroxide
(NaOH) as catalyst. The stability of Pickering emulsions formulated by OSA-modified
starch particles was greatly affected by the OSA group’s distribution, which was
related to NaOH concentration. The results indicated that high concentration of
NaOH affected the structure of starch granules and induced OSA groups to distribute
more uniformly in the granule. Rheological analysis indicated that these Pickering
emulsions displayed a good shear stability with shear-thinning behaviour, providing a
novel particle stabiliser for improving the viscoelastic properties and flow behaviour of
Pickering emulsions.

Saari, Wahlgren, Rayner, et al. (2019) investigated the stability of emulsions
prepared by OSA-modified waxy maize starch in three different forms: granules,
dissolved starch, and non-solvent precipitated starch. The varied sizes and shapes of
the waxy maize-based emulsifiers could influence the resulting emulsion droplet size
and stability. Optimum emulsifying properties were obtained with the non-solvent
precipitates, which allowed the emulsions to remain stable after one year of storage.
Thus, this study showed the high potentiality of non-solvent precipitated starch as
emulsifier.

Sanchez de la Concha et al. (2020) compared waxy maize and amaranth
starch nanocrystals chemically modified with OSA. OSA treatment modified the
structure of nanocrystals by conferring superficial charge, which increased the
repulsion forces between oil droplets incorporated with nanocrystals. Amaranth
nanocrystals exhibited superior emulsification ability than waxy maize nanocrystals,
which was preserved under storage conditions. The results in this study showed that
the combination of nanocrystals and OSA treatment is a relatively simple and

effective approach for stabilisation of O/W emulsions.
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Particle-stabilisers and surfactants are required to produce stable systems in
commercial applications. Song et al. (2020) fabricated sunflower O/W Pickering
emulsions using OSA-modified starch particles and small molecular surfactants as
stabilisers, and showed that starch particles were compatible with anionic
surfactants, in this case sodium dodecyl sulphate, and could enhance the stability of
Pickering emulsions.

Cellulose-based Pickering emulsions were conceived as a promising
alternative for surfactant-based systems on account of their non-toxicity, safety,
biodegradability, and sustainability. The physicochemical properties, which define the
functionality of microcrystalline cellulose, are determined by both the raw material
and the preparation technique. Modified microcrystalline celluloses can be prepared
by surface modification through polymer adsorption using no organic or harmful
solvents. The polymer adsorption of sodium carboxy methyl cellulose on
microcrystalline cellulose provided an important green method for potential use in the
fabrication of eco-friendly Pickering emulsions (Ahsan et al. 2019).

Surface charges of nanocelluloses can tailor the wettability of these fine
particles, playing a key role in the stability of the emulsions. Different crystalline
allomorphs result in differences in properties of cellulose nanocrystals, such as their
morphology, crystal structure, degree of hydrogen bonding, surface potential, and
thermal and dispersion stability (Gong et al. 2017). Li, Xia, Li, et al. (2018) obtained
two nanocelluloses with different crystalline allomorphs. The performance of
crystalline nanocelluloses-l (CNCs-I; needle-like particles) to stabilise Pickering
emulsions were higher than crystalline nanocelluloses-lIl (CNCs-Il; ellipsoid-shape
particle). Pickering emulsions stabilised by CNCs-I presented droplet sizes about two
times smaller and were more stable after centrifugation. Therefore, it is possible to
conclude that different crystalline allomorphs resulted in differences in the
hydrophilicity and morphologies of nanocelluloses.

Nanofibrillated cellulose has partially disintegrated nanofibrils with a lateral
dimension in the scale of tens of nanometres and lengths of several micrometres. It
has similar properties to crystalline nanocelluloses and can be used as a thickener or
emulsifier in food technology (Grishkewich et al. 2017). Winuprasith et al. (2018) and
Mitbumrung et al. (2019) encapsulated vitamin D3 within O/W Pickering emulsions
stabilised by nanofibrillated cellulose, and found it an effective Pickering emulsifier

while protecting the vitamin D3 from environmental stresses. This effect was
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attributed to the ability of the nanofibrillated cellulose to form a thick interfacial
coating around the oil droplets, which provided strong steric and electrostatic
stabilisation. The non-adsorbed nanofibrillated cellulose increased the viscosity of the
continuous phase and promoted the formation of a network of aggregated oil
droplets, improving emulsion stability.

Another potential cellulose derived stabiliser is bacterial cellulose. The
supramolecular structure of bacterial cellulose nanosized fibrils (BCNFs) can be
altered through mechanical treatment. Li, Wang, Wu, et al. (2019) used high
pressure homogenisation to modulate the morphology and size of bacterial cellulose.
The content and particle size of the BCNFs had significant influence on the O/W
interface, being associated with the strengthened intermolecular crosslinking and the
increased steric barrier. The physical modification process can provide an easy
green method for fabricating a potential BCNFs-based eco-friendly food-grade
stabiliser for Pickering emulsion production.

In addition to cellulose-based solid particles, crystalline parts of chitin can be
obtained by chemical or physical treatments, and chitin nanocrystals can be used for
encapsulation and production of Pickering emulsions. Barkhordari and Fathi (2018)
produced chitin nanocrystals by hydrolysing chitin from prawn shells and used them
for producing Pickering emulsions. The developed nanocrystals were biodegradable
and biocompatible ingredients that could be used for producing stable Pickering
emulsions during four weeks of storage. The results showed that the mean diameter
of oil droplets in the nanoparticle stabilised emulsion was smaller than in a lecithin
containing emulsion with the same concentration (4.5 versus 10.9 ym, respectively).
Kaku et al. (2020) and Zhang et al. (2015) also prepared chitin nanofibers with
diameters around 50 nm, which formed stable Pickering emulsions through a simple
dissolution and regeneration process.

Highly charged chitin nanoparticles of three different average aspect ratios (=
5, 25, and > 60 nm) were obtained using low-energy deconstruction of partially
deacetylated chitin. Bai et al. (2019) observed that these nanoparticles were effective
at reducing the interfacial tension and stabilised the O/W interface via network
formation, thus becoming effective at stabilising Pickering systems, depending on the
nanoparticles size, composition, and formulation. In addition, an increase in the
interfacial wettability could have occurred from a deacetylation process before chitin

transformation into the nanoparticles, enabling high electro-steric stabilisation. Then,
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the nanoparticle’s surface coverage on the oil droplets as well as their ratio and long-
term stability against coalescence could be easily controlled.

Ground crickets contain a significant amount of protein and chitin particles,
and both could contribute towards emulsification. Hirsch et al. (2019) determined the
interfacial and emulsifying properties of the two cricket-derived particles: aqueous
protein suspensions and finely milled chitin particles. Both water-soluble protein and
milled chitin particles could contribute towards stabilisation of O/W emulsions. Cricket
protein fractions enabled better emulsifying capacity than the source cricket powder
and demonstrated that the decreased interfacial tension at the droplet surfaces was
dependent on the concentration. On the other hand, in addition to weaker adsorption
behaviour of chitin fractions, only the smallest of the milled chitin was useful for
emulsification, limiting their availability as industrial emulsifiers. Thus, a partial
deacetylation of chitin particles would be a potential mean to improve interfacial
characteristics of the whole flour or chitin fraction and increase hydrophilicity.

Chitosan which, in turn, is a highly hydrophilic biopolymer, requires surface
modification or complexation with other polymers, to improve its emulsification
properties. As an alternative to encapsulate roasted coffee oil, Ribeiro et al. (2020a;
(2020b) investigated the ability of chitosan nanoparticles obtained by deprotonation
and by ionic crosslinking to produce emulsions with different lipid phase fractions.
Better droplet stabilisation was achieved using the deprotonation method when lower
oil content was used. Chitosan nanoparticles could adsorb onto oil droplet surfaces,
providing efficiency in encapsulating and protecting bioactive compounds. Moreover,
deprotonated chitosan was able to create a three-dimensional network that
entrapped the oil droplets while the crosslinked nanoparticles stabilised oil droplets
along the continuous phase.

Complexation of chitosan with other biopolymers is considered an easy
alternative to the currently used chemical surface modification strategies. Atarian et
al. (2019) prepared different Pickering emulsions stabilised with different chitosan
and stearic acid ratios, and at different pH values. More stable emulsions were
obtained using chitosan-stearic acid nanogels with higher stearic acid to chitosan
ratios and at alkaline pH.

Chitosan and gum arabic nanoparticles have been synthesised and their use
as novel stabilisers for Pickering emulsions was tested by Sharkawy, Barreiro, and

Rodrigues (2019). Arabic gum, with its hydrophobic moieties, had an important
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function in modifying the wettability of the obtained particles. The nanoparticles
formed an effective layer around the oil droplets, which prevented droplets from
coalescence and assured emulsion stability. Moreover, an inhibition of gravitational
separation on long-term storage has been shown by increasing the oil volume

fraction and the nanoparticles concentration in the produced Pickering emulsions.

4.1.3.2. Pickering emulsions with proteins

The requirements to serve as a particle stabiliser, such as insolubility in both
fluid phases and intermediate wettability, are so challenging that few available natural
materials can fulfil them. A limitation in using protein particles to stabilise Pickering
emulsions alone include aggregation and structural instability. Water insoluble
proteins such as prolamins have been used as a platform for water continuous
emulsion stabilisation (De Folter, Van Ruijven, and Velikov, 2012; Donsi et al. 2017),
however, most prolamins studies involve modification of the protein or association
with other molecules. The use of zein specifically involves complexing the protein
with a more water-soluble polysaccharide (Gao et al. 2014), with a second protein
(Zhu, Chen, McClements, et al. 2018), or an organic acid (Zou, Yang, and Scholten,
2018) to aid its dispersion in water and therefore adsorption at the O/W interface.

RutkeviCius et al. (2018) showed that zein particles can stabilise W/O
emulsions to a limited extent due to its high hydrophobicity. This fundamental
research showed that, although zein is a good Pickering stabiliser for O/W
emulsions, the protein alone is a poor W/O Pickering stabiliser. Modification of zein
particles with other surfactants or addition of a higher fraction of oil soluble lecithin
allowed additional water incorporation into the emulsions. The results showed that
zein particles function as a stabiliser that requires adjustment prior to emulsification
to form W/O emulsions.

Li, Zhu, Meng, et al. (2019) aimed at using gliadin nanoparticles from gluten
after chemical modifications to improve their amphiphilic characteristics and
emulsifying properties. For this, the amino groups of gliadins were replaced by
succinylation reaction under alkaline conditions. The octenyl succinic anhydride
(OSA)-modified gliadin nanoparticles were used to improve O/W emulsification
efficiency and stability, mainly at higher nanoparticle concentration and lower pH
value (higher electrostatic repulsion). The good storage stability can be attributed to

the adsorption of modified gliadin nanoparticles onto the O/W interface in order to
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create a dense packed layer on the oil droplet surface. The results of this study
provide interesting alternative to stabilise Pickering emulsions at the same time the
protein content is increased in food products.

Liu et al. (2017) demonstrated a novel technology to construct structured algal
oil products with no thermal or chemical treatment. Crosslinking was initiated by
hydrophobic interaction under mild alkaline conditions, and interfacial disulphide
crosslinking of gliadins was triggered by microfluidisation. The interfacial covalent
crosslinking of emulsions can contribute positively to withstand environmental stress
and provide the formation of a new class of food products.

Although gliadin and zein are both cereal prolamins, gliadin is relatively more
hydrophilic than zein. Liu et al. (2019) synthesised zein-gliadin complex particles
(ZGCP) using an antisolvent approach and investigated their efficiency as stabilisers
to fabricate Pickering emulsions. Adding gliadin affected the self-assembly,
aggregation, and wettability of ZGCP. ZGCP form a dense interfacial layer around
droplet and smaller droplet sizes than those obtained by zein or gliadin. Thus, ZGCP-
stabilised emulsions demonstrated higher viscoelastic attributes and much better
stability against coalescence.

Xiao et al. (2015, 2017) and Xiao, Wang, Perez Gonzalez, et al. (2016)
reported the first attempt of using the major prolamin from sorghum, kafirin, as a fully
natural Pickering emulsion stabiliser. Kafirin was fabricated into spherical
nanoparticles using antisolvent precipitation and was introduced as stabiliser for
Pickering emulsions. The kafirin nanoparticles exhibited water over oil wetting
preference, and the resultant Pickering emulsion manifested its superiority in storage
and exhibited resistance against coalescence.

Most proteins in soy protein isolate are in the aggregated state, and with the
appropriate pre-treatment, e.g. heat-induced aggregation, the aggregated state can
be transformed into nanostructured particles (Tang, 2019). In a series of studies, Liu
and Tang (2013, 2014, 2016a, 2016b, 2016¢c) demonstrated that a heat treatment
(above protein denaturation temperatures) of soy proteins can readily transform them
into effective Pickering nanoparticle stabilisers for O/W emulsions. The heating
remarkably strengthens the intraparticle interactive forces, and the internal structure
of these heat-induced nanoparticles is mainly maintained by both hydrophobic
interactions and disulphide bonds. Zhu et al. (2017) evaluated the freeze-thaw

stability of Pickering emulsions stabilised by nanoparticles from heated soy protein
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isolate and whey protein regarding flocculation, coalescence, and creaming index.
The enhanced freeze-thaw stability of these emulsions seemed to be a consequence
of the Pickering steric stabilisation, and the gel-like network formation. Soy protein
isolate microgel particles produced by heat denaturation, followed by high pressure
homogenisation or sonication, with different NaCl contents, could stabilise O/W
emulsions by acting as a wall material for microencapsulating soybean oil by spray
drying (Benetti et al., 2019). The presence of NaCl slightly affected the droplet size of
the emulsions but led to an increase in flocculation and induced shear-thinning
behaviour in the system. Spherical microcapsules with high oil retention (>80%)
could be produced by spray drying the emulsions.

Ju et al. (2020) fabricated a novel Pickering emulsion stabilised by covalently
bonded soy protein isolate-anthocyanin nanoparticles. The improved oxidative
stability, resistance to in vitro digestion and noticeable emulsion stability reported in
this study could be attributed to the intrinsic properties of Pickering emulsions.

The investigation of biopolymer-based microgels as potential stabilisers in
Pickering emulsions offers new opportunities for food technologists. Zhang, Holmes,
Ettelaie, et al. (2020) designed plant protein-based microgel particles to create
Pickering emulsions. Adjusting the pH of the emulsions to pl made the pea protein
microgels adsorbed at the interface to aggregate, providing a higher degree of
adsorption and enhanced interdroplet flocculation with shear-thinning character.
Findings from this study provide opportunities for applying this protein microgels in
food products, focusing on the growing demand by plant-based sustainable
stabilisers.

Regarding animal protein, Chevallier et al. (2018, 2019) showed that it is
possible to prepare heat-stable emulsions by using whey protein microgels and a
sufficient amount of caseins to fully cover a fat droplet surface. Whey protein
microgels were highly stable against heating and are able to produce Pickering
emulsions with long-term resistance to coalescence. However, the heat stability was
reported to depend on the emulsion characteristics (concentration and presence of
non-microgel proteins such as caseins). When compared to other polymers used for
microgel production, whey protein does not require additional crosslinking agents
(Schmitt et al., 2010).

Fibrillar proteins could also interact with polyphenols improving its emulsifying

properties. Su et al. (2020) prepared composite nanoparticles with antioxidant
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capacity using B-lactoglobulin nanoparticles and epigallocatechin-3-gallate (EGCG)
and applied them as Pickering emulsifiers to stabilise a model lutein emulsion.
Forming composites between - lactoglobulin and EGCG was due to the hydrogen
bonds and hydrophobic effects. B-lactoglobulin-EGCG composite nanoparticles
exhibited stronger antioxidant activity and can exert their effects as particulate
emulsifiers with partial wettability, which can produce a thicker interfacial layer
around the droplets and repel the aggregation of the droplets through steric
repulsion.

Gelatin particles, including microgels and gelatin-containing nanocomplexes,
have been also reported to fabricate Pickering emulsions. However, few studies
address their feasibility, as the unstable structure and potential toxicity of
glutaraldehyde and acetone used to obtain rigid microspheres can limit their usage in
edible Pickering emulsions (Zhu, Li, Li, et al. 2020). Ding et al. (2019, 2020)
successfully prepared a crosslinked gelatin nanoparticle with good layer formation
ability using a two-step desolvation method from bovine bone gelatin granules and
used them to prepare Pickering emulsions. The authors explored the variables of the
preparation method and storage temperature on the microencapsulation of fish oil by
crosslinked gelatin nanoparticles in Pickering emulsions. The results demonstrated
that gelatin molecular structure affected droplet size and creaming stability, but not
the droplet size. Another work by Feng et al. (2019) also prepared food-grade gelatin
nanoparticles (GNPs) using a two-step desolvation method to stabilise O/W Pickering
emulsion. The results showed that GNPs with narrow size distribution and good
dispersion could only be obtained at pH 12. The Pickering emulsions stabilised by
the GNPs had good uniformity and stability, with no obvious phase separation even
after 30 days of storage — highlighting their potential to be used as food-grade
Pickering stabilisers.

Zhu, Li, Li, et al. (2020) assessed the feasibility of using acid-soluble collagen
as a stabiliser to fabricate O/W Pickering emulsions. The stability of Pickering
emulsions was enhanced as the acid-soluble collagen concentrations increased. A
diminution of particle size and a gel-like structure formed in the emulsion is the main
reason that enables an effective adsorption of acid-soluble collagen at O/W interface.
Collagen has excellent mechanical properties to prepare viscoelastic emulsions with
solid-like appearance. This fact makes possible the use of collagen to produce fat

mimetics aiming at designing reduced-fat products as breads and chocolates.
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However, factors such as the risk of pathogen contamination, cultural dietary, and
price are the main limiting reasons to be overcome for real application of animal-

based protein particles in food industries.

4.1.3.3. Pickering emulsions with protein-polysaccharide complexes and conjugates

An additional interesting approach for producing Pickering emulsifier
candidates involves the utilisation of protein-polysaccharide complex-based
nanoparticles (Table 4.1). These complexes are perfect to create distinct types of
colloidal systems with unique properties that result in higher stability than using
individual biopolymers. Complexes of zein with different polysaccharides have been
used by several authors. Sun et al. (2019) produced stable Pickering emulsions
using spherical zein colloid particles and fibrous chitin nanofiber complexes as
stabilisers. Chitin nanofiber aggregations were found on the O/W interface, providing
steric hindrance among oil droplets, but zein colloid particles played a dominant role
in stabilising oil droplets. The chief driving forces between them were hydrogen
bonds and hydrophobic interaction, thus, regulating the interaction between these
two components is an effective method to modulate the physicochemical properties
of emulsions. Shi et al. (2016) fabricated novel film-forming emulsions based on zein-
chitosan colloid particles; the Pickering emulsions were extremely stable, evidenced
by the similar droplet sizes and size distribution in the film matrix. Interestingly,
emulsion films exhibited excellent oxygen-barrier efficiency. This study opened a
promising pathway for producing emulsion films with excellent oxygen-barrier
capability via the manipulation of the film-forming emulsion’s interfacial nanostructure
using the Pickering stabilisation principle.

Dai et al. (2018) successfully prepared zein-gum arabic complex colloidal
nanoparticles (ZGAPs) with a core-shell structure through hydrogen bonding and
electrostatic interactions. The resulting emulsions were adequately obtained with
high oil volume fractions (0.5-0.7). ZGAPs absorbed efficiently at the O/W interface,
forming steric barriers. Consequently, Pickering emulsion gels could be obtained with
long-term storage stability.

Another vegetal protein often used to form protein-polysaccharide complexes
and conjugates is soy protein. Zhang, Zhou, Chen, et al. (2020) presented an easy
method for making edible solid foams using Pickering emulsion technology. The O/W

Pickering emulsions, stabilised by soy protein isolate and bacterial cellulose,
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exhibited smaller droplet sizes and better physical stability with increasing contents of
complexes or with increased oil volume. Further, the nanoscale soy protein isolate
aggregates could adsorb on the bacterial cellulose nanofibril networks. Dynamic
rheology results showed that all emulsions presented gel-like rheological behaviour,
and both the shear viscosity and viscoelastic moduli increased with the increasing
content of complexes or oil volume fractions.

Ashaolu and Zhao (2020) prepared a conjugate of soy protein isolate with
okara dietary fibre by crosslinking using the Maillard reaction. The resulting soy
protein isolate-okara dietary fibre conjugates were thermally stable, hydrophilic, and
exhibited excellent Pickering emulsion stabilisation potential. In addition, the
conjugates’ structure and function relationships, amino acid profile, and emulsifying
potential were favourable for formulating of emulsion-based foods.

A promising protein-polysaccharide complex was designed between gliadin
and chitosan. Li, He, Li, et al. (2019) studied Pickering emulsions stabilised by
gliadin-chitosan nanoparticles (GCNPs). Three types of GCNPs structures, including
primary complexation, soluble complexes, and coacervates were obtained by simply
altering pH to produce different interaction levels. The reinforcement in gliadin-
chitosan interactions reduced the surface charges of the particles and improved their
wettability to absorb at the O/W interface. The gliadin-chitosan soluble complexes
and coacervates stabilised more oil bridging droplets together, producing a strong
network structure against coalescence. Moreover, the coacervate-stabilised
Pickering emulsion had the highest viscoelasticity and solid-like behaviour. The
findings showed such interactions can regulate either the stability, as the rheological,
and antioxidant properties of GCNPs stabilised Pickering emulsion through changing
the pH.

Khemissi et al. (2018) obtained protein microgels by heating whey protein
isolate and mixed them with anionic or cationic polysaccharides; k-carrageenan or
chitosan, respectively. They found that small stable complexes can be formed with k-
carrageenan between pH 4.3 and 5.5 and with chitosan between pH 4.1 and 6.5,
both below and above the isoelectric point of the microgels (pl = 5.0). The droplet
size was found to be larger with k-carrageenan than chitosan. Complexation of
protein microgels with polysaccharides is a versatile method of modifying the
properties of protein particles. Igbal et al. (2019) studied the influence of oppositely

charged protein and polysaccharide microspheres on the rheological properties of
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W/O emulsions. Three kinds of polysaccharides (high methoxyl pectin, k-
carrageenan, and sodium alginate) were mixed with whey protein isolate separately
in acidic aqueous solutions. The rheological properties suggest denser gel network
formation between opposite charged emulsion droplets, especially in the whey
protein isolate-high methoxyl pectin mixed system. The three-dimensional networks
were formed through the exposure of positive and hydrophobic regions caused by
denaturation in whey protein isolate molecules when subjected to heating. Thus,
anionic polysaccharides could be bonded with greater efficiency than in single droplet
emulsion systems. Potential applications in the food industry are enabled for these
structured emulsions, since they may have reduced levels of saturated, trans, and

total fat content.

4.1.3.4. Pickering high-internal-phase emulsions (HIPES)

Pickering stabilisers, which typically comprise solid or semi-solid particles, can
be used to form stable HIPEs (Zamani et al. 2018). HIPEs are highly concentrated
gelled emulsions with an internal phase volume fraction (®) exceeding 0.74
(Cameron and Sherrington 1996). An internal phase volume fraction exceeding this
value results in the dispersed droplets reaching their maximum packing density,
giving rise to highly viscoelastic flow behaviour. When the highest geometric limit for
packing of rigid spheres is exceeded, the liquid droplets in HIPEs are squeezed
tightly together and typically develop polyhedral geometries. Texturally, HIPEs are
highly viscous or gelled soft solid materials (Zamani et al. 2018). A high resistance to
Ostwald ripening, coalescence, and phase separation is one of the advantages found
in Pickering HIPEs over the conventional. This kind of HIPE has become a popular
research topic due to their applicability in commercial products (Table 4.1) (Xiao, Li,
and Huang 2016).

Native proteins have been used as Pickering particles in HIPEs. Recently, Xu,
et al. (2018) reported that native ovalbumin of several nanometres is an outstanding
Pickering stabiliser for O/W HIPEs, thanks to its strong intramolecular structural
stability that ensures its particulate nature when adsorbed at an interface. These
Pickering HIPEs exhibit an extraordinary stability against heating and long-term
storage, unique responsiveness to freeze-thawing, and reduced volatile oil
vaporization. In another recent study, Xu, Liu and Tang (2019) demonstrated that

native soy B-conglycinin (a major storage globulin in soybean), possessing similar
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structural features to ovalbumin, is another effective Pickering nanostabiliser for
HIPEs.

However, some native proteins need modifications to improve their emulsifying
ability. Xu, Tang, and Binks (2020) reported that bovine serum albumin glycated with
galactose possessed a much stronger structural integrity and higher refolding ability.
The authors showed improved HIPE emulsification and stabilisation when compared
to native bovine serum albumin. A core-shell nanostructure formed with a hydrophilic
galactose shell surrounding the protein core in glycated bovine serum albumin is the
result of the underlying mechanism for improving emulsification performance. These
HIPEs presented a self-supporting gel network that contributes to an enhanced
stability under long-term storage, resistance to drastic heating and good freeze-thaw
reversibility.

Yang, Li, and Tang (2020) obtained nanoparticles (160 nm) from some
insoluble okara soy polysaccharides (a by-product of soybean processing) covalently
attached to proteins in a glycoprotein matrix (arabinogalactan-proteins and
glucomannan-proteins) that could perform as an outstanding Pickering stabiliser for
HIPEs. The structure of the nanoparticles was stable, and the gels could be formed
over their tested pH or ionic strength range. Moreover, these gels exhibited excellent
stability during prolonged storage and heating up to temperatures between 50 and 90
°C. These nanoparticles exhibited an interesting potential to behave as Pickering
stabilisers for emulsifying HIPES with ability to form HIPE gels. Moreover, using the
high-added-value of the soybean by-product in their processing industries is
advantageous.

Polysaccharides have also been used as Pickering particles in HIPEs. Zhu,
Huan, Bai, et al. (2020) successfully prepared stable O/W Pickering HIPEs stabilised
by chitin nanofibrils using a simple two-step strategy. The high stabilisation ability of
rod-like chitin nanofibrils originated from the restricted coarsening, droplet breakage,
and coalescence upon emulsion formation. This resulted from an irreversible
adsorption at the interface at the same time a fibrillar networks is highly
interconnected in the continuous phase. Furthermore, the authors proposed a new
manufacturing strategy for edible materials combining 3D printing and food-grade
Pickering HIPEs. Their results demonstrated that chitin nanofibrils-stabilised HIPEs

can fulfil the requirement of clean-labels for foodstuff and green materials.
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Wang et al. (2018) showed that avocado oil based HIPEs were formulated and
stabilised by citrus nanofibers (CNFs) and tannic acid (TA) by means of shear-
induced emulsification method. CNFs/TA complex colloidal nanofibers with enhanced
interfacial reactivity can be utilised for preparing stable avocado oil based HIPEs by
one-step homogenisation. Forming an antioxidant interface using the interfacial cargo
of TA further markedly enhanced the oxidative stability of the emulsions. This study
offered valuable information to prepare polyphenol-nanofiber colloidal complexes and
their use as antioxidants in food solutions.

Protein-polysaccharide particles formed with plant-based proteins are also
remarkable for stabilising HIPEs. Zeng et al. (2017) reported the usage of mono-
dispersed gliadin-chitosan hybrid particles as a particulate emulsifier for HIPEs
development. The hybrid particles with partial wettability were fabricated at pH 5.0
using an easy antisolvent method. Stable HIPEs with up to an 83% internal phase
can be prepared with low particle concentrations (0.5-2%). The hybrid particles were
effectively adsorbed and anchored at the O/W interface to exert steric hindrance
against coalescence. The protective effect of Pickering HIPEs on curcumin was
confirmed and represents a sustainable alternative to convert polyunsaturated liquid
oils into viscoelastic soft solids in replacement of hydrogenated oils.

Pickering HIPEs were prepared by Ma et al. (2020) by simply mixing an 15%
v/v gliadin nanoparticle aqueous solution with gum Arabic and corn oil (85% v/v). The
gum Arabic increased the apparent viscosity, storage modulus, and creaming
stability of the HIPEs, resulting in an enhanced resistance to changes in pH, ionic
strength, and temperature.

Hao, Peng, and Tang (2020) developed soy protein-based Pickering
stabilisers for HIPEs to aid the emulsifying properties of proteins by glycation with
carbohydrates. Soy glycinin, considered an important soy storage globulin, showed
good performance as a Pickering stabiliser for HIPEs. In addition, its glycation with a
soy soluble polysaccharide significantly improved the emulsification performance of
the soy glycinin, the gel network formation, and stability against heating or freeze-
thawing of the corresponding HIPEs. The HIPEs stabilised by untreated or glycated
soy glycinin also presented great coalescence stability over long-term storage.

Vélez-Erazo et al. (2020) structured sunflower oil using pea protein as an
emulsifier with various polysaccharides (carrageenan, xanthan gum, gum Arabic,

sodium alginate, pectin, gellan gum, locust bean gum, and tara gum) as stabilisers;
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O/W emulsions were made with a protein:polysaccharide ratio of 4:1. Pickering
HIPEs with the pea protein:xanthan gum and pea protein:tara gum formulations gave
a creamy and uniform appearance, with minimal oil loss. This study explains the
behaviour and interaction of pea protein with eight different polysaccharides in edible
oils structuring and provides interesting insight for use as fat substitutes in food
formulations.

Protein-polysaccharide particles containing animal proteins, in this case dairy
proteins, showed remarkable results as Pickering stabilisers. Zhu, McClements,
Zhou, et al. (2020) investigated the application of whey protein isolate-low methoxyl
pectin (WPI-LMP) particles, generated by complex coacervation, as a food-grade
particle stabiliser. The coacervation pH greatly influenced the emulsifying ability of
the WPI-LMP particles, which could generate an HIPE with an oil fraction up to 79%.
However, the emulsification ability of the WPI-LMP coacervates was sensitive to ionic
strength and their concentration.

4.1.4. Conclusions

Novel opportunities are emerging for the stabilisation of food emulsions using
solid biopolymer nanoparticles and microparticles. Food scientists and the food
industry are in search of sustainable, cheap, clean-label, eco-friendly, and effective
food-grade particles suitable to stabilise Pickering emulsions.

The primary advantage of solid biopolymer stabilisation is its longevity
regarding coalescence, showing no significant structural changes, even as rather
coarse droplets develop after several months. This is due to the effective steric
structural barrier formed by the adsorbed solid particles. The stable inter-biopolymer
electrostatic complexes formed by oppositely charged proteins and polysaccharides
can produce and stabilise emulsions effectively. However, they can be influenced by
many parameters including salt concentration, pH values, and the protein to
polysaccharide ratio. In contrast, covalently crosslinked complexes are more
permanent and stronger. These systems usually present great stability towards
coalescence and, when the three-dimensional network is formed in the continuous
phase, creaming or sedimentation is impaired.

It is well-known that only a few solid particles are suitable for food industries.

Good stabilisation of O/W emulsions has been reported when using prolamins in
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combination with other water-soluble polymers which, in turn, reduce the
hydrophobicity of the prolamin particles. In addition, cellulose-based and chitin
derivatives have attracted much attention due to their non-toxicity, biocompatibility,
and biodegradability. Furthermore, chitosan and nanocelluloses satisfies the
increasing demands for a sustainable and environmentally friendly stabiliser for
Pickering emulsions.

Lastly, the interest in the development of gel-like emulsions has been growing
due to the unique properties of three-dimensional solid-like behaviour that offer the
emulsions a variety of applications in food industries. Pickering HIPEs formulated
with the adequate solid particles have a promising potential to achieve long-term
stable emulsions.

The current challenge entails translating the knowledge of emulsion
stabilisation using solid particles into useful industrial applications. The presence of
several possibilities boosts researches in order to select new suitable and clean-label

ingredients that can improve existing formulations and explore new applications.
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Table 4.1 Examples of Pickering emulsions stabilized by protein- and polysaccharide-based particles.

Polysaccharides

Particle material

Rice starch

Waxy maize and
waxy potato

starches

Quinoa starch; waxy

maize; oat starch

Bacterial cellulose
(BC)

Chitosan

Chitin

Rice starch

Dispersed/continuous phases

Sunflower oil (50% v/v) / OSA-

modified rice starch (1-2 wt%)

Orange oil (5% w/w) / OSA-starch

spherulites

MCT (5 wt%) / starch in phosphate
buffer (pH 7) (200-3200 mg/g oil)

Dodecane (10-50 v%)/ BCNFs
suspensions (0.1-0.5 wt%)

Canola oil (0.2-.0.8 wt%) / ACPs
(1.0 wt%) (pH 6.4-7.0)

Corn oil (10% v/v) / Chitin
nanocrystals (0.1, 0.5, 1 and 1.5%

wiv)

N-hexan (10-70%) / OSA-modified

Homogenization

High speed homogenizer
11,000 r/min for 2 min

High speed + high pressure
homogenizer
150,000 rpm for 3 min

High-shear mixer
22 000 rpm, for 1-5 min

High shear blender
10,000 rpm for 2 min

Homogenized using a
rotor/stator
12 000 rpm for 1 min

Ultra-sonic homogenizer

2 min with 10-s intervals

High-speed homogenizer
20,000 rpm for 1 min

Findings

Starch particles and
surfactants improved oxidative

stability

Retarded the lipid oxidation

rate

Systems dominated by small
granules at the interface were
less affected by emulsification

time

Strong inter-droplet network
formation led to a gel-like

behavior

Generation of interconnected

structures and gel formation.

Higher stability attributed to

lower droplet sizes

Emulsion stability affected by
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Reference

Song et al. 2020

Wang et al. 2017

Saari et al. 2019

Li etal. 2019

Wang et al. 2020

Barkhordari &
Fathi, 2018

Wang et al. 2020



Waxy maize starch

Microcrystalline

cellulose

Nanofibrillated

cellulose

rice starch (OS-RS) (0.1-5%)

MCT (5%; w/w) / OSA-modified
starch (200 mg/mL oil) in
phosphate buffer (pH 7, 0.2 M
NacCl)

Dodecane oil (10%, v/v) / CMCNa
modified MCC composites (0.5-2%

w/v in water)

Soybean oil + Vitamin D3 (10%
w/w) / NFC (1% w/w) in buffer
solution (10 mM NaH2PO, pH 7.0)

Vortexing for 10 s and high-
shear mixed at 22,000 rpm

Ultra turrax
12000 rpm for 3 min.

High-shear mixer for 2 min
+ high-pressure
homogenizer at 12,000 psi

for 3 cycles

distribution of OS groups
related to the concentration of
NaOH

Emulsion droplet size and
stability affected by differences
in starch particle size and

molecular structure

Stability attributed to the inter-

droplet network formation

The network of aggregated
fibers slowed down lipid

digestion

71

Saari et al. 2019

Ahsan et al.
2019

Winuprasith et al.
2018

Proteins

B-lactoglobulin (8 -
Lg) fibrils

Gliadin + WPI

Soybean protein

isolate (SPI)

Soybean protein

Soy oil 10% (v/v) / B -Lg fibrils in
water (1 mg/mL to 25 mg/mL)

Corn oil (30-70 wt%)/ aqueous
GNP solution (1% w/w)

Soybean oil (10-30 wt%)/ SPI

microgel suspensions

Soy oil (20% v/v) / SPI-ACN

High-speed shear
20,000 rpm for 3 min

High-shear mixer
12,000 rpm for 2 min

Ultra-turrax 9,000 rpm for 2
min + high pressure or
sonication (20 kHz, 400 W)

10,000 rpm for 2 min using

Excellent stabilizer at pH far
from pl (pH5.0)

WPI addition could facilitate

emulsion gel formation

Stabilization of O/W emulsions

with low oil contents

Protective effect on oxidative

Gao et al. 2017

Zhu, Chen,
McClements,
Zou, & Liu, 2018

Benetti, Silva &
Nicoletti, 2019

Ju et al. 2020



Protein-
polysaccharide

complexes

isolate (SPI)

Acid-soluble

collagen

Gelatin

nanoparticles

Zein nanoparticles

Pea protein

microgel

Okara dietary fiber +
SPI

Chitin nanofibers +

zein colloid particles

Zein + Gum arabic

complex dispersion

Algal oil (30% v/v) / collagen
solution (0.01 to 1.5 wt%)

Fish oil (50% v/v) / gelatin

nanoparticles solutions (0.2-4.0%)

Cinnamon essential oil (12.5 %
w/w) + vegetal oil (37,5% w/w) / ZN

solution

Sunflower (20 wt%) / PPM
dispersion (0.05-1.0 wt%)

Soy oil (1:2 and 1:3) / ODF-SPI

conjugates (5% w/v) dispersion

Soybean oil (20% w/w) / ChNFs-

ZCPs complex dispersion

MCT (10-70 wt%) / ZGAPs (1%

w/v) dispersions

Ultra-turrax

Ultrasound
10 min, 400 W

Ultra turrax

11,500 rpm for 60 s

High shear homogenizer
12,000 rpm for 10 min

Rotor-stator
8,000 rpm for 5 min

High-speed shear
20,000 rpm for 2 min

High-speed blending
12,000 rpm for 3 min

High-speed homogenizer
12,000 rpm for 3 min

stability

Gel-like structure with an
increase in acid-soluble

collagen concentration

Creaming stability was
dependent on the molecular
structure, concentration, and

form of the stabilizer

Effect in replacing 20% butter
in cakes and extending the
shelf-life

Ultra-stable droplets only at 1.0

wt% protein concentration

Maillard reaction time directly
proportional to emulsion

stability

Oiling-off in the upper layer
was avoided in the presence of
ChNFs

Long-term storage stability at

oil fraction = 50%
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Zhu et al. 2020

Ding et al. 2020

Feng et al. 2020

Zhang et al.
2020

Ashaolu & Zhao,

2020

Sun et al. 2019

Dai et al. 2018



SPI + bacterial

cellulose

Gliadin + chitosan

WPI +
HPM/kC/Sodium

alginate

Dodecane oil (20-50% v/v)
SPI/TOBC (12.5:1) complexes

dispersions

Corn oil (50% v/v) / GCNPs

dispersion

Soybean oil (60% wt%) / WPI (10
wt %), HMP (2 wt %) or kC (2 wt %)

or sodium alginate (2%)

High-speed shear
16,000 rpm for 2 min

High-speed dispersive
homogenizer

10 kr/min for 2 min

High-speed shear
1,600 rpm for 2 min

Better stability attributed to the
increase in the complexes

contents

Retarding effects on lipid
oxidation in emulsions
stabilized by curcumin-loaded

particles

Three-dimensional networks
obtained by connecting

opposite charges

73

Zhang et al.
2020

Li etal. 2019

Igbal et al. 2019

High-internal-phase

emulsions (HIPE)

Cellulose
nanocrystals
(CNCs)

Whey protein

microgel

Ovalbumin

Soy B-conglycinin

Bovine serum

Soy oil (80 wt% / OSA-modified
CNCs (0.1 -1.2 wt%)

Corn oil (75% wiw) / WPM (0.5%

w/w)

Dodecane (10-92% w/w) / OVA
dispersion (0,2-3,0 wt%)

Dodecane (10-89% wt%) / B-CG
solubilized in phosphate buffer (pH

7.0) (0.08-1.0 wt%)

Dodecane (60-93% w/w) / gBSA

High-speed shear
11,500 rpm

High-speed shear
17,000 rpm

High-speed shear
5,000 rpm for 2 min

High-speed dispersing
5,000 rpm for 1 min

High-speed dispersing
5,000 rpm for 1 min

Stable and gel-like emulsions

Rigid layer around the oil
droplets preventing

coalescence

Strong structural integrity and

strong refolding ability

Stable upon heating and
storage (60 days) but very

prone to freeze-thawing

Stability corroborated by

Chen et al. 2018

Zamani et al.
2018

Xu et al. 2018

Xu, Liu & Tang
(2019)

Xu, Tang, &



albumin

Insoluble soybean

polysaccharides

Chitin nanofibrils

Citrus nanofibers

particle solution

Soy oil (0.1-0.9 Wt%) / ISP

nanoparticles dispersions (0.125-

1.5 wt%)

Sunflower oil (66-88 wt%) / NCh
suspension (0.5 wt%)

Avocado oil (75 wt%) / CNFs-TA

suspensions

Ultra turrax
13,500 rpm for 60s.

High-speed
22,000 rpm for 1 min

Ultra turrax
23,000 rpm for 3 min

tendency of gBSA to form
HIPE gels.

Stability against storage and
heating and reversibility of
freeze-thawing-

destabilization/re-emulsification

NCh forms a dense, connected
network at the oil/water
interface, preventing oil

coalescence

Oxidative stability attributed to
antioxidant interfacial shells

around avocado oil droplets
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Binks (2020)

Yang, Li, & Tang
(2020)

Zhu et al. (2020)

Wang et al.
(2018)

Octenyl succinic anhydride (OSA), Cellulose nanocrystals (CNCs), Soy protein isolate (SPI), Sodium stearate (SS), B-lactoglobulin (8 -Lg) , Bacterial cellulose nanofibrils (BCNFs),

Aggregated chitosan particles (ACPs), Sodium carboxymethyl cellulose (CMCNa) , Microcrystalline cellulose (MCC), Nanofibrillated cellulose (NFC), Anthocyanins (ACN), Chitin

nanofibers + zein colloid particles (ChNFs-ZCPs), Okara dietary fiber + Soy protein isolate (ODF-SPI), Medium-chain triglyceride (MCT), Zein and Gum Arabic complex colloidal
nanoparticles (ZGAPs), 2, 2, 6, 6-tetramethylpiperidine-1-oxyl radical (TEMPO), TEMPO-oxidized bacterial cellulose (TOBC), Whey protein isolate (WPI), High methoxyl pectin
(HMP), k-carrageenan (kC), Ovalbumin (OVA), Whey protein microgel (WPM), Soy B-conglycinin (3-CG), Bovine serum albumin (BSA), glycated BSA (gBSA), Insoluble soybean
polysaccharides (ISP) , Chitin nanofibrils (NCh), Citrus nanofibers (CNFs), Tannic acid (TA), Complex colloidal nanofibers (CNFs-TA).
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4.2. CHAPTER 2

In vitro digestion of roasted coffee oil emulsions



76

Food Biophysics, 2020, v. 15, p. 196-205.

Digestibility and bioaccessibility of Pickering emulsions
of roasted coffee oil stabilized by chitosan and

chitosan-sodium tripolyphosphate nanopatrticles

Elisa Franco Ribeiro ", Jennifer Borreani 2, Gemma Moraga ?,

Vania Regina Nicoletti !, Amparo Quiles ?, Isabel Hernando ?

' Food Engineering and Technology Department, Sdo Paulo

State University (Unesp), Institute of Biosciences, Humanities and
Exact Sciences (lIbilce), Campus S&o José do Rio Preto, Cristévao
Colombo Street 2265, Sdo José do Rio Preto, Sdo Paulo State, 15054-
000, Brazil.

2 Grupo de Microestructura y Quimica de Alimentos,
Departamento de Tecnologia de Alimentos, Universitat Politécnica
de Valéncia (UPV), Camino de Vera, s/n, Valencia, 46071, Spain.



77

Abstract: Due to the valuable lipid fraction composition present in roasted coffee oil,
it has become important to develop methods that modify its structure, such as
emulsion-based encapsulation systems, favoring its use in food industry. Pickering
emulsions have appeared as a potential alternative to protect oil droplets stabilized
by solid particles rather than the use of surfactants. This work investigated the ability
of chitosan (CS) nanoparticles produced by deprotonation and by ionic gelation to
stabilize emulsions with different lipid phase content as an alternative to encapsulate
roasted coffee oil. An in vitro digestion model consisting of mouth, gastric and
intestinal phases was used to characterize the rate and extent of lipid phase
digestion, emulsion microstructure, and bioaccessibility of total phenolic compounds.
All emulsions presented some structural changes attributed to flocculation and
coalescence throughout simulated gastrointestinal digestion. Better droplet
stabilization using the deprotonation method was achieved when lower oil content

was used, leading to higher bioaccessibility of total phenolic compounds.

Keywords: Encapsulation, phenolic compounds, microstructure, delivery systems,

functional foods.
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4.2.1. Introduction

Coffee oil has been considered a promising material in food, pharmaceutical
and cosmetic industries (Oliveira, 2011; Calligaris, 2009; Wagemaker, 2011), being
an important value-added byproduct. The lipid fraction of coffee beans varies
considerably between C. arabica and C. canephora species and consists of
approximately 75% of triacylglicerols (Speer, 2006). The free fatty acid fraction is
composed mainly of unsaturated acids, such as linoleic and oleic acids, which
account for 43% - 54% and 7% - 14% of total fatty acids, respectively (Farah, 2012).
The components present in the unsaponifiable fraction, such as tocopherols,
diterpenes, sterols, and other minor components, have been reported to have
antioxidant, antimicrobial and anticarcinogenic activities (Raba, 2015; Cardenas,
2015; Hatzold, 2012), besides conferring emollient properties and protection against
UV radiation (Grollier and Plessis, 1988; Wagemaker, 2015). In addition, the
aromatic compounds found in coffee beans are mostly liposoluble substances
capable of being extracted together with the lipid fraction of the roasted coffee beans
(Sarrazin et al., 2000). Anesei et al. (2000) observed that the roasting process does
not affect the oxidation level of coffee oil, attributing the oxidative stability to the
presence of polyphenols and to Maillard reaction products. Moreover, studying the
physicochemical properties of roasted coffee oil (RCO), Calligaris et al. (2009)
detected more than 30 volatile compounds, which has aroused great interest in RCO
as a flavoring for food industry.

Emulsions used as potential systems for encapsulation have showed to offer
protection against chemical degradation, increasing bioavailability and possibility of
controlled release of several microingredients (Qian, 2012; Aldelmann, 2012). The
production of emulsified systems stabilized by colloidal solid particles instead of
surfactants has been evidenced by the pioneering works of Ramsden (1903) and
Pickering (1907). Since then, there has been a growing interest for their use in food,
pharmaceutical, and cosmetic applications mainly due to the potential adverse
effects of conventional surfactants. It would be interesting to evaluate the
physicochemical and structural properties of Pickering emulsions of RCO in order to
expand its possible applications in the food industry.

The main requisite of solid particles to stabilize emulsions is their partially

wetting property by oil and water, since in Pickering emulsions the particles do not
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need to be amphiphilic as in conventional emulsions (Dickinson, 2010; Berton-
Carabin; Schroen, 2015). On the other hand, production of such particles requires
specific techniques. Chemical modifications of chitosan (CS) are important to give it
the desired physicochemical properties, such as hydrophilicity, and hence to provide
some affinity for the oil-water interface. One way of modification is by changing the
pH: due to the presence of free amine and hydroxyl groups in its structure, chitosan
has a pH-responsive behavior. The amines are protonated at low pH, leading to
solubility in water, whereas at high pH they become deprotonated by losing their
charges and therefore become insoluble (Liu, 2012). Moreover, aggregates are
formed at pH > pKa (6.5) resulting in an increase of hydrophobicity and then in higher
affinity for oil. Another alternative for modifying CS refers to using an ionic
crosslinking agent. Polyanions such as sodium tripolyphosphate (TPP) can interact
by ionic gelation with positively charged amino groups of CS. Therefore, CS-TPP
nanoparticles are formed through electrostatic interaction (Shah, 2016b).

In the present work, the effectiveness of CS nanoparticles produced by two
different methods to stabilize emulsions of RCO was evaluated by investigating the
changes that occur in the emulsion structure, as well as in the droplet size of
emulsions during in vitro digestion. Furthermore, the encapsulation efficiency of RCO
was evaluated based on the bioaccessibility of its bioactive compounds.

4.2.2. Materials and Methods

4.2.2.1. Materials

Low molecular weight chitosan powder (CAS: 9012-76-4; degree of
deacetylation: 77%) was purchased from Sigma-Aldrich. Sodium tripolyphosphate
(TPP) was purchased from LS Chemicals. Glacial acetic acid, sodium hydroxide and
chloride acid were purchased from Panreac AppliChem. Roasted coffee oil was
kindly supplied by Cia. Iguagu de Café Soluvel (Brazil).

4.2.2.2. Preparation of chitosan nanopatrticles

Chitosan nanoparticles (CS) were produced by deprotonation of the amino
groups on the D-glucosamine units, according to the methodology proposed by
Mwangi et al. 2016b) with some modifications. Initially a 1% (v/v) acetic acid solution

was prepared with deionized water. The biopolymer was added to the stirred acetic
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acid solution resulting in a 0.9 g of chitosan/100 g solution. For complete dissolution
of chitosan, the solution remained under magnetic stirring for 24 h at room
temperature. Nanoparticles were formed after changing the pH value from 3.5 to 6.7
with sodium hydroxide (NaOH) 6M. The 0.9% (w/w) CS dispersion was characterized
through dynamic light scattering by Malvern Zetasizer Nano ZS (Malvern
Instruments, Malvern, U.K.) and presented mean particle size of 474.6 nm and zeta
potential of 0.0086 mV.

4.2.2.3 Preparation of Pickering emulsions

The aqueous phase of the emulsions consisted of a CS dispersion with fixed
chitosan concentration of 0.9 g/100 g dispersion. The oil was added to the CS
dispersion reaching the proportions of 33 g 0il/100 g emulsion and 50 g 0il/100 g
emulsion. These formulations were selected based on a preliminary investigation on
the effects of chitosan and oil fractions on the emulsion stability (unpublished data).
In brief, for the emulsions designated as CS_33 (Figure 4.2.1a) and CS_50 (Figure
4.2.1c), 33 g and 50 g of RCO/100 g emulsion, respectively, were slowly added to
the CS dispersion (pH 6.7) under constant stirring at 12,000 rpm using an Ultraturrax
homogenizer (IKA-Ultraturrax T18, Germany) until complete homogenization. After oil
addition, the emulsions continued under stirring for 5 min. The emulsions designated
as CS-TPP_33 (Figure 4.2.1b) and CS-TPP_50 (Figure 4.2.1d) were prepared
following the methodology proposed by Xiao et al. (2016) with some modifications.
For these emulsions the oil was added to the stirring chitosan solution at the original
pH (~3,5). After oil addition, the TPP solution (0.36 g/100 g water) was added to the
emulsions in order to obtain a final aqueous phase with fixed CS:TPP ratio of 5:1
(w/w), remaining under stirring for 5 min more. In this step, the intermolecular
crosslinking is induced between the positive charges of chitosan and the negative
ones of TPP. The final concentration of chitosan was the same for crosslinked and
non-crosslinked emulsions. All emulsions with their respective nomenclature and

composition are presented in Table 4.2.1.
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Figure 4.2.1 Visual aspect of the emulsions prepared with (a) chitosan nanoparticles
and 33 g of oil /100 g of emulsion; (b) chitosan-tripolyphosphate nanoparticles and 33
g of oil / 100 of emulsion; (c) chitosan nanoparticles and 50 g of oil /100 g of
emulsion; (d) chitosan-tripolyphosphate nanoparticles and 50 g of oil / 100 of

emulsion.

Table 4.2.1 Nomenclature and composition of emulsions.

Roasted coffee

oil Chitosan TPP* Water
Emulsion (9/100 g (g/100 g (9/100 g
(g/100 g . . .
. emulsion) emulsion) emulsion)
emulsion)
CS_33 33 0.6 - 66.4
CS-TPP_33 33 0.6 0.12 66.28
CS_50 50 0.45 - 49.55
CS-TPP_50 50 0.45 0.09 49.46

*Sodium tripolyphosphate

4.2.2.4 Rheological measurements

Measurements of the rheological behavior of fresh emulsions were performed
on a rotational rheometer (Kinexus, Malvern, Worcestershire, UK) using parallel-plate
geometry (diameter: 35 mm, gap: 1 mm) and monitored by the rSpace software
interface. Flow behavior was evaluated from shear stress versus shear rate curves
built along a linearly increasing shear rate range of 1 to 200 s-1 (300 s) followed by a

reverse ramp in the same shear rate and time values. The measurements were made



82

for each emulsion in triplicate and the temperature was kept at 25°C for 5 min before
beginning all experiments.

The Herschel-Bulkley model (Equation 1) was fitted to the flow curves and the
resulting parameters were used to calculate the apparent viscosity at a fixed shear
rate (Equation 2). The fixed shear rate used to mimic gastrointestinal conditions was
estimated according to Equation (3) (Steffe, 1996) considering the parameters used

in the in vitro digestion model.
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In the above equations o is the shear stress (Pa), 7 is the shear rate (s), oo

is the yield stress (Pa), k is the consistency index (Pass"), n is the flow index behavior

(dimensionless), n is the apparent viscosity (Pa-s), N is the rotational speed (12.66

rps) of the stirrer, Dv is the vessel diameter (0.068 m), and Da is the impeller
diameter (0.02 m). The rheological parameters were determined by non-linear curve

fitting using OriginPro 8 software.

4.2.2.5 In vitro digestion model

The in vitro model of the gastrointestinal tract consisting of mouth, gastric and
small intestinal phases was used to simulate the biological fate of the ingested
samples. To simulate oral digestion, the methodology proposed by Morell et al.
(2004) was used. Simulated Salive Fluid (SSF) was composed of sodium
bicarbonate (NaHCOs;, 5.208 g/L), potassium phosphate dibasic trihydrate
(KoHPO423+H20, 1.369 g/L), sodium chloride (NaCl, 0.877 g/L), potassium chloride
(KCI, 0.477 g/L), calcium chloride (CaCl,,0.34 g/L), a-amylase type VI-B from porcine
pancreas (Sigma, A3176)(8.70 g/L), mucin from porcine stomach type Il (PGM)
(Sigma, M2378) (2.16 g/L) and the pH was adjusted to 7. The SSF was added to the
emulsion in a final ratio of 1:1 (v/w) and mixed for 5 s. In accordance to Sanz et al.
(2007), the “bolus” sample from the mouth phase was mixed in a 0.05 L-capacity

vessel (diameter of 0.068 m) with 10 mL of pre-incubated (37°C for 5 min) Simulated
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Gastric Fluid (SGF) composed of sodium chloride (NaCl, 3.10 g/L), calcium chloride
(CaCl2, 0.11 g/L), potassium chloride (KCI, 1.1 g/L), sodium carbonate (Na,COs,
0.60 g/L) with continuous stirring at 760 rpm with a 0.02 m-width turbine propeller.
The solution was adjusted to pH 2 and added to 0.10 mg of pepsin (Sigma, P7125)
under continuous stirring at 37°C for 1 h. For Simulated Intestinal Fluid (SIF) based
on models proposed by Li et al. (2011), an electrolyte solution composed by calcium
chloride (CaCl,, 32.2 mg/mL) and sodium chloride (NaCl, 254.2 mg/mL) in phosphate
buffer solution was prepared and the pH was adjusted to 7. Furthermore, the
phosphate buffer was used to prepare the bile (58 mg/mL) and lipase solutions.
Lipase (Sigma, L3126) solution was prepared depending on the amount of oil used in
each emulsion, reaching enzyme-substrate ratio of 1:2.5 (w/w). Then, to simulated
intestinal digestion, 5 mL of bile extract (Sigma, B8631) solution and 1 mL of
electrolyte mixture were added and the pH value was increased to pH 7.0 with
sodium hydroxide (NaOH) 1 M. After this step, time was assumed as t0, followed by
addition of 3 mL of fresh lipase suspension and the pH-stat method was started

maintaining 37°C for two additional hours.

4.2.2.6 Confocal laser scanning microscopy (CLSM)

Samples of fresh emulsions and those obtained after each one of the digestion
phases were analyzed by a Nikon C1 confocal microscope unit fitted on a Nikon
Eclipse E800 V-PS100E microscope (Nikon, Tokyo, Japan). Nile Red (Fluka, Sigma-
Aldrich, Missouri, USA) solubilized in polyethylene glycol at 0.01 g/100 g and
Fluorescein isothiocyanate (FITC) (Electronic Microscopy Sciences, Hatfield, USA) in
ethanol (0.05 g/100 g) were used to stain the fat and polysaccharides, respectively.
He-Ne (543 nm) and Ar (488 nm) lasers were used as the light source for the
excitation of fluorescent dyes. Ten microliters of the sample were placed on a glass
slide and observed at 40X-objective 15 min after diffusion of the dyes into the
sample. Images with a 1024x1024 pixel resolution were acquired using digital image

processing software (EZ-C1 v.3.40, Nikon, Tokyo, Japan).

4.2.2.7 Emulsion droplet sizes
The particle size distributions were analyzed by laser diffraction (Mastersizer
S, Malvern Instruments Ltd., U.K.). The refractive indexes of water and oil were 1.33

and 1.47, respectively. Measurements were carried out in the fresh emulsions as well
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as in the digested emulsions at t0 (the moment when there are structural
modifications in the emulsion at intestinal phase with the addition of bile salts and
electrolytes and the emulsion is susceptible to the enzyme action). The average size
of the emulsion droplets was expressed as the volume-surface mean diameter
(D3,2).

4.2.2.8 Free fatty acids release

Fat digestion was determined using pH-stat titration (Mettler-Toledo DL50,
Greinfensee, Switzerland) by monitoring the pH of the digestion solution during two
hours as described by Li and McClements (2010). The volume of added NaOH
solution (0.5 M) was recorded and the amount of free fatty acids released by lipolysis
of the initial triacylglycerols was calculated from the titration curves as the percentage
of free fatty acid released. The measurements were carried out in triplicate.
In accordance to the mathematical model developed by Li and McClements (2010), it

was possible to find the rate and the extent of digestion, following Equation (4):

&= bmax (1- (1+222)7) @

2dopo

in which "¢" is the percentage of the digestible free fatty acids released, M is the
molecular weight of the triglyceride oil (~0.841 kg.mol-1), dy is the initial droplet mean
diameter (m) and py is the density of the oil (~935.9 kg.m-3). Both parameters, rate
(k) and extent (@max) Of digestion were determined by fitting this equation to the

experimental data using OriginPro 8 software.

4.2.2.9 Bioaccessibility of total phenolic compounds

In order to evaluate the bioaccessibility of the total phenolic compounds (TPC)
in the emulsions containing RCO, TPC was determined in the RCO and in the
different phases from in vitro digestion. The bioaccessibility was determined using
the method described by Qian et al (2012). The micelle fraction is considered to
present the soluble compounds that are available to be transferred to the human
blood during digestion. It was obtained by centrifuging the intestinal raw digesta at
8,000 rpm during 30 min (Centrifuge 5804 R., Hamburg, Germany). Centrifugation
resulted in a three-phase system, from which the micelle phase was taken from the
middle transparent layer. For TPC determination, ethanolic extracts were obtained by



85

stirring the micelle phase with absolute ethanol (10 mg/mL) for 10 s in a vortex and
centrifuging (Centrifuge 5415 R., Hamburg, Germany) at 10,000 rpm for 10 min at
4°C. This procedure was repeated and then the top layers were mixed. Analysis of
TPC followed the methodology proposed by Arnal and Del Rio (2004) and the
concentration was determined by a previously prepared calibration curve. The
content of TPC was expressed as milligram equivalent of gallic acid per gram of oil.

Bioaccessibility of the samples was calculated according to Equation 5:

TPC,,
Bioaccessibility (%) = TP—M“““ x100 (5)

Oil

4.2.2.10 Statistical analysis

Analysis of variance (ANOVA) was performed on the data using the
STATISTICA software, version 10.0 (StatSoft Inc, Tulsa, EUA). The least significant
differences between the averages were calculated by the Fisher test with a 95%

confidence interval to compare the test averages.

4.2 3. Results and discussion

4.2.3.1. Rheology of fresh emulsions

The average apparent viscosities of the emulsions obtained from triplicate
determinations of flow curves were plotted along ascending and descending shear
rate ramps, showing the typical thixotropic behavior (Figure 4.2.2). The Herschel-
Bulkley model was well fitted to all the flow curves with correlation coefficients (R?)
higher than 0.99. Table 4.2.2 presents the fitting parameters and the apparent
viscosities for the different emulsions at shear rate of 33 s (#33). This value
corresponds to the calculated shear rate (Equation 3) in the gastrointestinal digestion
model used in this study and it is within the range 10 — 100 s reported by Steffe
(1996) for chewing and swallowing, as well as it is close to the physiological shear
rate range (1 — 10 s™') considered by Lentle et al. (2007).
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Figure 4.2.2 Apparent viscosity of the emulsions as a function of ascending (open

symbols) and descending (closed symbols) shear rate ramps: CS_33 (O,®), CS-

TPP_33 (<, #), CS_50 (CI,M), CS-TPP_50 (A, A)

Table 4.2.2 Yield stress (0p), consistency index (k), flow behavior index (n) and

apparent viscosity at 33 s™ (1733) of emulsions according to the fitted Herschel-Bulkley

model.
o, (Pa) k (Pas") n 1733 (Pa's) R®
Ascending shear
rate ramp
CS_33 31+1.4°° 026+016° 0.80+0.08°° 0.21+0.029 0.9974
CS-TPP_33 07+04° 1.0+0.3° 0.50 + 0.02 ° 0.20+0.05% 0.9996
CS_50 22.23+0.18° 0.15+0.06 ° 0.96+0.12° 0.81+0.01% 0.9994
CS-TPP_50 6.7+14° 1.08+0.12° 0.77+0.01°° 0.68+0.04* 0.9989
Descending shear
rate ramp
CS_33 1.1+0.3% 0.20 +0.04 ° 0.84 +0.03° 0.15+0.03% 0.9998
CS-TPP_33 09+03° 0.40+0.12° 0.68 +0.02 ° 0.15+0.04° 0.9995
CS_50 54+3°° 05+0.2° 0.81+0.02°° 0.37+0.17°  0.9999
CS-TPP_50 062+1.14° 145+ 0.04% 0.73+0.02°%° 0.58+0.03° 0.9998

Mean values * standard deviations. Values with different letters within the same column are
significantly different (p < 0.05) according to the LSD multiple range test.
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As it was expected, emulsions with higher amount of oil, showed higher values
of yield stress and viscosity. The yield stress values for ascending shear rate curves
varied from 0.66 to 22.23 Pa among the emulsions, whereas for descending shear
rate curves the values ranged between 0.62 and 5 Pa. Concerning the flow index (n),
all emulsions presented n < 1 that characterizes shear-thinning behavior, agreeing to
the concave up flow curves shown in Figure 4.2.2. For both oil contents, the
presence of TPP seemed to influence both the initial resistance required to flow and
the flow behavior, since TPP provided a reduction in gy values, as well as a decrease
in the flow index, indicating more accentuated shear-thinning behavior. This could be
related to changes in the microstructure of the emulsions. Xiao et al. (2016) also
reported shear-thinning behaviour for emulsions stabilized by chitosan/TPP, which
may be caused by structural reorganization and/or orientation of the dispersed oil
droplets during flow. These authors also attributed the yield stress to the need of
breaking flocs formed when the emulsions are at rest, which is in agreement with the
lower vyield stress values predicted by the Herschel-Bulkley model fitted to the
descending shear rate ramp, i.e. measured after a certain shearing time. The higher
yield stress observed in emulsions containing higher oil fraction could be related to
the observation made by Zeeb et al. (2013), who stated that at high oil droplet
concentrations and low or intermediate stabilizing protein concentrations, droplet—
droplet networks are formed.

The values of apparent viscosity, 733, demonstrate that the effect of TPP
varied depending on the oil content in the emulsion. Emulsions with higher oil content
showed the highest apparent viscosities and the greatest time-dependence
(thixotropy). When analyzing results of the ascending shear rate ramp, the
comparison between emulsions with higher oil content (CS_50 versus CS-TPP_50)
showed that the addition of TPP caused a decrease in 733. On the other hand, an
opposite behavior was detected from data collected along the descending shear rate
ramp, showing that the presence of TPP imparted a lower thixotropy to emulsions
with 50% oil fraction, which is evidenced when comparing the descending and
ascending flow curves (Figure 4.2.2) and the values of 733 (Table 4.2.1). Such
differences were not so pronounced (p > 0.05) when comparing the emulsions with
lower oil content (CS-TPP_33 versus CS_33). In the lower oil content condition, the

amount of CS nanoparticles in the emulsions was probably enough to cover the total
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oil droplet surfaces, resulting in higher resistance against the shearing process and in

lower thixotropy.

4.2.3.2. Microstructure analysis of emulsions during simulated digestion

The microstructure of the emulsions with different oil fractions, with and
without crosslinking, in each phase of digestion can be observed in the images
obtained by confocal laser scanning microscopy presented in Figure 4.2.3. The fat is
stained red and the aqueous phase is stained green. The fresh emulsions prepared
with 33 g of 0il/100 g presented various droplet sizes, although some free oil can be
observed when chitosan was crosslinked with TPP. In CS_50 emulsion defined
droplets were formed, but when the emulsions were produced with TPP part of the oil
appeared dispersed and apparently not encapsulated. An incomplete emulsification
is observed in both emulsions prepared with TPP, which could be related to
interactions between CS and TPP that would be affecting the emulsifying ability of
chitosan.

During in vitro digestion all the emulsions presented some structural changes.
Both oral and gastric phase influenced on the droplet size revealing coalescence
phenomenon; this phenomenon was less noticeable for CS_50 emulsion. The
conditions in gastric phase influenced the fat droplet structures providing a
restructuring effect, mainly in CS-TPP_50 emulsion, which is evidenced by the
appearance of small and large round globules. The moment before lipase addition to
the simulated digestion was considered “time 0" (1p). This phase is considered
important because it corresponds to the moment at which the action of the enzyme
will occur and it allows obtaining information on the enzyme performance in the
emulsions. At this moment, the globules had their structures already changed by
interactions not only with molecules in the oral and gastric phase, but also with bile
salts and electrolytes, in such a way that they are exposed to lipase access. During
the intestinal phase there was a decrease of fat content probably due to the lipase
action in all the emulsions. As reported by Li et al. (2011), changes in the surface
area of lipid droplets may occur by digestion of molecules adsorbed to the droplet
interface in the stomach or small intestine, affecting the rate and extent of lipid
digestion by altering the ability of lipase to adsorb to the surfaces through competitive

adsorption.
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Figure 4.2.3 Confocal laser scanning micrographs of emulsions stabilized by
chitosan and chitosan-TPP before (fresh) and during the digestion phases. The scale

bars measure 60 pm

4.2.3.3. Particle size distribution in the emulsions
The droplet size distribution of different emulsions showed that initially they
had almost monomodal distribution, except for CS-TPP_33 (Figure 4.2.4a). This

trend was also observed at the moment before enzyme addition (tp) (Figure 4.2.4b),
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suggesting that these droplets were unstable and could be undergoing aggregation in

that emulsion.
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Figure 4.2.4 Particle size distribution in the emulsions before digestion (a) and at to

(b)

Moreover, the emulsions that were not submitted to crosslinking with TPP
exhibited an increase in mean particle size at ty comparing to the average droplet
size in fresh emulsions. Based on D3,2, the average droplet diameter of emulsions
with 33 g 0il/100 g emulsion and 50 g 0il/100 g emulsion increased from 13.6 uym to
57.8 um and from 8.7 um to 45.9 um, respectively. An increase in the mean particle
diameter after exposure of the emulsions to the simulated small intestinal fluids has
been previously reported. Two factors can be responsible for the physical stability
reduction of the emulsions during digestion, leading to a decrease in their stability
against coalescence: i) displacement of non-ionic surfactant molecules originally
adsorbed to the lipid droplet surfaces by active species, such as phospholipids, bile
salts, and lipase, altering the composition, structure, and properties of the interfacial
layer surrounding the lipid droplets; ii) conversion of emulsified triacylglycerols to free
fatty acids and monoacylglycerols by lipases, resulting in a change in the internal
composition, structure, and properties of lipid droplets (Qian, 2012; Shah, 2016b) .

On the other hand, this phenomenon was not observed for CS-TPP
emulsions. Emulsions with higher amount of oil presented a decrease in the average
droplet size, from 148.5 pym in fresh emulsions to 24.3 ym at to. This may be related
to the microstructure observed by confocal microscopy. In the freshly prepared

emulsions with this formulation, the oil was not completely encapsulated, with the
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presence of free oil as a dispersed phase, which might have resulted in size
measurements of oil droplets that were uncoated by chitosan particles. Nevertheless,
changes during digestion steps may have enhanced emulsification, leading to the
decrease in the oil droplet sizes after digestion.

4.2.3.4 Free fatty acids released

The amount of free fatty acids released (FFAs) in the intestinal phase was
evaluated in the four emulsions during in vitro digestion. Through the volume of
NaOH used to maintain the pH at 7 in the digestion, it was possible to calculate the
percentage of FFAs released, shown in Figure 4.2.5. The rate and extent of lipid
digestion were calculated in order to evaluate the influence of CS nanoparticles used
to protect the oil (Table 4.2.3).

40
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—e— CS-TPP_33
—m—CS_50

A— CS-TPP_50

I % | x I > I
60 80 100 120
Time (min)

Figure 4.2.5 Fatty acids released (¢) versus time in emulsions during in vitro

digestion. The error bars represent standard deviations.

The CS_33, CS-TPP_33 and CS_50 emulsions presented similar behavior, without
significant differences (p > 0.05), at the first 10 minutes of the digestion, with faster
FFAs release than in CS-TPP_50 emulsion. At the end of the simulated digestion
there were significant differences (p < 0.05) in the proportion of free fatty acids
released between the emulsions produced with different amount of oil as can be
observed in Table 4.2.3.
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Table 4.2.3 Parameters describing the digestion rate (k) and digestion extent (¢ max)

of emulsions.
Emulsion k (umol s m™) Bmax(%) R?
CS 33 479+6.9°2° 37.9+1.8° 0.9886
CS-TPP_33 51.5+13.52° 349+03° 0.9785
CS 50 71.8+255° 306+24° 0.9617
CS-TPP_50 29.3+25° 246+21° 0.9926

Mean values * standard deviations. Values with different letters within the same column are
significantly different (p < 0.05) according to the LSD multiple range test.

The presence of TPP influenced the digestibility of emulsion with higher oil
content, leading to a 20% reduction in the FFAs release. As it can be observed in the
CLSM micrographs (Figure 4.2.4), emulsion CS-TPP_50 presented free oil,
representing a non-structured dispersed system and, therefore, of harder access for
lipase. In addition, emulsions with lower oil content showed no significant difference,
probably due to the more defined and coated oil droplets by chitosan. Several studies
have reported the influence of droplet size on the rate and extent of lipid digestion.
They evidenced the enhancement of lipid digestion for emulsions with reduced
droplet sizes (Li & McClements, 2010; Li et al., 2011; Sarkar, Ye, & Singh, 2016;
Salvia-Trujillo et al., 2017).

Winuprasith et al. (2018) related that higher digestion rate and extent of WPI-
stabilized emulsions were provided by the greater surface area available for lipase
action due to presence of smaller droplets in the initial phase, as well as to presence
of few droplet aggregates in the gastric phase. In part, this is in agreement with the
results obtained in the present work for fresh emulsions. Initially, emulsions that
presented the smallest droplet sizes presented higher digestion rate and extent. On
the other hand, according to McClements (2018), it is important take into account the
droplet sizes present in the small intestine where the lipase will actually perform.
Thus, particle sizes measured at tp in the current study did not showed the same
trend than that found for fresh emulsions. In agreement with our results, a number of
studies showed no correlation between FFAs and surface area of emulsions,
suggesting that structural characteristics may be important factors contributing to the
rate and extent of lipid digestion (Ahmed, 2012; Bellesi, 2016). The rheology of the
different emulsions could also be related to the results obtained for free fatty acids
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release, as it is known that an increase in the viscosity may influence mixing of the
sample with digestive components, which could limit the ability of lipase to reach the

surface of lipid droplets.

4.2.3.5 Bioaccessibility of total phenolic compounds

The influence of emulsion formulation on bioaccessibility of TPC during in vitro
digestion was determined by the ratio between TPC solubilized in the micelle phase
and TPC content in the oil, according to equation (5) (Table 4.2.4). Although the
emulsification process did not alter the phenolic content in the oil, changes were
observed in the intestinal phase at which there were significant differences (p < 0.05)
between emulsions and the pure oil. The emulsions that presented lower amounts of
TPC in the intestinal phase (CS_50 and CS-TPP_50), also followed the same
tendency in the micelle fraction. Accordingly, in these emulsions the bioaccessibility
was lower than in CS_33 and CS-TPP_33. As a result, there were fewer solubilized
phenolic compounds in the pure coffee oil than in the emulsions, revealing great
efficiency in the retention of these compounds by the emulsified oil through the
digestion.

Concerning bioaccessibility, there were no significant differences between the
emulsions with or without TPP for the same oil content, even though the use of TPP
had an influence on droplet sizes, rheology, and FFAs release in the emulsions
containing 50 g oil/g emulsion. On the other hand, the oil content significantly
affected the bioaccessibility of TPC. Emulsions formulated with lower amount of oil
provided higher bioaccessibility, in agreement with the results of FFAs released.

According to Ahmed et al. (2012) curcumin bioaccessibility showed to be
dependent on the lipid carrier concentration in emulsion-based delivery systems.
High lipid content can lead to a non-digested fraction of lipid phase, in which part of
the curcumin could not be released from oil droplets into the micelle phase,
contributing to decreased bioaccessibility. In the current study, the bioaccessibility of
phenolic compounds reached 53.7% and 62.8% for emulsions with lower lipid
content and decreased to 47.2% and 45.5% when increasing lipid content. Due to the
lower amount of FFAs released, some of the phenolic compounds might remain
entrapped within the non-digested oil droplets, thus preventing their solubilization into
micelles and leading to low bioaccessibility (Qian, 2012; Shah, 2016b). On the other
hand, higher bioaccessibility may be related to high extent of lipid digestion that
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provided large amount of micelle phase capable of solubilizing phenolic compounds.
In addition, viscosity may also have influenced on the bioaccessibility of bioactive
compounds. In the present study, high viscosities presented by emulsions with high
lipid content provide low digestibility, and consequently low bioaccessibility due to
poor solubilization into micelle phase as reported above. It is suggested that higher
apparent viscosity may have an effect on the movement of molecules such as lipase

toward droplet surface, which hinders lipid digestion (Winuprasith, 2018).

Table 4.2.4 Total phenolic compounds (mg GAE/g oil) of emulsions at the different

digestion phases and bioaccessibility.

Digestion phase CS _33 CS-TPP_33 CS 50 CS-TPP_50 Qil

Fresh emulsion 16.9+26% 13.7+15% 133+27% 147+28?% *172+21°?

Intestinal phase ~ 45.4+542 427+64° 289+42° 300+51° 182+12°

Micelle fraction 93+04%*® 108%+17°% 81x07° 78%209° 58+0.1°
Bioaccessibility (%) 53.7+2.4% 62.8+9.9% 472+41° 455+56° 33.6+0.6°

Mean values = standard deviations. Values with different letters within the same line are significantly
different (p < 0.05) according to the LSD multiple range test.

GAE: Gallic acid equivalents

*This value corresponds to the total phenolic compounds in the roasted coffee oil.

4.2.4. Conclusions

Pickering emulsions with different contents of roasted coffee oil stabilized by
chitosan (CS) nanoparticles or chitosan-tripolyphosphate (CS-TPP) nanoparticles
presented different rheological behavior, oil droplet size distributions in fresh
emulsions, as well as different microstructure, lipid digestibility and bioaccessibility
along in vitro digestion. The presence of TPP decreased the emulsifying ability of
chitosan under the conditions investigated in the present study. CS-TPP stabilized
emulsions presented partially free and non-encapsulated oil, thus decreasing its
digestibility. Nevertheless, digestive conditions seemed to produce a partial
structuring of the systems, which was observed at the microstructural level. In
samples with higher oil content and TPP-CS nanoparticles, the restructuring effect of
digestion was not enough to counterbalance the high proportion of non-encapsulated
oil. In fact, lipid digestibility in these emulsions was low. The high viscosity of these

samples may also have influenced the low lipid digestibility. The bioaccessibility of
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phenolic compounds showed to be related to the lipid phase concentration and
consequently to free fatty acids released throughout the gastrointestinal tract. In
addition, CS nanoparticles themselves showed to be able of adsorbing onto oil
droplet surfaces, providing efficiency in encapsulating and protecting bioactive
compounds during lipid digestion. In general, the process of encapsulation of roasted
coffee oil, both with chitosan or with chitosan and TPP, favored the bioaccessibility of

phenolic compounds when compared to free oil.
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Abstract: Chitosan has been modified in order to produce nanoparticles with
promising characteristics in diverse food applications, e.g. Pickering emulsions.
Chitosan deprotonation and ionic crosslinking with tripolyphosphate were assessed
in this work. Chitosan nanoparticles produced by these two methods were
characterized according to surface charge, particle size distribution, chemical
structure, wettability and microstructure imaging. The nanoparticles’ performance in
the formation of oil-in-water Pickering emulsions was studied by physicochemical and
rheological assays. Chitosan nanoparticles produced by amino deprotonation were
larger and resulted in emulsions with larger oil droplets, with rheological behavior of
the emulsions being greatly affected by increasing concentration of chitosan, which
formed a network structure in the continuous phase. On the contrary, the
tripolyphosphate-crosslinked chitosan nanoparticles were smaller and produced
emulsions with smaller droplets, which remained less viscous even when chitosan
concentration was increased and showed evidences of Pickering stabilization when

analyzed by microscopy techniques.

Keywords: dispersed systems; tripolyphosphate; deprotonation; wettability;

microstructure; rheology.
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4.3.1. Introduction

Micro and nanoparticles play an important role in the most emerging
applications, particularly in innovative methods for improving or developing new food
systems. These structures present specific characteristics that can be used to
enhancing not only the shelf life but also the flavor, nutritional and textural aspects of
food products (Ye et al., 2017).

Organic materials have been intensively explored due to their nontoxicity and
biodegradability, besides their versatility in comparison to the inorganic ones (Hatton,
Miiller & Silva, 2008). Chitosan, for example, is a polysaccharide consisting of
alternating units of (1—4) N-acetyl glucosamine and glucosamine obtained from the
partial deacetylation of chitin. After some adequate modifications in its structure, it
has been reported to be an efficient raw material for producing nanoparticles with
technological benefits (Divya & Jisha, 2018; Hasheminejad, Khodaiyan & Safari,
2019; Liang et al., 2017).

Micro and nanoparticles of chitosan can be produced by different ways,
although deprotonation and ionic crosslinking are advantageous techniques
considering the low complexity and the needless of high shear forces application or
addition of harsh organic solvents (Sailaja, Amareshwar & Chakravarty, 2011). In
deprotonation method, particles are formed by self-assembly when the charges of
cationic CS are neutralized by anionic agents, e.g. sodium hydroxide, under
agitation. On the other hand, ionic crosslinking promotes the electrostatic interaction
between the amine groups of chitosan with the negative charge group of polyanions,
as tripolyphosphate (TPP), also under agitation. Each of these methods generates
nanoparticles with distinct characteristics such as surface charges, particle size,
structure and ability to bond to specific compounds (Ali, Rajendran & Joshi, 2011;
Rampino, Borgogna, Blasi, Bellich & Cesaro, 2013). The distinct properties of the
resulting particles, from both methods, may define the ideal use for specific
applications.

Recent trends have reported the use of food-grade nanoparticles in the
stabilization of Pickering emulsions (Xiao et al., 2016). In these oil-in-water
emulsions, the oil droplets are stabilized by the presence of surrounding solid
particles that reduces the interfacial tension. According to Xiao et al. (2016), for an

effective stabilization of Pickering emulsions, the solid particles should be partially
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wetted by both continuous and dispersed phase, preserve the proper wettability and
have to be smaller in size than the oil droplets. Many studies have reported the use
of deprotonated chitosan or crosslinked chitosan for stabilizing food systems
containing lipids or lipophilic compounds, including curcumin (Shah et al., 20163a;
Shah, Zhang, Li & Li, et al., 2016b), tocotrienol (Mwangi, Ho, Ooi, Tey & Chan,
2016), corn oil (Wang & Heuzey, 2016), palm oil (Ho et al., 2016), and others.
Nevertheless, there is little data about the performance of chitosan nanoparticles in
the structure of Pickering emulsions composed by added-value oils.

Roasted coffee oil is a byproduct extracted from roasted coffee beans. It is a
valuable source of oleic and linoleic acid (~45%) (Hurtado-Benavides, Dorado,
Sanchez-Camargo, 2016), volatile compounds that confers interesting flavor (Oliveira
et al., 2005) and bioactive compounds. A previous investigation has showed the
efficacy of using chitosan nanoparticles in controlling the release and improving
bioaccessibility of bioactive compounds in Pickering emulsions containing roasted
coffee oil (Ribeiro et al., 2020).

The present study aimed at synthetizing and characterizing chitosan
nanoparticles produced by deprotonation and ionic crosslinking. Their performance
on structuring oil-in-water Pickering emulsions is discussed on the basis of
physicochemical parameters, microstructure and rheological behavior of the

emulsions.

Hypotheses
Chitosan nanoparticles produced by different methods stabilize oil droplets in oil-in-

water emulsions by different mechanisms.

4.3.2 Materials and Methods

4.3.2.1 Materials

Low molecular weight chitosan powder (N°CAS: 9012-76-4; degree of
deacetylation: 77%) was purchased from Sigma-Aldrich. Sodium tripolyphosphate
(TPP) was purchased from LS Chemicals. Glacial acetic acid, sodium hydroxide and
chloride acid were purchased from Dinamica (Indaiatuba, Brazil). Roasted coffee oil

was kindly supplied by Cia. Iguagu de Café Soluvel (Cornélio Procépio, Brazil).
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Analytical grade chemicals and ultrapure water with 18.2 MQ cm resistivity were used

in all the experiments.

4.3.2.2 Synthesis of chitosan and chitosan-TPP nanopatrticles

Chitosan nanoparticles were obtained by two methods: (i) deprotonation of the
amino groups on the D-glucosamine units, and (i) by adding sodium
tripolyphosphate (TPP) as a crosslinking agent to induce intermolecular bonding
between the positive charges of chitosan amino groups and the negative phosphates
in TPP structure. Initially, the chitosan powder was added to aqueous acetic acid
solution at 1%, under magnetic stirring for 24 h at room temperature for complete
dissolution. For amino deprotonation, chitosan solutions at concentrations of 0.9
g/100 g and 1.5 g/100 g were prepared and the particles were generated after
increasing the pH value from 3.5 to 6.7 with NaOH 6M. The nanoparticles resulting
from this procedure were designated as 0.9CN and 1.5CN. For the ionic crosslinking
method the TPP aqueous solution at pH 8 was drop-wise added to stirring chitosan
solution at its initial pH (3.5), attaining final chitosan concentrations of 0.9 g/100 g
and 1.5 g/100 g of solution, and pH values of 4.34 and 5.16, respectively, resulting in
CS:TPP mass ratio of 3:1. The resulting nanoparticles were designated as 0.9CN-
TPP and 1.5CN-TPP respectively.

4.3.2.3 Characterization of chitosan nanoparticles
4.3.2.3.1 Zeta ({) potential and particle size measurements

The zeta potential and size distribution of the chitosan nanoparticles were
determined using a particle Zetasizer analyzer (Nano-ZS, Malvern Instruments, UK)
and the samples were previously diluted in the ratio 1:100 for a reliable data (Tosi et
al., 2020). The surface charge of the particles was measured at 25 °C by laser
Doppler microelectrophoresis technique, whereas the size distribution was obtained
by dynamic light scattering (DLS) at the same temperature. The refractive index of
dispersant medium required by the equipment to provide adequate measurements
was obtained by an electronic refractometer resulting in the value of 1.330.
Polydispersity index (PDI) was automatically displayed from cumulants’ analysis by
the internal Zetasizer software for all of the range of particles analyzed. Each

experiment was performed in triplicate.
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4.3.2.3.2 Fourier transform infrared (FT-IR) spectroscopy

In order to evaluate the changes in chemical structure of chitosan
nanoparticles, pure chitosan powder, TPP, and the different chitosan nanoparticles
were analyzed in a FT-IR spectrometer (Vertex 70, Bruker, Germany) equipped with
smart iTR diamond Attenuated Total Reflectance (ATR) sampling accessory (Nicolet
iIS10, Thermo Scientific, USA). The chitosan nanoparticles were freeze dried (L101,
Liobras, Brazil) before FT-IR analysis. The spectra were obtained by performing 32

scans at a wavenumber resolution of 4 cm™ at room temperature.

4.3.2.3.3 Contact angle measurement

The contact angle measurements of chitosan nanoparticles were performed by
the sessile drop method according to Ho et al. (2016), using an optical contact angle
measuring device (CAM101, KSV Instruments, Finland) equipped with image
analysis software (CAM 2008). Briefly, chitosan nanoparticle suspensions were cast
onto the surface of glass slides and left to dry into a desiccator at room temperature.
This procedure was successively carried out until resulting in a uniform surface
entirely covered by nanoparticles. A 0.2 mL drop of water was deposited on the
surface of the resulting film. The static contact angle of the sessile drop of water was
then determined automatically by fitting Young-Laplace equation around the imaged
droplets. Three chitosan films were prepared for each sample and the measurements

were performed with five droplets at different locations on each of the three films.

4.3.2.4 Preparation of Pickering emulsions

The emulsions prepared with crosslinked and non-crosslinked chitosan
nanoparticles, containing 10% (w/w) of roasted coffee oil, were produced by adding
the oil to the nanoparticle suspension under homogenization (Ultra-Turrax T25, IKA,
Germany) at 12,000 rpm. After oil addition, the samples continued under mixing for 5
min more. All the emulsions were prepared in triplicate and stored at room

temperature for 24 hours to be analyzed.

4.3.2.5 Characterization of Pickering emulsions
4.3.2.5.1 Emulsion droplet size analysis
The droplet size and shape of emulsions was analyzed by optical microscope

(Olympus, CX31) with a 40x magnification objective coupled with a digital camera
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(Olympus, SC30). In order to give significant results, the average droplet size was
calculated from 300 droplets using the image processing software Imaged 1.52. The
median size (Dso) of the cumulative frequency distribution as well as the values of
Sauter diameter (Ds;2) were assumed as the most representative particle size, as
some samples showed non-symmetric distributions (Walstra, 2003; Lu et al., 2019).
In addition, the width of particle size distribution (span) was calculated according to

Equation (1):

D90 _DIO

Span= (1)

50

in which Do is defined as the diameter at which 10% of the particles lies below this
value. Similarly, Dsp and Dgo correspond to the diameters at which 50% and 90% of
the cumulative volumes of the distribution have smaller particle sizes than that value,

respectively.

4.3.2.5.2 Confocal Laser Scanning Microscopy (CLSM)

Samples of emulsions were analyzed under a Leica TCS SP5 confocal
microscope (Leica Microsystems, Mannheim, Germany) according to methodology
described by Ribeiro et al. (2020). In this method, Nile Red dye (Fluka, Sigma-
Aldrich, Missouri, USA) was solubilized in liquid polyethylene glycol (PEG 400) at
0.01 g/100 g and Fluorescein isothiocyanate (FITC) (Electronic Microscopy Sciences,
Hatfield, USA) in ethanol at 0.05 g/100 g. The dyes were used to stain the lipid and
biopolymer fraction, respectively, by diffusing 10 uL of each dye into the samples
placed on the glass slide, which were then left at rest for 15 min before image
acquisition. He-Ne (543 nm) and Ar (488 nm) lasers were used as the light source for
exciting the fluorescent dyes. Images were then acquired using 40X-objective lens

digital with 1024x1024-pixel resolution.

4.3.2.5.3 Transmission electron microscopy

Transmission electron microscopy (TEM) was performed according to
Schroder, Sprakel, Schréen, Spaen & Berton-Carabin (2018) procedure for
emulsions prepared with chitosan nanoparticles. Diluted samples with water were
deposited onto copper grids covered with carbon film (200 mesh) and a standard
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filter paper was used to absorb the excess solvent. Images were acquired on a JEOL
JEM1011 transmission electron microscope (Peabody, USA) operating at 80 kV.

4.3.2.5.4 Rheological properties

The rheological behavior of the emulsions was studied under steady and
oscillatory shear. Measurements were carried out in an AR-2000EX rheometer (TA
Instruments, Delaware, USA) using serrated parallel-plate geometry with gap of 300
pm. Steady shear flow ramps were performed in a range of shear rate from 0.001 to
100 s and the resulting apparent viscosity was acquired for each point. The Cross
(Equation 2) and Carreau (Equation 3) models were fitted to the experimental data
(Rao, 2014):

Ny = 1 + el (2)
{H(%) }
Y
Ny =1 + 102 (3)

In which is the apparent viscosity (Pass), 7 is the shear rate (s™), is the apparent
viscosity at infinite shear rate (Paess), 7} is the apparent viscosity at zero shear rate

(Pass), m and N are dimensionless exponents and 7, is the critical shear rate (s™)

which marks the end of the Newtonian plateau and/or the beginning of the shear-
thinning region.

For the oscillatory shear assays, samples were evaluated in order to obtain
the storage (G’) and loss (G”) modulus from the mechanical spectra. Measurements
were taken in the frequency range of 0.01 to 10 Hz, and all the assays were
performed in the linear viscoelastic region experimentally determined in triplicate by
performing strain sweeps at different frequencies (0.01% strain). A power law model

was used to fit the experimental data as given by Equations (4) and (5):

G=k'o" (4)
G'=k"o" (5)
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In which k', k”, n” and n” are fitting parameters that provide information about the
viscoelastic nature of the emulsions (Albano, Franco & Telis, 2014). The accuracy of
the fitting procedures was evaluated based on the adjusted determination coefficient

(R;,) and root-mean-square error (RMSE).

4.3.2.6 Statistical Analysis
Analysis of variance (ANOVA) was performed on the data using the STATISTICA
software (StatSoft Inc., Tulsa, EUA). The least significant differences between the

averages were calculated by the Fisher test with a 95% confidence interval.

4.3.3 Results and discussion

4.3.3.1 Characterization of the chitosan nanoparticles
4.3.3.1.1 Zeta potential and polydispersity index

Zeta potential and polydispersity index (PDI) were analyzed for the chitosan
nanoparticles produced by the two different methods described in item 2.2, using the
two previously established chitosan concentrations in solution (0.9 g/100 g and 1.5
g/100 g). Means and standard deviations are presented in Table 4.3.1. Stability of
particle suspensions is dependent on the surface charge of the suspended particles,
being favored when electrostatic repulsion occurs at higher modulus of zeta potential
(Qi, Xu, Jiang, Hu & Zou, 2004). In all of the cases studied in this work, the
nanoparticles presented positively charged surface. The resulting values indicated
that the particles produced in this study were similar to those reported in literature (Ali
et al., 2011; Pereira, Silva, Oliveira, Oliveira & Fraceto, 2017). Nanoparticles
synthetized with TPP resulted in zeta potential slightly higher than measured for
nanoparticles obtained by deprotonation, showing that TPP nanoparticles tend to be
more stable in suspension.

The differences in the zeta potential could be attributed to the mode of
chitosan rearranging in the presence of TPP or sodium hydroxide, neutralizing more
or less amino groups. Kaspar, Jakubec & Stépanek (2013) found that transition
between stability and agglomeration occurred around +17 mV for CN-TPP, giving
insights about the stability of suspension in the present work. As indicated by zeta
potential values, more stable dispersions were obtained by using TPP as crosslinking
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agent, which resulted in an increase in the surface charge of the particles, assuring a

greater repulsion between them.

Table 4.3.1 Zeta potential, predominant medium size, polydispersity index and
contact angle of CN and CN-TPP particles.

Zeta Predominant Polvdispersit
Sample potential médium size O'yaisp y Contact angle
index (PDI)
(mV) (nm)
0.9CN 16.1+0.7° 5385+234.8° 0.944 +0.048 °
1.5CN 18.3+0.4° 938.5+3326° 0.912 +0.050 ® e
0=9419+0.26°
0.9CN-TPP  241+1.8% 331.3+269.6°" 0.551 + 0.033°
1.5CN-TPP 22+1.8% 413.2+124.7° 0.478 +0.091° /

0=64.89+3.77°

Mean values * standard deviations. Values with different letters within the same column are
significantly different (p < 0.05) according to the LSD multiple range test at 95% of confidence.

The calculated polydispersity indexes (Table 4.3.1), also confirm the positive
effect of crosslinking in providing better stability to the particle suspensions. For the
samples with higher zeta potential, the PDI resulted in lower values, indicating a
comparatively narrower particle size distribution in these systems. It is worth to stress
that numerically, the higher the polydispersity index the higher will be the non-
uniformity and the range of particle size distribution (ordinarily PDI values greater
than 0.7 are interpreted as resultant from a wide distribution of sizes and the

presence of great agglomerates) (Danaei et al., 2018).

4.3.3.1.2 Patrticle size distribution

Particle size analysis revealed non-symmetric large distributions for all
samples with distinct sizes (Figure 4.3.1). In each group the distribution features are
similar to a bimodal disperse profile pointing out to the formation of great
agglomerates, mainly for syntheses with lower concentration of chitosan. Concerning
nanoparticles obtained by deprotonation, when reacting 0.9 g of chitosan/100 g, the
predominant particle size was found to be around 538 nm compared to 331 nm when

processed via TPP ionic crosslinking. The second peak is attributed to aggregate
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formation with average dimensions in the range of 4800 to 5500 nm found for both
samples, mainly for 0.9CN particles, which are in reasonable agreement to zeta
potential and polydispersity index predictions (Table 4.3.1). It is expected that when
the amino groups of chitosan are deprotonate, hydrophobic interactions take place
and the polymer will collapse in a curl state, configuring nanoparticles with irregular
dimensions. Nevertheless, in the particles that resulted from molecular linkages
between the chitosan protonated amino groups and the TPP phosphates, the short-
range attractions between opposite charges lead to a strong tendency for the
chitosan (a linear polymer) to wrap around the TPP molecules. In such condition the
system is prone to shrinkage, generating particles of smaller sizes. The closer the
balance between charges, the greater will be the expected shrinkage. This
phenomenon is predicted by the colloid-polymer mixtures model (Wilk et al., 2010).
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Figure 4.3.1 Chitosan particle size distributions prepared with chitosan
concentrations of (a) 0.9 g/100 g and (b) 1.5 g/100 g, by deprotonation (CN) and
ionic crosslinking (CN-TPP).

The effect of increasing chitosan concentration, from 0.9 to 1.5 g, directly
reflected in the particle dimensions as observed in Figure 4.3.1b. Except for the
second peak observed for 0.9CN treatments in the range of 4800 to 5500 nm, higher
concentration of chitosan in the synthesis resulted in larger nanoparticles, as already
reported in several studies (Vaezifar et al., 2013; Razga, Vnukova, Némethova,
Mazancova & Lacik 2016; Sreekumar, Goycoolea, Moerschbacher & Rivera-
Rodriguez, 2018). The predominant sizes for 1.5CN particles lay in 938 nm for
deprotonation process and in 413 nm for ionic gelation. Small fractions of particles,

smaller than 260 nm in size, were recorded in both suspensions. From the analytical
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data, it is evident that ionic crosslinking, when compared to deprotonation process,
yields more stable particles, as inferred by higher zeta potential values, lower
polydispersity indexes and narrower particle size distributions.
4.3.3.1.3 Fourier transform infrared (FT-IR) spectroscopy

FT-IR spectroscopy was used to investigate the appearance and/or
breakdown of bonds in the nanoparticle molecular structure as a consequence of the
production method. Figure 4.3.2 shows the spectra of infra-red absorbance in the
whole range of scanned wavelength. The TPP spectrum is characterized by three
main regions with peaks centered around 1143 cm™ attributed to stretching vibrations
of P=O groups; at 896 and 469 cm™ related, respectively, to P-O and P-O-P
vibrations (Antoniou et al., 2015). The pure chitosan presents typical polysaccharide
spectrum with the following main peaks: a broad band at 3348-3284 cm’’
corresponding to stretching vibrations of the —-NH and —OH groups; absorption peaks
at 1419 cm™ associated to —CH, stretching; methyl C—H symmetrical bending at
1373 cm™; primary and secondary OH in-plane bending vibration at 1317 and 1261
cm”, respectively; vibrations bands at 1643 cm™ and 1566 cm™ indicated the
presence of secondary amide (C=0) and secondary amino group (NH bending),
respectively; 1064 cm™ and 1027 cm-1 for primary amine CN stretching and 891 cm’

for pyranose ring (Mohan, 2004; Mwangi et al. 2016).
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Figure 4.3.2 FT-IR spectra of sodium tripolyphosphate powder (TPP) ( — ), pure
chitosan powder ( — ), chitosan nanoparticle at pH 6.7 (CN) ( — ) and chitosan-

sodium tripolyphosphate nanoparticle (CN-TPP) ( — ) at CS:TPP mass ratio of 3:1.
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For chitosan nanoparticles, both method of production influenced the final
chemical structure. The dissolution of chitosan in acid solution creates positively
charged amino groups (NH3+) susceptible to ionic interactions with negatively
charged molecules. In this way, when increasing the pH of chitosan solution new
absorption bands appeared at 3409 - 3153 cm’™ corresponding to —NH stretching. In
addition, the appearance of peaks at 1699 cm™, 1348 cm-1 and 1051 cm™ suggests
the binding of hydroxyl ions to NH*, leading to chitosan self-aggregation. On the
other hand, the interaction between phosphate ions of TPP and chitosan in solution
is evidenced by the displacement of the peaks of chitosan amide | from 1643 cm™ to
1639 cm™ and amide Il from 1027 cm™ to 1022 cm™ in the crosslinked particles, due
to the interaction between the TPP anionic phosphoric groups and chitosan cationic

amine groups (Luo, Zhang, Cheng & Wang, 2010).

4.3.3.1.4 Contact angle

The differences in the affinity of the nanoparticles to water were evaluated
through the water contact angle formed over dried films constituted by the
nanoparticles. Table 4.3.1 present images of water droplets as recorded on the
surfaces of the particles deposited on glass slides, along with correspondent values
and standard deviations.

The water affinity of various particles has been studied with the aim of
evaluating their behavior at the oil-water interface in emulsions (Ho et al., 2016; Linke
& Drusch, 2018; Haider, Majeed, Williams, Safdar & Zhang, 2017). Generally, contact
angle below 65° indicates a hydrophilic surface while values above 65° define a
hydrophobic behavior (Vogler, 1998). In this way, the wetting tendency is larger as
the contact angle becomes smaller.

In the present study, the nanoparticles produced by deprotonation exhibited a
more hydrophobic behavior, considering that the measured contact angles were
greater than those obtained for CN-TPP. The hydrophobicity response of chitosan
nanoparticles is related to nonpolar acetyl units associated to the reduction of
charges along the polymer backbone. In acid aqueous solutions the chitosan
molecular structure presents cationic amines (-NH*>*) as outlined in Figure 4.3.3 The
deprotonation of these amino groups occurs when the solvent changes towards an
alkaline pH, leading to the formation of -NH, in pH above the chitosan pKa (~ 6.5)

(Ho et al. 2016). The deprotonation of -NH** groups favors the self-aggregation of
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chitosan molecules by intermolecular attraction between the acetyl units (N-acetyl-D-

Glucosamine), conferring to the formed particles a hydrophobic feature.

pH > pK, NH,

_
Deprotonatlon

TPP

Ionic
crosslinking

Chitosan solution Chitosan-TPP nanoparticle (CN-TPP)

Figure 4.3.3 Deprotonation of amino groups of chitosan and ionic crosslinking

between chitosan and TPP.

It is also noteworthy to emphasize that the higher mobility of the hydroxyl ions
that binds to the amine group weakens the intermolecular electrostatic repulsions
and reduces considerably the stiffness of the chitosan chains (Kaloti & Bohidar,
2010), thus making the chitosan chain more flexible.

The use of TPP for ionic crosslinking resulted in particles with lower contact
angle, probably due to the presence of residual non-bonded NH3* groups in the
chitosan chain. As already commented, by adding TPP to the acid solution of
chitosan, the positive amino groups of chitosan structure bonded the negative
phosphate groups of sodium tripolyphosphate. Nevertheless, not all the amino
groups were neutralized by TPP as a consequence of the polymer configuration and
steric hindrances. In fact, the remaining NH** groups resulted in more soluble
complexes, as schematized in Figure 4.3.3 This is in close agreement with zeta
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potential results, confirming that crosslinked chitosan nanoparticles are more
positively charged than deprotonated samples.

4.3.3.2 Characterization of Pickering emulsions
4.3.3.2.1 Analysis of emulsion microstructure

Microscopic images of emulsions are presented in Figure 4.3.4. The optical
microscopy images show more spherical droplets of emulsions obtained when CN-
TPP was used, for both chitosan concentrations. Likewise, the crosslinked
nanoparticles provided smaller oil droplets and smaller span than CN nanoparticles
(Table 4.3.2), what is probably related to the smallest particle sizes produced by TPP
crosslinking. Moreover, as mentioned in section 3.3.1 and showed in Table 4.3.2, the
higher zeta potential may be correlated to the greater stability of suspensions,
contributing to the higher homogeneity in oil droplet sizes, which is clearly visible in
the optical micrographs.

Table 4.3.2 Droplet size (determined by optical microscopy) and electrical charge

(zeta potential) of emulsions.

) D(50) D(@3,2) Zeta potential
Emulsions Span
(um) (um) P (mV)
0.9CN 3.748 7.478 1.407 56+03"
0.9CN-TPP 2.712 3.690 1.037 13.1+£1.2°
1.5CN 3.139 11.536 2.006 75+19°
1.5CN-TPP 3.092 4921 1.169 63+£09°

Mean values * standard deviations. Values with different letters within the same column are
significantly different (p < 0.05) according to the LSD multiple range test at 95% of confidence.

In order to investigate the distribution of chitosan nanoparticles around oil
droplets, the microstructure of the emulsion produced with crosslinked and non-
crosslinked chitosan in the lower polymer concentration (0.9 g /100 g) was analyzed
by confocal microscopy.

In this analysis, chitosan was marked by shades of green. The micrographs
showed that chitosan nanoparticles are adsorbed at the interface, stabilizing the oil
droplets by the Pickering mechanism. Confocal images showed that the
nanoparticles produced by deprotonation can adsorb onto the oil droplet surface;
nevertheless, as the CN particles have lower zeta potential than CN-TPP (Table

4.3.1), the oil droplets stabilized by CN particles can not only share particles in
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common, but also interact among each other due to the lower repulsion forces.
These phenomena resulted in the spreading of chitosan in the continuous phase,
developing an interconnected network able to stabilize the emulsion droplets. On the
other hand, ionic crosslinking provided the formation of individual particles that
arranged themselves to concentrate over the droplet surfaces. Because crosslinked
nanoparticles had higher zeta potential, the repulsion force maintains the oil droplets

away from each other — hindering the network formed by CN.
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Figure 4.3.4 Microscopic images of emulsions produced by deprotonated (CN) and
ionic crosslinked (CN-TPP) chitosan nanoparticles. Confocal microscopy and TEM
images were obtained for emulsions formulated with the lowest concentration of
chitosan (0.9 g /100 g).
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Details on the morphology of chitosan nanoparticles of emulsions formulated
with 0.9 g chitosan/100 g can be observed by TEM images included in Figure 4.3.4.
Nanoparticles produced by only changing the pH of aqueous phase (09CN) showed
more rounded shape compared with crosslinked nanoparticles (09CN-TPP), as well
as had different sizes, which is in agreement to results of particle size distribution. In
addition, the image suggests the formation of a chitosan network in the continuous
phase (indicated by arrows) with free polymer chains contributing to support the
particles in suspension and providing oil droplets stabilization. Although different
conformations appeared for TPP-crosslinked nanoparticles, more homogeneous size
distribution was obtained as described in section 4.3.3.1.2. Similar images of
chitosan-tripolyphosphate nanoparticles were acquired by Rampino et al. (2013).
These authors reported an aggregation of particles when anionic groups of TPP
started interacting with few cationic groups of chitosan, leading to chain folding.
Furthermore, a rearrangement of chains might have occurred due to the presence of
partially neutralized positive charges of chitosan in the primary aggregates and the
size stability of particles could be reached as a function of time. In accordance to the
authors, this phenomenon produced more compact particles caused by the fusion of
single smaller particles into one entity, what was possible due to the aqueous
environment still present during TEM analysis as the air-dried samples were not
completely desiccated. Thus, a rearrangement was favored with time leading to a

Gaussian distribution curve (Rampino et al., 2013).

4.3.3.2.2 Rheological behavior of the emulsions
4.3.3.2.2.1 Steady shear assays

Flow behavior of the four emulsions was assessed by plotting the apparent
viscosity as function of shear rate (Figure 4.3.5). The graphs showed that all of the
emulsions presented a Newtonian plateau at very low shear rates, in which apparent
viscosity is practically constant. As the shear rate increased, the shear-thinning
behavior became evident by the decreasing values of apparent viscosity starting at a
critical shear rate. Taking into account that this behavior is commonly represented by
the Cross and Carreau model, non-linear regressions were performed and the

corresponding fitting parameters are shown in Table 4.3.3.
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Although both of the models could be fitted to the experimental data with good

accuracy (Rjdj >0.900), the Carreau model was able to better represent the flow

behavior with higher R?, and lower RMSE (Table 4.3.3). In fact, the Carreau model

has been chosen to represent the flow behavior of oil-in-water emulsions (Roman,
Martinez & Gomez, 2015; Graca, Raimundo & Souza, 2016; Espert, Salvador, San &
Hernandez, 2020). Nevertheless, the experimental data did not cover the region that

concerns the apparent viscosity at infinite shear rate (77.) for the studied samples.
This parameter was then supposed to be found at higher shear rates, with its values
tending to be lower than the apparent viscosity observed at the maximum shear rate

assessed.
The emulsions formulated with 1.5CN and 0.9CN-TPP showed the higher

apparent viscosity at zero shear rate (7,). The values tend to increase with

decreasing water content (or increasing stabilizer concentration), which is in
agreement with literature (Roman et al., 2015) and with the observations for
emulsions produced with deprotonated chitosan. On the other hand, emulsions

prepared with TPP-crosslinked chitosan tended to follow an opposite trend.
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Figure 4.3.5. Experimental data of apparent viscosity versus shear rate for the
emulsions 0.9CN (H), 1.5CN (@), 0.9CN-TPP (LJ) and 1.5CN-TPP (O) fitted to the

Carreau model (—).
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Table 4.3.3. Fitting parameters of the Cross and Carreau models to experimental
data of emulsion’s apparent viscosity.

Model Fitting Emulsion
parameter 0.9CN 1.5CN 0.9CN-TPP 1.5CN-TPP
7, 951.19+915.23°  15444.60 £ 11257.2%  4467.49 £2253.95™  1078.45+743.57°
n. <0.01 <0.08 <0.01 <0.01

Cross Ve 0.0249£0.0224®  0.0469 0.0007 * 0.0021 +0.0014 ° 0.0094 +0.0016 °

m 1.2809+0.2975°  1.3984+0.02793 * 0.9775 + 0.07064 * 0.9937 +0.1267 *
Rjdj >0.9620 >0.9528 >0.9003 >0.9971
RMSE <32.65 <678.63 <219.18 <18.56
o 730.54 +555.88°  16180.10+11835.20* 4723.39 + 1386.70 © 815.25+481.20°
. <0.01 <0.08 <0.01 <0.01

Carrean 7. 0.0157 £0.0118 0.0288 +0.0015 0.0009 +0.0011 ° 0.0075 +0.0015 ®
N 0.5919 £0.1713 ® 0.6432 +0.0276 0.4716 +0.0238 * 0.4819 £ 0.0561 ®
R, >0.9916 0.9686 0.9374 0.9948
RMSE <25.25 <552.81 <173.68 <26.57

Mean values + standard deviations. Values with different letters within the same line are significantly
different (p < 0.05) according to the LSD multiple range test at 95% of confidence.

This difference can be attributed to the fact that deprotonated chitosan
nanoparticles produced emulsions by forming a network in the dispersed phase,
capable to adsorb and to entrap the oil (Figure 4.3.4) as discussed in section
4.3.3.2.1 In contrast, CN-TPP nanoparticles adsorbed onto the oil droplet interface to
produce dispersed and stabilized oil droplets. Thus, increasing the concentration of
deprotonated particles seemed to reinforce the CN network. The lower zeta potential
found for these particles leads them to interact among each other by adsorption in
multilayers (Sharma, Kumar, Chon & Sangwai, 2014). It makes more difficult the
molecular movement by setting up physical barriers against the flow (Maskan &
Go6gus, 2000). Regarding CN-TPP, the presence of more particles in the suspension
was able to efficiently encapsulate the oil (Table 4.3.2) without significantly
increasing the viscosity of the continuous phase. As the oil content (and thus the
dispersed phase volume) was the same for all the emulsions, the apparent
viscosities of the 1.5CN-TPP emulsion was of the same order of the 0.9CN-TPP one,
as shown in Figure 4.3.5. It agrees with the fact that CN-TPP are not dispersed into
the continuous phase as CN, but adhered to separate droplets. In other words, in the
studied conditions, the rheological parameters of the CN-TPP emulsions are more
governed by the continuous phase than by the dispersed phase (oil + adsorbed

particles).
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In addition to the differences in 7),, both emulsions prepared with

deprotonated chitosan nanoparticles had higher critical shear rate (7. ). These

samples were able to maintain relatively constant the apparent viscosities in larger
regions of low shear rate than emulsions produced with TPP-crosslinked chitosan,
which showed lower viscosity and shorter Newtonian plateau. The network formed in
emulsions prepared with CN plays an important role on increasing the values of
critical shear rate. At low shear rate, this tridimensional structure resists to the
shearing process as it was a solid — with this resistance tending to higher values
when the network is strengthened by increasing particle concentration. Because the
emulsions formulated with crosslinked chitosan behave more as a suspension, the
dispersed phase reorganized at lower shear rates to flow more easily. Once the
shear rate was increased and the Newtonian plateau was overcome, the emulsions
entered in the power law region commonly reported in literature (Rao, 2014). They
showed similar degree of shear-thinning behavior, as indicated by the close N
values, characterizing the decreasing viscosity with increasing shear rate. Shear-
thinning behavior of emulsions is usually associated to the collapse of part of the
droplets and of droplet aggregates, in addition to the alignment of biopolymer
molecules present in the continuous phase during shearing (Niknam, Ghanbarzadeh,
Ayaseh, Rezagholi, 2018). This phenomenon has a more significant effect in 0.9CN
and 1.5CN emulsions than in those prepared with CN-TPP nanoparticles, as already
discussed in section 4.3.3.1.2 thus, confirming the previously rheological

observations.

4.3.3.2.2.2 Oscillatory shear assays

The emulsion structure was also evaluated by dynamical analysis through
measurements of storage (G’) and loss (G”) modulus under low strain amplitude. All
of the mechanical spectra showed that G’ > G” without crossing-over (Figure 4.3.6),
indicating that the emulsions tended to storage energy instead of losing it when the
strain was applied over the frequency range. A similar viscoelastic behavior was
observed for chitosan-based emulsion in a previous work (Alison et al., 2016). The
fitting procedure of the power law equation to the experimental data of G’ and G”

against frequency provides important information about the emulsion behavior. Table
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4.3.4 shows the corresponding fitting parameters, which were able to fit the

experimental data with good accuracy.
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Figure 4.3.6 Storage (closed symbols) and loss (open symbols) modulus for the
emulsions prepared with (a) 0.9CN, (b) 1.5CN, (c) 0.9CN-TPP and (d) 1.5CN-TPP.

The fitted mechanical spectra showed that emulsions prepared with
deprotonated chitosan behaved as true gel, as the values of G’ are more constant
over the frequency range when compared to the CN-TPP stabilized emulsions at the
same particle concentration (n'CN < n’'CN-TPP) (Steffe, 1996). According to Zhang et
al. (2019), this is a result of a good dispersion of the nanoparticles throughout the
medium, which confers a solid-like behavior to the system. In spite of this difference,
all of the emulsions had their shear flow dominated by elastic deformation because n’
values were lower than 1 (Chen et al., 2017).

This means that their structure is subjected to a breakdown at higher shear
values, which is in accordance to the larger Newtonian plateau zone observed in
steady shear assays. The emulsions formulated with CN-TPP presented mechanical
spectra with a slightly higher dependency on frequency, which is characteristic of
weak gels. They are supposed to flow under high shear in opposition to the structure

breakdown observed for true gels.
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Table 4.3.4 Fitting parameters of the Power-Law equation to experimental data of

storage (G’) and loss (G”) modulus.

Fitting parameters Emulsions
0.9CN 1.5CN 0.9CN-TPP 1.5CN-TPP

k' 2440 +£527°  11522+3436° 7.45+0.94° 4424 +£933°
n' 0.05+0.02°¢ 0.08 +0.01 ™ 0.11+0.02% 0.13+0.01°
R, >0.7950 >0.9202 >0.7407 >0.9598

RMSE <0.8366 <6.2731 <0.8655 <1.9055
k" 0.98£0.19° 9.12+1.75° 1.04 £0.34° 6.95+1.69°
n'" 0.28 +0.05* 0.19 +0.02 0.18 +0.08 0.22+0.01°
R, >0.4630 >().8486 >0.5901 >0.9098

RMSE <0.5090 <1.6669 <0.3500 <0.9287

Mean values + standard deviations. Values with different letters within the same line are significantly

different (p < 0.05) according to the LSD multiple range test at 95% of confidence.

Although there were no significant differences, increasing the concentration of
nanoparticles tended to produce emulsions with slightly higher n’ values. The higher
the particle concentration the higher is the probability of structural reorganization by
the increased interparticle interactions. Regarding the intercepts k’, higher capacity
for storing energy in the emulsions with deprotonated nanoparticles at higher
nanoparticles concentration was observed. In addition, the clustered complex with
deprotonated nanoparticles seemed to absorb more deformation energy than the
dispersed system with CN-TPP (of lower k’ compared to CN), and this observation
becomes significant when the structure is reinforced by increasing the particle
concentration. In close agreement with the steady state results, even though there
was an increase in k' at higher CN-TPP particle concentration, the way these
particles adsorb onto the oil droplet surface did not significant affect the dispersant
properties and the overall gel strength. However, it is important to highlight that these
observations apply for the range of particle concentration studied. The appearance of
significant differences between the rheological parameters may mark a limit value at
which the oil droplet surface is saturated with CN-TPP and the surplus particles
remain dispersed within the continuous phase. The reduction in the osmotic pressure
as a consequence of increasing particle concentration in the dispersant may lead
them to cluster and to lose flowability (Lu et al., 2019; Sharma, Kumar, Chong &
Sangwai, 2014) — which was, in fact, observed for deprotonated chitosan

nanoparticles at all concentrations.
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The dependency of the loss modulus on the frequency seemed to be not
affected by different emulsion formulations (0.1676< n” <0.2155). In contrast, k” was
higher for the emulsions with higher concentration of nanoparticles and also higher in
emulsion elaborated with deprotonated nanoparticles. This means that these
emulsions loss energy more easily in these conditions, which could be attributed to
the disruption of the CN network and particle segregation. Moreover, a higher
concentration of particles implies that they interact more intensively among each
other and lose more energy by frictional forces along shearing than diluted systems.

In summary, the rheological results confirm that CN nanoparticles were able to
emulsify roasted coffee oil by forming a tridimensional network in the continuous
phase that entrapped the free oil into its structure. It was possible because of the low
electrostatic repulsions which allows them to come close to each other to create the
observed viscoelastic true gels. These nanoparticles can interact to build an elastic
gel network that supports higher stress application (Alison et al., 2016), but its
structure is lost when a critical shear is applied. On the other hand, CN-TPP
nanoparticles produce the emulsions by adsorbing on the surface of oil droplets. This
different mechanism might be related to the repulsion effects (higher zeta potential)
of CN-TPP nanoparticles that keep oil droplets away from each other, contributing
allowing for the dispersion of the stabilized oil droplet into the continuous phase and
conferring to the emulsions a fluid-like behavior that resembles a suspension (Yuan
et al., 2017; Hu, Marway, Kasem, Pelton & Cranston 2016).

4.3.4. Conclusions

Nanoparticles of deprotonated and crosslinked chitosan were produced with
promising characteristics for stabilizing oil droplets and be tailored for specific
purposes. Both type of chitosan nanoparticles presented high zeta potential and
partial wettability by water, with bimodal particle size distribution and different
structural conformation. Analysis through FT-IR evidenced the creation of new bonds
along the chitosan chain according to the production method used, providing distinct
properties to the polymer in different states of aggregation. The emulsions formulated
with TPP-crosslinked nanoparticles present no gravitational separation during 24
hours, in spite of the lower viscosity observed even when chitosan concentration was

increased from 0.9 to 1.5 g/100 g, which showed that this type or particles may serve
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as Pickering stabilizers to produce fluid emulsions suitable for processes subjected to
high shear rates. On the other hand, the rheological behavior of emulsions prepared
with deprotonated chitosan nanoparticles was more susceptible to increasing
chitosan concentration, and they might be investigated in future works regarding their
potential to be used as high-internal phase systems thanks to their ability to
entrapping oil into a more viscous network formed in the continuous phase at higher
chitosan concentrations. Although the current study focused on the performance of
different chitosan nanoparticles in oil droplet formation and on the behavior of
nanoparticle-based emulsions, investigation on the long-term stability of the
emulsions is recommended, as the further application of these systems depends on

the required shelf life and should be defined case-by-case.
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Roasted coffee oil microcapsules
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Abstract: Microcapsules from well-defined emulsion templates has been shown to
be an interesting alternative to encapsulate lipids. Thus, this work aimed at producing
microcapsules by freeze-drying (FD) and spray-drying (SD) Pickering emulsions of
roasted coffee oil (RCO) formulated with self-aggregated or tripolyphosphate-
crosslinked chitosan nanoparticles. Physical properties, encapsulation parameters
and bioaccessibility of bioactive compounds were investigated as affected by the
nanoparticle synthesis and drying technique. All of the samples showed suitable
moisture content (2.60% — 3.88%), water activity (0.18 — 2.1) and solubility (63.8% -
87.9%). Self-aggregated chitosan improved oil retention in spray- and freeze-dried
samples (>83%) and increased the encapsulation efficiency of FD to values close of
SD. Spray-drying produced microcapsules with spherical shapes and smaller size
(~11 pm) than FD (~250 um), which had irregular morphology. Although freeze-
drying had lower impact in the bioactive compounds, spray-drying promoted better
protection to bioactive compounds during in vitro digestion. Moreover, spray-dried
microcapsules with self-aggregated chitosan showed higher bioaccessibility to

phenolic compounds and antioxidant activity.

Keywords: roasted coffee oil, crosslinking, spray-drying, freeze-drying, antioxidant
activity, phenolic content, digestion.
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4.4.1. Introduction

The stabilization of oil-in-water emulsions by the Pickering method has been
strongly encouraged as an alternative to replace the conventional surfactants by
natural compounds, as biopolymers. These macromolecules may be converted into
colloidal particles that can adsorb onto the oil/water interface, thus forming a robust
monolayer that prevents droplet coalescence and stabilizes the emulsions due to the
high energy level required to remove them from the interface (Yan et al., 2017). With
the aim of optimizing the performance of biopolymers as Pickering emulsifiers,
physical and/or chemical modifications must be carried out to make them suitable for
a given application.

Chitosan, in particular, is a chitin-derived polysaccharide with high
biocompatibility and biodegradability that can behave as an agent of controlled
delivery of bioactive compounds during encapsulation (Carlan, Estevinho, & Rocha,
2017). This polysaccharide presents high solubility in acid medium due to the
protonation phenomena. However, as the electrostatic charges of chitosan are
neutralized, it becomes more hydrophobic, with a specific conformational structure
that is desirable for food purposes (Baek, Wahid-Pedro, Kim, Kim, & Tam, 2019).
Among the many methods for chitosan modification, the self-aggregation and
crosslinking technique are widely reported in literature — including for Pickering
emulsification (Costa, Gomes, & Cunha, 2018; Mwangi, Ho, Ooi, Tey, & Chan, 2016;
Ribeiro, Barros-Alexandrino, et al., 2020). Self-aggregation is performed by
deprotonating chitosan molecules in the presence of an alkaline agent, causing the
molecules to self-assemble into solid micro- or nanoparticles (Ho et al., 2016).
Crosslinking is an alternative method to produce chitosan nanoparticles that consists
of adding a crosslinking agent, e.g. sodium tripolyphosphate (TPP), which results in
the ionic gelation of chitosan chains through the interaction between the negative
charges of the polyanion and the positive charges of the primary amino groups
present in chitosan molecules (Shah et al., 2016).

Despite these two methods of chitosan modification create solid colloidal
particles with affinity by both polar (water) and non-polar (lipid) compounds, the
resulting physicochemical properties of each type of chitosan nanoparticle influence
their behavior as Pickering emulsifiers, mainly because of differences in particle size

distribution, zeta potential, contact angle, and microstructure. Therefore, these
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particles act differently as barriers against the lipid access by environmental factors
(Ribeiro, Borreani, et al., 2020).

Emulsions play an important role on preserving lipid compounds (Araiza-
Calahorra, Akhtar, & Sarkar, 2018), but their handling and shelf-life are impaired as a
consequence of their high water content. Thus, converting emulsions into powdered
formulations by water removal is an attractive possibility for preserving food
compounds and reducing costs related to storage and transportation. Freeze-drying
(FD) and spray-drying (SD) are some of the most used methods for encapsulating
materials of interest in a dried food matrix. The first is highlighted by operating at low
temperatures, below the freezing point, to proceed to water sublimation — thus
preventing undesirable thermal effects (Ezhilarasi, Indrani, Jena, &
Anandharamakrishnan, 2013). The latter consists of a simple method that
continuously atomizes the emulsion to be quickly dried in contact with a hot air flow
(Gharsallaoui, Roudaut, Chambin, Voilley, & Saurel, 2007).

The mechanisms involved in drying and encapsulation give rise to dried
microcapsules with distinct physical properties that should be specifically addressed
(Karthik & Anandharamakrishnan, 2013). When produced from well-defined Pickering
emulsion templates, these microcapsules can be easily used as ingredients in food
formulations, but the composition and microstructure of the encapsulating matrix
differently affects the delivery of bioactive compounds into the gastrointestinal tract
(Mwangi et al., 2016). In particular, studies about the bioaccessibility have been
successfully carried out in order to evaluate the release of antioxidants and phenolic
compounds from the lipid core during simulated in vitro digestion (Burgos-Diaz,
Opazo-Navarrete, Soto-Anual, Leal-Calderdon, & Bustamante, 2020; Jara-Palacios,
Gongalves, Hernanz, Heredia, & Romano, 2018).

In the present study, roasted coffee oil (RCO) was considered as the lipid
phase to be encapsulated. RCO is a byproduct of the coffee processing industry and
presents high contents of unsaturated fatty acids and antioxidant compounds
(Hurtado-Benavides, Dorado A, & Sanchez-Camargo, 2016; Ribeiro, Borreani, et al.,
2020). Pickering emulsions stabilized by self-aggregated or crosslinked chitosan
nanoparticles were used as templates for producing microcapsules by freeze-drying
or spray-drying techniques. The effects of the matrix and the drying method on the
physical properties of the resulting microcapsules, encapsulation parameters,

microstructure and bioaccessibility of the bioactive compounds were reported.
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4.4.2 Materials and Methods

4.4.2.1 Material

The following ingredients were used in the production of the roasted coffee oil
microcapsules: low molecular weight chitosan powder (degree of deacetylation: 77%)
purchased from Sigma-Aldrich (San Luis, USA); roasted coffee oil (RCO) kindly
supplied by Cia. Ilguagu de Café Soluvel (Cornélio Procopio, Brazil); maltodextrin DE
10 purchased from Get do Brasil (Sdo Jodo da Boa Vista, Brazil); sodium
tripolyphosphate (TPP) purchased from LS Chemicals (Ribeirdo Preto, Brazil); glacial
acetic acid and sodium hydroxide purchased from Dinamica (Indaiatuba, Brazil).
Analytical grade chemicals and ultrapure water with 18.2 MQ cm resistivity were used

in all the experiments.

4.4.2.2 Synthesis of self-aggregated chitosan and crosslinked chitosan nanoparticles

Chitosan nanoparticles were obtained by two methods as described by Ribeiro
et al. (2020): self-aggregated chitosan nanoparticles were produced by deprotonation
of the amino groups on the D-glucosamine units, whereas crosslinked chitosan
nanoparticles were obtained by adding sodium tripolyphosphate (TPP) as a
crosslinking agent. Initially, the biopolymer was added to an acetic acid solution 1%
and left under magnetic stirring for 24 h at room temperature until complete
dissolution. For the amino deprotonation method, nanoparticles were obtained by
dripping NaOH 6 M in order to increase the pH of the solution from 3.5 to 6.7. For the
crosslinking method, a TPP aqueous solution was added to the initial chitosan
solution in a proportion to result in the mass ratio of 3:1 (CS:TPP). Both methods
aimed at obtaining a final concentration of chitosan nanoparticles of 0.9 g/100 g

suspension.

4.4.2.3 Preparation of roasted coffee oil Pickering emulsions

RCO was added to the obtained suspensions of self-aggregated or
crosslinked chitosan nanoparticles to produce emulsions with 10% (w/w) of lipid
phase. The oil was added to the nanoparticle suspensions under homogenization
(Ultra-Turrax T25, IKA, Germany) at 12,000 rpm. After oil addition, the samples were

kept under mixing for 5 min more. Both the emulsions were prepared in triplicate.
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4.4.2.4 Production of roasted coffee oil microcapsules

RCO microcapsules obtained by the different drying methods were produced
using the previously prepared emulsions added with maltodextrin DE 10 (35 g/100 g
in the emulsion) as a carrier agent. Maltodextrin dispersion into the emulsions was
performed using an Ultra-Turrax stirrer at 12,000 rpm for 5 min. As a control system
(MO), maltodextrin and RCO were dispersed under the same conditions but using
ultrapure water without chitosan nanoparticles. Maltodextrin-added emulsions
containing self-aggregated chitosan were denominated CMO, whereas those with
crosslinked chitosan were designated CTMO. After preparation, the control system
and the maltodextrin-added emulsions were subjected to freeze-drying (FD) or spray-
drying (SD).

4.4.2.5 Freeze drying (FD)

For freeze-drying, the emulsions were initially frozen at —40° C in an ultra-
freezer for 24 h, followed by drying in a freeze-dryer (model L-101, Liotop, Brazil) for
48 h at an approximated pressure of 200 umHg. After freeze-drying, samples were
finely grinded using the mortar and stored into metallized bags in a desiccator at
room temperature. This procedure originated the freeze-dried microcapsules MO-FD
(control), CMO-FD and CTMO-FD.

4.4.2.6 Spray-drying (SD)

For the spray-drying process, both emulsions and the control system were
dried in a bench-scale spray-dryer (B-290, Bulchi, Switzerland) using double-fluid
spray nozzle (orifice diameter = 0.7 mm). The equipment was fed through a
peristaltic pump and, after preliminary assays, the defined drying conditions were:
feed flow rate of 2 mL/min, atomization air rate of 742 L/h, inlet air temperature 160
°C, and aspiration rate of 35 m3/h. The spray-dried samples were designated as MO-
SD (control) and CMO-SD (formulated with self-aggregation chitosan), and were
stored into metallized bags in a desiccator at room temperature. Spray-dried
microcapsules obtained from the emulsion containing TPP-crosslinked nanoparticles,
which would have been designated as CTMO-SD, could not be produced: because
the TPP-chitosan nanoparticles present a more rigid structure (Ribeiro, Barros-
Alexandrino, et al., 2020), their presence in CTMO emulsions caused the nozzle

feeding orifice to clog as the sample was pumped.
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4.4.2.7 Characterization of roasted coffee oil microcapsules
4.4.2.7.1 Moisture content and water activity (aw) of microcapsules

The moisture content of microcapsules was determined gravimetrically by
drying 1.5 g of samples in a vacuum oven (Marconi, MA 030) at 70 °C until constant
weight (AOAC, 1990). Water activity was determined using an AqualL 4TEV water
activity meter (Decagon Devices, Inc., Pullman, USA). The measurements were

carried out at 25 °C.

4.4.2.7.2 Solubility

Microcapsules samples (1 g) were dispersed in 25 mL of water and kept under
magnetic stirring for 5 min. The solution was centrifuged at 3000(1g for 10 min. The
supernatant (20 mL) was transferred to previously weighed Petri dishes and oven
dried at 105 °C for 5 h. The solubility (%) was calculated as the weight difference
(Cano-Chauca, Stringheta, Ramos, & Cal-Vidal, 2005).

4.4.2.7.3 Patrticle size distribution

Particle size distribution was measured by laser diffraction (L950, Horiba
instruments, Inc., Japan). The mean particle diameter, expressed as the volume
mean diameter D[4,3], and the width of particle size distribution (Span), were

calculated according to Equations (1) and (2), respectively:

d?
pl43]= %Z’d;

D90 — D10
Dso (2)

Span =

in which n; is the number of particles with d; diameter. Dy is defined as the diameter
at which 10% of the particles lies below this value. Similarly, Dsp and Dgy correspond
to the diameters at which 50% and 90% of the cumulative volumes of the distribution

have smaller particle sizes than that value, respectively.
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4.4.2.7.4 Oil retention

RCO retention (%) in the microcapsules was determined using a Multiskan Go
Spectrophotometer (Thermo Fisher Scientific, Vantaa, Finland) following the
methodology proposed by Freiberger et al. (2015) with some modifications. The
microcapsules (0.5 g) were dissolved in acetic acid solution 1% (5 mL) under stirring
for 10 min. Chitosan was precipitated by adding ethanol (5 mL), then the solution was
filtered through a 0.45 pm nylon filter and the absorbance was read at 296 nm. As a
blank, used for absorbance readings, a suspension of microcapsules produced
without RCO was subjected to the same treatment. A calibration curve was
previously obtained for calculating RCO concentration. The oil retention was obtained

using Equation (3).

Retention (%) = 100 x &

G (3)
in which € is the total oil content in the microcapsules (g) and Co is the theoretical
oil content (g) expected in the powder, based on the emulsion formulation in dry
basis.

4.4.2.7.5 Encapsulation efficiency

The ration between the amount of oil entrapped inside the microcapsules and
the oil content in the particle surface is considered as the encapsulation efficiency,
given by Equation (4):

(Cz B Cs)

Encapsulation efficiency (%)=100 x (4)

t

in which the total oil (c,) was obtained as described in section 4.4.2.7.4 and the

surface oil (Cs) was extracted following the methodology proposed by Silva, Vieira &
Hubinger (2014) with modifications. Hexane (5 mL) was added to 0.5 g of
microcapsules and shaken for 2 min at room temperature. The dispersion was filtered
through a 0.45 ym nylon filter and the powder on the filter was rinsed three times with
5 mL of hexane. The absorbance reading was carried out in a Multiskan Go

Spectrophotometer at 296 nm using pure hexane as blank. The RCO concentration
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was determined with a previously obtained calibration curve of oil dissolved in

hexane.

4.4.2.7.6 Drying yield (%)
The drying yield (%) corresponding to each drying method was determined as
the ratio between the total solids recovered and the mass of solids present in the

dried emulsions.

4.4.2.7.7 Microstructure

Spray-dried and freeze-dried samples were analyzed according to their
microstructure by scanning electron microscopy. Samples were coated with platinum
and observed by a field emission scanning electron microscope (FESEM) (Ultra55
FESEM model; Zeiss, Oberkochen, Germany). Each sample was analyzed in

duplicate.

4.4.2.7.8 Total Phenolic Content

The total phenolic content (TPC) was determined in triplicate using the Folin-
Ciocalteu assay (Singleton & Rossi, 1965). Ethanolic extracts were obtained by
stirring the samples with absolute ethanol (10 mg/mL) for 10 s in a vortex and
centrifuging (Centrifuge 5415 R., Hamburg, Germany) at 14,500 rpm for 20 min at 4
°C. This procedure was repeated three times and, then, the top layers were mixed to
proceed to the Folin-Ciocalteu method (Ribeiro, Borreani, et al., 2020). The resulting
absorbance of the samples was measured at 725 nm and the concentration could be
determined by a previously prepared calibration curve. The content of TPC was

expressed as milligram equivalent of gallic acid per 100 g of microcapsules.

4.4.2.7.9 Antioxidant capacity

The ethanolic extracts were subjected to the analysis of antioxidant capacity
by the DPPH (2,2-diphenyl-1-picrylhydrazyl) radical scavenging method (Brand-
Williams, Cuvelier, & Berset, 1995). Approximately 100 pL of diluted samples were
mixed with 2.9 mL of the DPPH solution in amber tubes. After 1 h of reaction, the
absorbance was read at 515 nm in a spectrophotometer (model UV mini-1240,
Shimadzu, Chiyoda-ku, Japan). Results were expressed as milligram equivalent of

Trolox per 100 g of microcapsules by using a standard curve of Trolox solutions.
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In addition, antioxidant activity was evaluated by ferric reducing antioxidant
power (FRAP) method (Benzie & Strain, 1996). In this procedure, 90 yL of the
ethanolic extract were mixed with 270 uL of distilled water and 2.7 mL of the FRAP
reagent (750 mL of acetate buffer 0.3 M, 75 mL of TPTZ 10 mM solution and 75 mL
of 20 mM ferric chloride). The mixture was homogenized and immersed into a water
bath at 37 °C for 30 min. The absorbance of the samples was measured at 595 nm in
a spectrophotometer (model UV mini-1240, Shimadzu, Chiyoda-ku, Japan). Results
were expressed as milligram equivalent of Trolox per 100 g of microcapsules by

using a standard curve of Trolox solutions.

4.4.2.8 In vitro digestion
4.4.2.8.1 In vitro digestion model

A simulated in vitro digestion, following the model described by Eriksen et al.
(2017), Gomez-Mascaraque et al. (2017), and Minekus et al. (2014), was performed
to evaluate the effects of chitosan nanoparticle synthesis and drying methods in the
bioaccessibility of the phenolic and antioxidant compounds present in the
microcapsules. The digestion process was carried out in a reaction station (Carousel
6 Plus commercial house) with controlled temperature of 37°C and stirring at 150
rom. During digestion the samples were kept in the dark and nitrogen atmosphere in
both the gastric and intestinal phases. Solutions of simulated salivary fluid (SSF),
simulated gastric fluid (SGF) and simulated intestinal fluid (SIF) were prepared
according to the compositions described by Minekus et al. (2014). Firstly, for the oral
stage, 4 mL of SFF + a-amylase (75 U/mL in the digestion mixture) previously
adjusted to pH 7, 19 uL of CaCl, and 0.981 mL of distilled water were added to 5 g of
sample. This mixture was maintained under simulated oral digestion for 2 min and,
then, the obtained digested sample was added into the digestion flask in the reaction
station to proceed the further steps. Secondly, for the gastric phase, 16 mL of SGF +
pepsin (2000 U/mL in the digestion mix) and 8 uL of CaCl, were added. The pH was
adjusted between 2.5 and 3.5 using 1 M HCI, and the volume was completed to 20
mL with distilled water. The mixture was incubated at 37 °C for 1 h under shaking
and in the absence of oxygen. Finally, for intestinal digestion, the pH was adjusted
between 6.5 and 7.5 using 1 M HCIl or 1 M NaOH. Then 8 mL of SIF + pancreatin
(16.25 mg/mL), 45 uL of CaCl2, 8 mL of SIF + bile (37.8 mg/mL) and 8 mL of SIF +

lipase (2000 U/mL) were added. Once the pH was readjusted, the necessary volume
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of distilled water was added for a total volume of 30 mL. The mixture was incubated
at 37 °C for 2 h under shaking, absence of oxygen and darkness. At the end of the
digestion, the resulting mixture was centrifuged at 14,500 rpm for 20 min at 4 °C
(Centrifuge 5804 R., Hamburg, Germany) and filtered using a vacuum pump and
Whatman n. 4 filter paper, 20-25 ym pore size, yielding a two-phase system. The
supernatant, considered to present the soluble compounds that are available to be
transferred to the human blood, was designed as IN fraction and it was used for

calculating the bioacessibility of total phenolic compounds and antioxidant capacity.

4.4.2.8.2 Bioaccessibility

The effect of the microcapsules’ matrix and the drying method on the digestion
was evaluated with basis on the phenolic content of roasted coffee oil and its
antioxidant capacity. These values were used to determine the bioaccessibility index
as suggested by Schulz et al. (2017) with some modifications.

The bioaccessibility index is defined as the proportion of the total phenolic
content or antioxidant capacity present in the intestinal phase that could become
available for absorption into the systemic circulation. It was calculated according to
Equation (5):

Bioaccessibility index (%) = N x100
ND

()

in which IN is the content of the compound released in the simulated digestion and
ND is the content of the compound in the non-digested sample. Bioaccessibility index
was also calculated for the values of antioxidant activity obtained by DPPH and
FRAP method.

4.4.2.9 Statistical Analysis

Analysis of variance (ANOVA) was performed on the experimental data using
the STATISTICA software (StatSoft Inc., Tulsa, EUA). The presence of significant
differences between the averages was evaluated by the Fisher test with 95% of

confidence.
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4.4.3 Results and discussion

4.4.3.1 Moisture content, aw and solubility

Physicochemical properties of the microcapsules are closely connected to the
food processing as well as to the constituting matrix. Parameters such as moisture
content can affect the flow characteristic of bulk powders whereas water activity is
related to the free water available for various chemical and biological reactions to
occur.

All of the microcapsules presented close moisture contents (from 2.60 to
2.88% wet basis) (Table 4.4.1), which is considered to be suitable for preventing lipid
oxidation with microbiological safety (Rahman & Labuza, 2007; Vishnu et al., 2017).
Spray-dried microcapsules presented slightly lower moisture content, probably
related to the higher surface area of the atomized droplets available for water
removal than in freeze-dried samples (Karthik & Anandharamakrishnan, 2013).

On the other hand, slightly higher water activity was observed for spray-dried
samples. The presence of self-aggregated chitosan caused the water activity of the
microcapsules to increase even though the moisture content decreased in
comparison to the MO-SD sample. Self-aggregated chitosan increased the
hydrophobicity of the microcapsules’ matrix, and the reduced polar interactions
between water molecules and the material lead to a decrease in the moisture
content. Nevertheless, because the water molecules are not strongly bound to the
matrix, it makes the water activity to slightly increase. Even though, the a, is still
found to be within a safety range (<0.3) for microbial development and core
preservation (Klinkesorn, Sophanodora, Chinachoti, Decker, & McClements, 2006;
Rahman & Labuza, 2007). The incorporation of crosslinked chitosan into the food
matrix contributes to a certain degree of hydrophilicity due to the free amino groups
that are not bound to TPP (Ribeiro, Barros-Alexandrino, et al., 2020). In addition to
the decrease in the moisture content when compared to the MO-FD sample, the
matrix constituted of crosslinked chitosan binds better the existing water molecules
and decrease the amount of available water molecules for reactions. This behavior is
observed not only in MO-FD sample (with higher moisture content) but also in the
CMO-FD sample with similar moisture content.

The solubility of the microcapsules in water (Table 4.4.1) is an important

parameter related to the easiness of applying the material as a food ingredient. The
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aforementioned parameters - water content and water activity - reflect directly in the
solubility of the microcapsules. The more hydrophilic wall matrices resulted in
microcapsules with higher water solubility. Additionally, spray-drying produced more
soluble microcapsules than freeze-drying, probably because of the smallest particle
sizes resulting from this process, as discussed in Section 4.4.3.2.

It is important to highlight that control samples constituted exclusively of
maltodextrin presented good solubility for both drying methods, but they do not have
the desirable interfacial properties to ensure high microencapsulation efficiency as

attained by applying the chitosan nanoparticles (Gharsallaoui et al., 2007).

Table 4.4.1 Physicochemical properties of RCO microcapsules produced from

chitosan-based Pickering emulsions by different nanoparticle synthesis and drying

methods.
Sample Moisture content (%) Water activity Solubility in water (%)
MO-FD 3.88+0.082 0.1865 + 0.009 © 71.63 + 6.56 °°
CMO-FD 3.58 +0.07° 0.2001 + 0.004 ° 63.86 +6.32 €
CTMO-FD 3.52+0.06° 0.1679 + 0.003 ¢ 78.81 +6.04 °
MO-SD 3.38+0.03°¢ 0.1956 + 0.002 ° 87.90 + 10.55 2
CMO-SD 2.60 + 0.03 ¢° 0.2102 + 0.003 2 70.20 +7.21 ®¢

CMO-FD = freeze-dried microcapsules of RCO with self-aggregated chitosan and maltodextrin.
CTMO-FD = freeze-dried microcapsules of RCO with TPP-crosslinked chitosan and maltodextrin. MO-
FD = freeze-dried microcapsules of RCO with maltodextrin. CMO-SD = spray-dried microcapsules of
RCO with self-aggregated chitosan and maltodextrin. MO-SD = spray-dried microcapsules of RCO
with maltodextrin. Data are expressed as means values * standard deviation. Values with different
letters within the same column are significantly different (p < 0.05) according to the LSD (Fisher)

multiple range test.

4.4.3.2 Patrticle size distribution

Particle size was measured as a volume-weighted mean diameter (D[4,3]) and
the values are shown in Table 4.4.2. As expected, spray-drying resulted in much
smaller particles than freeze-drying as a result of the atomization of small emulsion
droplets followed by hot air drying. In addition, the absence of significant differences
among the spray-dried samples meant that self-aggregated chitosan nanoparticle

improved encapsulation without causing significant changes in the particles size of
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microcapsules, as well as possible texture defects when incorporated to food
products.

Regarding the freeze-dried samples, they resulted in quite similar particle
sizes with higher polydispersity (higher Span values) than those obtained by spray-
drying, as they were milled into smaller and heterogeneous particles, similarly as
found by Sturm et al. (2019) for freeze-dried propolis. Slightly higher values were
noticed for the control sample, which is probably related to an impaired encapsulation
by the exclusive use of maltodextrin as carrier agent. The addition of chitosan
nanoparticles play the role of creating a better interfacial film that prevents the
resulting microcapsules to agglomerate (Li et al., 2018).

Table 4.4.2 Particle size measurements of RCO microcapsules produced from

chitosan-based Pickering emulsions by different drying methods.

Sample D[4,3] (um) Span

MO-FD 276.21 +48.18 2 3.004 +0.183°
CMO-FD 24445 + 41.39° 2.942 +0.198°
CTMO-FD 231.91+24.80° 3.371+0.3422

MO-SD 10.73+0.22° 1.305 + 0.006 ¢
CMO-SD 12.83+0.20 ¢ 1.698 + 0.016 ©

CMO-FD = freeze-dried microcapsules of RCO with self-aggregated chitosan and maltodextrin.
CTMO-FD = freeze-dried microcapsules of RCO with crosslinked chitosan and maltodextrin. MO-FD =
freeze-dried microcapsules of RCO without chitosan. CMO-SD = spray-dried microcapsules of RCO
with self-aggregated chitosan and maltodextrin. MO-SD = spray-dried microcapsules of RCO without
chitosan. Data are expressed as means values + standard deviation. Values with different letters
within the same column are significantly different (p < 0.05) according to the LSD (Fisher) multiple

range test.

Figure 4.4.1 presented the particle size distribution for the studied samples. In
these graphs, higher particle size and polydispersity with a single large peak could be
observed for samples obtained by FD. SD produced microcapsules with smaller size
but MO-SD sample showed two peaks in contrast to the single peak observed for
CMO-SD. Although the presence of two peaks could be interesting for packing and
transport purposes (Silva et al., 2014), the oil retention should be carefully analyzed

to ensure the microcapsules could encapsulate the lipid phase adequately.
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Figure 4.4.1 Particle size distribution of RCO microcapsules produced from chitosan-
based Pickering emulsions by (a) freeze-drying (FD) and (b) spray-drying (SD).
CMO: self-aggregated chitosan and maltodextrin; CTMO: crosslinked chitosan and
maltodextrin; MO: only maltodextrin.

4.4.3.3 Encapsulation parameters

The encapsulation parameters give a picture about the efficiency of a process
or a product to enclosure the material of interest. Thus, drying yield was firstly
determined to assess the amount of powdered emulsion that could be obtained from
fresh emulsions (Table 4.4.3). As expected, FD reached the highest values — very
close to 100% — as seen as the whole content of emulsion is freeze-dried without
evidences of solids being carried by vacuum. On the other hand, SD yielded lower
amounts of powdered material because a low-dense fraction can be aspired by the
cyclone while a denser fraction can stay incompletely dried in the atomizing chamber.
In the present study, no evidence of incomplete drying was observed; therefore, the
low observed yield was mainly attributed to the production of fine particles. The low
drying yield was more pronounced in the MO-SD samples, being a consequence of
the low bulk density of the fine particles, which in turn is supposed to be a
consequence of the lower amount of oil entrapped in the encapsulation matrix, as it
was expected in the case of using pure maltodextrin as wall material.

The presence of self-aggregate chitosan in the matrix of spray-dried
microcapsules contributed to the material hydrophobicity and its capacity for binding
oil (Ribeiro, Barros-Alexandrino, et al., 2020). The loss of a certain amount of oil

during encapsulation processes is inevitable. It is important to determine the oil
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content retained in the samples since it can be affected by several factors, e. g wall
material, solid content, temperature and humidity. As a result of the ability for binding
the oil, it induces the higher oil retention and encapsulation efficiency observed in
Table 4.4.3. In fact, this observation is in close agreement with the particle size
measurements (Figure 4.4.1). As a consequence of the higher oil retention capacity,
wall material binds better the oil to create microcapsules with higher oil-loading and
resulting in higher drying yield in comparison to MO-SD.

Regarding FD, a great part of the lipid phase was retained in the
microparticles (76-95%). However, slightly lower oil retention was observed for the
control samples (with only maltodextrin). Together with the slightly higher standard
deviation, it can be a result of the lower stabilization capacity of the emulsions
composed exclusively by oil and maltrodextrin, which originated less homogeneous
microcapsules with the observed lower encapsulation efficiency when compared to
the CMO-FD and CTMO-FD. Because the crosslinked chitosan has a higher
hydrophilicity than self-aggregated chitosan (Ribeiro, Barros-Alexandrino, et al.,
2020), it can enhance both the water and oil binding properties and contributes to the
homogeneity of the samples.

When comparing the drying methods with respect to the encapsulation
efficiency, it could be seen that SD resulted in higher encapsulation efficiency of
RCO in comparison with FD, in agreement with it has been reported in literature
(Rezvankhah, Emam-Djomeh, & Askari, 2020). It means that the lipid phase in spray-
dried samples was less exposed to the environmental disturbances than the lipid
phase entrapped into the freeze-dried matrix (Gonzalez, Martinez, Paredes, Leon, &
Ribotta, 2016). The atomization of microdroplets and the rapid water removal lead to
the formation of rounded capsules with entrapped oil (Section 4.4.3.4.). On the other
hand, freezing the samples causes the solid particles to immobilize around the oll
and the water crystals’ sublimation results in the formation of a porous network of
wall material with oil droplets adhered to the matrix. This phenomenon can be slightly
more pronounced in CTMO-FD samples due to improved water binding properties of
crosslinked chitosan. Since the oil is partially exposed to the environment, the
expected lower encapsulation efficiency in freeze-dried samples was confirmed (~44-
66%). Regardless the drying method, a higher efficiency was obtained in the present
study in relation to some reports in literature that used chitosan as wall material for

encapsulating lipid (Esmaeili & Asgari, 2015; Hosseini, Zandi, Rezaei, &
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Farahmandghavi, 2013; Kumar et al., 2017). This behavior can be attributed to the
presence of maltodextrin as an additional carrier agent and to the emulsification by
the Pickering mechanism. Because of the high energy required for detaching the
solid particles from the oil-water interface in Pickering emulsions, these solid
nanoparticles can form a better barrier against material transfer through the interface
(Chevalier & Bolzinger, 2013) — which was confirmed by the increased encapsulation
efficiency of the CMO-FD and CTMO-FD samples in comparison with the control
without chitosan (MO-FD).

Table 4.4.3 Drying yields, oil retention and encapsulation efficiency of RCO

microcapsules.

Sample Drying yield (%)  Oil retention (%) Encapsulation Efficiency (%)

MO-FD 89.95 +2.56 2 76.29 +11.41° 43.96+7.53¢
CMO-FD 92.69 +0.13 2 85.15 +2.35 % 76.06 +2.55°
CTMO-FD  91.16+1.38° 95.36 + 6.26 ° 65.60 + 4.47 °
MO-SD 19.16 + 2.56 ° 40.18 +6.39 ° 88.14 +1.36 °
CMO-SD 25.47 +0.70° 83.04 +8.94 % 84.98 +2.51°

CMO-FD = freeze-dried microcapsules of RCO with self-aggregated chitosan and maltodextrin.
CTMO-FD = freeze-dried microcapsules of RCO with crosslinked chitosan and maltodextrin. MO-FD =
freeze-dried microcapsules of RCO without chitosan. CMO-SD = spray-dried microcapsules of RCO
with self-aggregated chitosan and maltodextrin. MO-SD = spray-dried microcapsules of RCO without
chitosan. Data are expressed as means values + standard deviation. Values with different letters
within the same column are significantly different (p < 0.05) according to the LSD (Fisher) multiple

range test.

4.4.3.4 Microstructure

Figure 4.4.2 presents the images obtained by FESEM of the microcapsules
formulated with self-aggregated chitosan and crosslinked chitosan nanoparticles after
FD or SD. The electronic micrographs showed that SD produced more spherical
microcapsules without the presence of apparent fissures, potentially preventing the
core oxidation due to the probably lower permeability to oxygen and moisture (Kumar
et al., 2017). The observed wrinkled surface is expected as a consequence of the

rapid water loss during SD (Fang, Zhao, Liu, Liang, & Yang, 2019).
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Although the two spray-dried samples demonstrated similar morphology, the
MO samples showed a noticeable number of particles smaller than 4 um around the
bigger ones with particle size of ~15 pym. In fact, this observation is in close
agreement with the bimodal particle size distribution in Figure 4.4.1b. Probably, the
poor stabilization of emulsions containing exclusively maltodextrin as carrier agent
lead to lower oil retention (Table 4.4.3) and the possible production of empty
capsules of smaller sizes. By producing smaller particles, the area/volume ratio of
spray-dried samples tended to be higher than of freeze-dried ones.

Freeze-dried Spray-dried

Figure 4.4.2 Field emission scanning electron microscopy for RCO microcapsules
obtained by freeze-drying and spray-drying. CMO: self-aggregated chitosan and

maltodextrin; CTMO: crosslinked chitosan and maltodextrin; MO: only maltodextrin.
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Freeze-drying the RCO emulsions resulted in microparticles with irregular
shape and higher particle size than spray-dried samples as previously observed in
Figure 4.4.2. These microparticles seemed to be more porous than spray-dried as a
consequence of sublimation of the water crystals that are formed between the oil
droplets during freezing. In addition, the micrographs showed that these
microparticles presented oil as an entrapped phase into the polymeric network.

The morphology of the microparticles obtained by SD or FD affects not only
the encapsulation efficiency but also the capacity of the solid matrix for protecting the
encapsulated compounds during storage as well as during the human
gastrointestinal digestion (Ballesteros, Ramirez, Orrego, Teixeira, & Mussatto, 2017).

4.4.3.5 Total phenolic contents and antioxidant capacity of the microcapsules

RCO is considered a byproduct of the coffee processing industry that is rich in
phenolic compounds and antioxidant properties (Ribeiro, Borreani, et al., 2020). The
compounds responsible for the antioxidant activity in roasted coffee oil are
approximately the same as the ones found in the oil from green coffee beans
(Esquivel & Jiménez, 2012). In the group of phenolic compounds, it is pointed out the
presence of chlorogenic acid, caffeic acid and tocopherols (Yen, Wang, Chang, &
Duh, 2005). It is interesting to note that the chlorogenic acid-chitosan complex
contributes for a synergistic antioxidant activity as opposed to the two isolated
compounds (Rui et al., 2017). Accounting for the diterpenes, cafestol and kahweol
are the main fraction analyzed (Oliveira, Cornelio-Santiago, Fukumasu, & Oliveira,
2018). Besides the creation of flavor and aroma, the roasting process leads to
formation of melanoidins — which also contribute to an antioxidant-rich diet (Alves,
Xavier, Limoeiro, & Perrone, 2020). The higher antioxidant activity of the lipophilic
fraction of roasted coffee beans in comparison with the lipophilic fraction of green
beans contributes to a stronger neuronal protection, as seen as the brain is a lipid-
rich organ (Chu et al.,, 2009). Therefore, evaluation of total phenolic content and
antioxidant activity as affected by the encapsulation mechanisms and drying method
represents an important issue to attest the quality of microcapsules, and the results
are presented in Table 4.4.4.
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Table 4.4.4 Total phenolic content (TCP) and antioxidant activity by FRAP and
DPPH method for freeze-dried and spray-dried samples.

TPC FRAP DPPH
Sample (meq GA/g of (umol of Trolox/g of dry (umol of Trolox/g of dry

dry matter) matter) matter)
MO-FD 60.2+0.2°2 11.83+0.82° 3.17 £ 0.03 2
CMO-FD 46.3+0.2° 5.08 + 0.43° 149 +0.06°
CTMO-FD 50.4+0.3° 8.18+0.97° 1.94 +0.02°
MO-SD 18.5+0.2¢ 3.19+0.55¢ 0.36 + 0.01 ¢
CMO-SD 19.4+0.2¢ 3.43+0.56 ¢ 0.38 +0.06 ¢

CMO-FD = freeze-dried microcapsules of RCO with chitosan and maltodextrin. CTMO-FD = freeze-
dried microcapsules of RCO with crosslinked chitosan and maltodextrin. MO-FD = freeze-dried
microcapsules of RCO without chitosan. CMO-SD = spray-dried microcapsules of RCO with chitosan
and maltodextrin. MO-SD = spray-dried microcapsules of RCO without chitosan. Data are expressed
as means values + standard deviation. Values with different letters within the same column are

significantly different (p < 0.05) according to the LSD (Fisher) multiple range test.

Spray-dried samples showed the lowest contents of phenolic compounds and
antioxidant properties by FRAP and DPPH methods in comparison with the freeze-
dried ones. Even more, there were no significant differences in the total phenolic
contents and antioxidant activity in samples formulated with or without self-
aggregated chitosan. The lower TPC and antioxidant activity of spray-dried samples
are probably related to specific formation of the spherical particles that protects the
core and hinders its access during the extract preparation (Sturm et al., 2019).

Among the freeze-dried microparticles, the control samples formulated only
with maltodextrin presented the highest TPC and antioxidant activity, followed by the
ones produced with TPP-crosslinked chitosan and deprotonated chitosan. A possible
explanation for this behavior is that the porous microstructure of FD samples allows a
better radical scavenging by the antioxidant compounds entrapped into the matrix. As
the microparticles encapsulated better the oil phase by the addition of chitosan
nanoparticles, the total phenolic compounds in the corresponding ethanolic extract
decreased. Although the increased permeability leads to higher TPC and antioxidant
activity in the extract, this reflects a higher exposure of the encapsulated material and

a lower stability is expected.



150

Comparing the CMO-FD and CMO-SD, which resulted close in oil retention
and encapsulation efficiency, a higher TPC and antioxidant activity was observed in
CMO-FD probably due to the low thermal degradation effects (Rezvankhah et al.,
2020).

4.4.3.6 Bioaccessibility

The conditions at which bioactive compounds are more or less accessible
provides important information about the protective action of the wall material and the
drying method against the action of external agents. In the specific case of simulated
gastrointestinal digestion, the higher the phenolic compounds and antioxidant activity
in the complete digested phase in comparison with the raw material, the higher is the
protection. Due to the carbohydrate-phenolic compounds interaction, lower phenolic
compounds are quantified before digestion and this value tended to increase as the
digestive enzymes break down these interactions during the simulated
gastrointestinal tract (Altin, Gultekin-Ozgliven, & Ozcelik, 2018). Moreover, higher
presence of bioactive compounds in the IN fraction means that they are more
available for intestinal absorption into the systematic circulation. Table 4.4.5 shows
the bioaccessibility indexes for the studied samples. Spray-dried microcapsules
formulated with self-aggregated chitosan gave rise to the highest bioaccessibility
indexes for TPC and FRAP analysis. In addition to a better oil retention capacity, self-
aggregated particles showed the best performance in protecting the oil as well as the
TPC and antioxidant activity by FRAP method over the in vitro gastrointestinal
digestion.

Self-aggregated chitosan also presented higher bioaccessibility in freeze-dried
samples, even when comparing with TPP-crosslinked chitosan. In contrast to the
crosslinked chitosan, self-aggregated nanoparticles can be reversely solubilized
under acidic pH (Akbari-Alavijeh, Shaddel, & Jafari, 2020), which is found during the
gastric step. This causes the wall material to partially solubilize and the material of
interest is more easily released. Concerning the CTMO-FD samples, the release
occurs mainly during the higher pH stages (intestinal phase), at which the ionization
of chitosan are lower and the ionic interactions between chitosan and TPP are
weakened (Shu & Zhu, 2000). In this condition, the matrix network becomes more

flexible to allow the mass transfer.
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Table 4.4.5 Bioaccessibility index (%) of the total phenolic content (TPC) and
antioxidant activity for RCO microcapsules.

Bioaccessibility index

TPC (%) FRAP (%) DPPH (%)
MO-FD 24375+ 17.73°¢ 132.50 + 13.81°¢ 55.13 + 1.37 ¢
CMO-FD 331.69 +1.25° 846.54 + 37.22° 112.20+4.19°
CTMO-FD 205.05 + 12.88 © 588.78 + 81.52° 83.66 + 1.58 *°
MO-SD 100.56 + 21.10 ° 257.19 +63.10 ° 584.85+2.13 2
CMO-SD 548.77 + 18.14 2 1698.91 + 246.76 @ 399.13 +45.23°

CMO-FD = freeze-dried microcapsules of RCO with chitosan and maltodextrin. CTMO-FD = freeze-
dried microcapsules of RCO with crosslinked chitosan and maltodextrin. MO-FD = freeze-dried
microcapsules of RCO without chitosan. CMO-SD = spray-dried microcapsules of RCO with chitosan
and maltodextrin. MO-SD = spray-dried microcapsules of RCO without chitosan. Data are expressed
as means values * standard deviation. Values with different letters within the same column are
significantly different (p < 0.05) according to the LSD (Fisher) multiple range test.

In general, the bioaccessibility indexes for the different analysis were lower for
freeze-dried samples than for spray-dried ones. From this observation, it can be
assumed that the microcapsules produced by SD could act as an efficient barrier to
promote a controlled release of bioactive compounds along the digestion. CMO-SD
had even higher bioaccessibility because of the lower area/volume ratio from the
more spherical and smaller particles obtained in spray-drying process.

On the other hand, freeze-drying was more efficient for preserving the lipids
and the bioactive compounds of the raw material during drying as a consequence of
the milder conditions of temperature applied (Velasco, Dobarganes, & Marquez-Ruiz,
2003). Thus, relatively lower values for bioaccessibilty indexes are expected for FD
samples, reaching values lower than 100% for DPPH analysis in the samples with
lower encapsulation efficiency (MO-FD and CTMO-FD).

4.4.4. Conclusions

Microcapsules containing roasted coffee oil were obtained after freeze-drying
or spray-drying Pickering emulsions templates using self-aggregated and TPP-
crosslinked chitosan nanoparticles. All of the samples presented adequate water

activity, moisture content and solubility — being the self-aggregated chitosan-based
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emulsions more hydrophobic followed by maltodextrin and crosslinked chitosan-
based ones. Spray-drying produced spherical microcapsules with smaller particle
size when compared to the freeze-dried microparticles, which showed irregular-
shape. Spray-drying oil with maltodextrin yielded lower amounts of powdered RCO
with lower oil retention, but the addition of self-aggregated chitosan improved the oil
retention and maintained higher encapsulation efficiency (>88%). Encapsulation
efficiency of freeze-dried samples also had slightly better scores when the matrix
contained crosslinked or self-aggregated chitosan. No significant effects of the wall
materials on the morphology of freeze-dried microparticles were observed. Results of
total phenolic content and antioxidant activity of the microcapsules were in
accordance to the encapsulation efficiency, where the higher was the protection the
lower was the bioactive compounds concentration in the ethanolic extract. In
addition, freeze-drying tended to preserve the bioactive compounds as a
consequence of the low temperature applied. Bioaccessibility of the spray-dried
samples formulated with self-aggregated chitosan was higher than the control due to
the high oil retention and encapsulation efficiency. Freeze-dried samples had similar
bioaccessibility indexes among each other, but the matrix of CMO-SD samples
showed better protection of the bioactive compounds until simulated intestinal
absorption.
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Abstract: Drying Pickering o/w emulsions has been considered a promising strategy
to produce oil microcapsules, as long as their quality parameters may be preserved
over storage. Thus, freeze- and spray-dried chitosan-based Pickering emulsions of
roasted coffee oil were evaluated over 30-day storage at 25 °C together with the non-
encapsulated oil as a control. Water sorption isotherms were determined, whereas
color, oxidative stability (peroxide value and conjugated dienes) and volatile
compounds were assessed over the storage period. Type |l isotherms and
Guggenheim—Anderson—Boer (GAB) model parameters showed that water binding
was impaired by the surface oil in freeze-dried samples. Oxidation was maintained
under acceptable values over the storage for all samples, with slightly higher
protection also for volatiles compounds in the spray-dried particles. The powdered
emulsions were able to suitably preserve the oil quality over 30 days of storage,

enabling its commercialization and application as a food ingredient.

Keywords: drying, self-aggregation, sorption isotherms, lipid oxidation, volatile

compounds.
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4.5.1. Introduction

Roasted coffee oil (RCO) is a byproduct with high aggregate value that is
obtained from the coffee processing industry (Reddy et al., 2019). It can be used as
an interesting ingredient in replacement of saturated fats, as well as to incorporate
bioactive compounds and antioxidant properties in food products (Ogrodowska et al.,
2017). Furthermore, RCO is rich in volatile compounds that are formed during the
roasting process of coffee beans (Oliveira et al., 2005). This lipid fraction is
responsible to confer interesting flavor to different food products as chocolates,
baked goods, dairy products, and beverages such as the own coffee brew (Frascareli
et al., 2012). Because of the several health and flavor promoting characteristics
attributed to RCO, methods have been developed to encapsulate this byproduct as a
manner to improve its stability and to facilitate its application. One main technique is
the oil emulsification, which may be accomplished by the aid of natural solid particles
instead of surfactants. The principle of the so-called Pickering method is to adsorb
solid particles onto the oil droplet to reduce the water/oil interfacial tension. This is
carried out not only to avoid droplet coalescence — by the high energy for detachment
needed — but also to protect the oil against degrading external agents (Atarian et al.,
2019).

Many polysaccharides and/or proteins have been successfully employed to
produce Pickering stabilizing particles: soy protein, whey protein, nanocellulose,
nanocrystals, starch, and others (Yang et al., 2017). Among these various solid
particles, chitosan modification has been explored in order to confer suitable
emulsifying properties for the controlled release of bioactive compounds (Garg et al.,
2019). The interest in wusing chitosan is attributed to its biocompatibility,
biodegradability, non-toxicity and antioxidant properties, besides being a cleaner
alternative to current surfactants (Rizeq et al., 2019). In fact, previous studies
demonstrated the ability of both self-aggregate and trypolyphosphate (TPP)-
crosslinked chitosan to encapsulate RCO by the Pickering emulsification route
(Ribeiro et al., 2020a; Ribeiro et al., 2020b). Nevertheless, the high volume of liquid
emulsions hinders their use as a delivery medium for the material of interest. In
addition, their high water content has a direct effect in the long-term stability of the oil

and its constituents.



163

Drying is a simple and effective method to reduce the water content of food
products. Spray-drying is an easy and simple water removal method in which the
product is aspersed in contact with a hot airflow and the dried products are collected
in powdered form. On the other hand, freeze-drying is based on water sublimation
under vacuum at low temperature, thus following a direct transition from the solid to
the vapor phase. In spite of being more complex and slower than spray-drying, the
use of low temperatures in freeze-drying prevents degradation of thermo-sensitive
compounds. Regardless the technique, drying o/w Pickering emulsions is a novel
procedure that might improve oil encapsulation and thus enhance the product quality.
Ribeiro et al. (2021) investigated the effects of the type of chitosan modification and
drying method on the quality parameters of Pickering emulsions containing RCO.
Although both self-aggregated and crosslinked chitosan showed good results, higher
oil retention and encapsulation efficiency were obtained for microcapsules formulated
with self-aggregated chitosan.

The microencapsulation process should focus on generating final products
with efficiency and quality. In addition, it is important that these quality attributes
remain less affected as possible over storage. One of the major factors affecting food
preservation is the state of water (Fernandes et al., 2014), a reason by which
studying sorption isotherms are encouraged. Furthermore, in lipid-rich foods as
microencapsulated oils, parameters such as lipid oxidation and color changes are
indicative of deterioration (Rodriguez et al., 2019). Such parameters can be affected
not only by the wall material used but also by the drying method (Ogrodowska et al.,
2017). In the specific case of RCO, the knowledge about how the volatile
composition changes over storage may reflect the potential application and shelf life
of the encapsulated oil.

This work focused on the storage stability of spray-dried and freeze-dried
chitosan-based Pickering emulsions containing RCO. Sorption isotherms were
experimentally determined and modeled for samples produced by the different drying
methods. Lipid oxidation and volatile compounds were assessed over 30 days of

storage under controlled relative humidity.
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4.5.2. Materials and Methods

4.5.2.1 Microencapsulation of roasted coffee oil
4.5.2.1.1 Synthesis of chitosan nanoparticles

Chitosan nanoparticles were synthetized by self-aggregation to formulate the
Pickering emulsions. Low molecular weight chitosan (deacetylation degree of 77%,
Sigma-Aldrich) was dissolved into 1% (w/w) glacial acetic acid (Dinamica, Brazil)
solution. The solution was kept under magnetic stirring at room temperature for 24 h
until complete dissolution. Chitosan nanoparticles (CN) were obtained by
deprotonating the amino groups of the D-glucosamine units, which was performed by
increasing the solution pH from 3.5 up to 6.7 with NaOH 6M (Dinamica, Brazil). A

final dispersion with 0.9% (w/w) of CN was obtained for further application.

4.5.2.1.2 Preparation of Pickering emulsions

Roasted coffee oil, kindly supplied by Companhia Iguagu de Café Soluvel
(Cornélio Procopio, Brazil), was used to formulate emulsions with 10% (w/w) of lipid
phase. RCO was dripped into the CN dispersion under homogenization (Ultra-Turrax
125, IKA, Germany) at 12,000 rpm. After the total amount of oil was added to the

dispersion, the samples were maintained under homogenization for 5 min more.

4.5.2.1.3 Microencapsulation by spray- and freeze-drying

Microcapsules containing RCO were produced using the previously prepared
emulsions. Maltodextrin DE 10 (Dinémica, Brazil) was added to the emulsions at the
ratio of 1:5 [solids in the emulsion]:[maltodextrin]. Maltodextrin was dispersed into the
emulsion using an Ultra-turrax stirrer (T25 model, IKA, Germany) at 12,000 rpm for 5
minutes. For comparison purpose, a control system was elaborated by homogenizing
RCO and maltodextrin under the same conditions but without CNs in the aqueous
phase.

Samples were dried in triplicate using a spray dryer (B-290 model, Buchi,
Switzerland). A peristaltic pump was responsible for driving the emulsion to the
double-fluid spray nozzle with 0.7 mm of orifice diameter. After fixing the minimum
inlet air temperature at which the emulsions could be dried (160 °C), the feed flow

rate was established at 2 mLsmin™", atomization air rate at 742 L.h"' and aspiration at
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35 m>h". Drying yield (%) was determined as the ratio between the mass of
microcapsules and the mass of solids in the emulsion before drying.

For freeze-drying, the emulsions were initially frozen at —40° C in an ultra-
freezer for 24 h, followed by drying in a freeze-dryer (model L-101, Liotop, Brazil) for
48 h at an approximated pressure of 200 umHg. After freeze-drying, samples were
finely grinded using the mortar and stored into metallized bags in a desiccator at
room temperature.

The microcapsules were conditioned in metallized bags and, then, placed

inside desiccators at room temperature.

4.5.2.2 Storage conditions

Freeze-dried and spray-dried microcapsules were stored in opened plastic
containers at 25 °C and 54.4% of relative humidity for 30 days. Roasted coffee oil
was used as a control. Samples were taken at different time intervals (0, 2, 4, 6, 10,
20 and 30 days) and the oxidation process was monitored via analysis of color,

peroxide value, conjugated dienes and volatile composition.

4.5.2.3 Water sorption isotherms

Water sorption behavior was evaluated by the static gravimetric method.
Samples were maintained under different relative humidities and periodically
weighted until constant weight (<5% of weight variation) — characterizing the moisture
content at the equilibrium. In order to reach a wide range of relative humidites
(awx100), saturated salt solutions of LiCl, MgCl,, K;CO3, Mg(NOs)2, NaCl, (NH4)2SO4
and BaCl, were placed into glass desiccators, reaching a range of water activity from
0.113 up to 0.902 at 25 °C (Labuza, 1963). Approximately 0.3 g of each sample of
microcapsules were placed into small recipients inside desiccators accommodated in
a controlled BOD-type temperature chamber (MA415, Marconi, Piracicaba, Brazil)
previously set at 25 °C. The samples were weighted every week using an analytical
balance (AUW220D, Shimadzu, Japan). The initial moisture content of the samples
was determined in vacuum oven at 70 °C (AOAC, 2010). After ~3 weeks, the
equilibrium moisture content could be determined by the weight difference. Analyses
were carried out in triplicate.

Sorption isotherms were obtained by plotting each equilibrium moisture

content (Xeq, g of water per g of dried matter) against the corresponding water activity
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(aw). The Guggenheim—Anderson—de Boer (GAB) model (Equation 1), which is
reported to accurately fit sorption isotherms of food products in wide range of water

activity (Bastioglu et al., 2017), was used to model the experimental data.

X Cka
X — m w 1
“ (1-ka, \1+(C-1)ka,) ™M

in which X, C and k are parameters of the model. The fitting accuracy was

evaluated by the adjusted determination coefficient (Rjd/) and by the root mean

square error (RMSE) (Polachini et al., 2021).

4.5.2.4 Color parameters

The color parameters of the microcapsules were analyzed in a colorimeter
CM-5 (Konica Minolta, New Jersey, USA) measuring the coordinates: L (brightness)
on a 0-100 scale from black to white, a (red-green), b (yellow-bluish), as well as the

total color change (AE), given by Equation (2):

AE=\(L-L,) +(a—a,) +(b-b,) 2)

in which the subscript “0” corresponds to the sample before storage (time 0 days).

4.5.2.5 Peroxide value

The oil was extracted according to the method described by Partanen et al.
(2008) with some modifications. Briefly, 0.5 g of microcapsules were mixed with 5 mL
of acetic acid solution (1%, v/v) in a test tube and the extract was shaken for 1 min
on a vortex mixer to disrupt the microcapsules. The phases were separated after
adding 1.5 mL of iso-octane/isopropanol solution (2:1) to 400 uL of extract, vortexed
for 1 min and then, centrifuged at 1000xg for 4 min. The non-encapsulated oil sample
was decoloured according to Anese et al. (2000) in order to avoid the absorbance
interference of coloured compounds The peroxide value was determined
spectrophotometrically according to IDF standard method 74A:1991 (International
Dairy Federation, 1991). The supernatant (0.4 mL) or a droplet of oil (0.1-0.3 g) in the
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case of control was added to 9.6 mL of chloroform/methanol solution (7:3, v/v). Then,
50 pL of 3.9 mol/L potassium thiocyanate and 50 yL of 0.072 mol/L Fe?* were added.
The mixture was vortexed and reacted in the dark for 5 min. The chloroform/methanol
solution was used as a blank and the absorbance was measured at 510 nm using an
Multiskan Go Spectrophotometer (Thermo Fisher Scientific, Vantaa, Finland). The
concentration of hydroperoxides was determined using a Fe*" standard curve, as

described by Frascareli et al. (2012).

4.5.2.6 Conjugated dienes

For measurement of conjugated dienes the oil was extracted from the
microcapsules following the method described by Satué-Garcia et al. (2000) with
modifications. A powder sample of 1.0 g was mixed with 10 mL of acetic acid solution
(1%, v/v) and the extract was vortexed for 1 min. Hexane (7 mL) was used for
separating the organic phase through centrifugation at 10.000 rpm for 20 min and the
supernatant was evaporated under nitrogen flow. The recovered oil was suspended
with 2-propanol in order to obtain measurable absorbance at 234 nm (Drusch et al.
2006). The results obtained spectrophotometrically were expressed as millimoles of
hydroperoxides per kilogram of oil using a molar coefficient of 26,000 for methyl
linoleate hydroperoxides (Chan & Levett, 1977).

4.5.2.7 Volatile compounds

The content of volatiles compounds of crude and microencapsulated RCO was
determined by using Headspace Solid Phase Microextraction-Gas Chromatography-
Mass Spectrometry/Flame lonization Detector (HS-SPME-GC-MS/FID) (Lee et al
2017). Samples were taken from storage at 10-day time intervals to be analysed. The
extraction of volatile compounds was carried out in 10 mL vials (hermetically sealed)
containing 300 pyL of RCO or 2 g of microcapsules, based on oil retention values
previously determined. The samples were heated at 70 °C for 20 min and then SPME
fiber (DVB/CarboxenTM/PDMS) was inserted into the headspace for 30 min. After
that, the fiber was placed in the GC-FID injection system for 5 min and volatile
compounds were desorbed at 250 °C under splitless mode into Rtx-Wax column (30
m x 0.25 mm x 0.25 pm) using nitrogen as carrier gas at flow rate of 1.2 mL/min. The
separation and detection of compounds was performed on a gas chromatograph

equipped with flame ionization detector (CF-2014, Shimadzu Scientific Corporation,
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Japan) according to the following oven temperature program: 40 °C for 5 min; heating
to 60 °C at 4 °C/min; 60 °C for 5 min; then heating to 250 °C at 8 °C/min and 250 °C
for 3 min. The same chromatographic parameters described for GC-FID were used in
GC-MS (GC-MS QP2010 SE, Shimadzu, Japan) for identification of volatile
compounds. For this, a fused silica capillary column SH-Rtx-Wax (30 m x 0.25 mm x
0.25 ym) was used with helium as carrier gas at a constant flow rate of 1 mL/min.
Volatile compounds were identified with Wiley database, linear retention indices
derived using C7-C30 alkane standards diluted in hexan (2:1) (Sigma-Aldrich) and
semi-quantified with GC-FID peak areas. The linear retention indices were also
compared with indices of relative retention reported by the database NIST/2002
Library (National Institute of Standards and Technology, 2002).

4.5.2.8 Statistical analysis
Means of the experimental measurements were subjected to the analysis of
variance (ANOVA) and the presence of significant differences was evaluated by the

Tukey test at 95% of confidence.

4.5.3 Results and discussion

4.5.3.1 Water sorption isotherms

The equilibrium moisture content (Xeq) of spray-dried (SD) and freeze-dried
(FD) samples was determined in triplicate for the range of water activity studied.
Spray-dried microcapsules showed X, varying from 0.0187 to 0.2717 g of water-g”’
of dry matter, whereas freeze-dried samples had slightly higher X4, varying from
0.0312 and 0.3061 g of water-g"' of dry matter. The Xeq Vvalues increased with
increasing water activity as it was expected.

Sorption isotherms showed sigmoidal shape (Figure 4.5.1) typical of type Il
isotherms according to the Brunauer classification (Brunauer et al., 1940). The first
zone of low water activity corresponds to the region where water molecules are
strongly bound to the matrix, while the latter, of high a,, is related to free water
molecules (Polachini et al., 2016). The intermediate zone of almost constant X, was
barely noticed for both samples. This is probably a consequence of the constituting
maltodextrin, which has a trend to confer a type lll isotherm (with linear increase in

Xeq Up to a critical a,) when incorporated in dried products (Bastioglu et al., 2017),
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but also to the hydrophobicity degree of self-aggregated chitosan (Ribeiro et al.,
2020a).

In addition to the mathematical estimation of the sorption behavior, the
parameters of GAB model provide important information about the microstructure

and water-matrix interactions. Thus, GAB model was fitted to the experimental data

and Rjdj >0.99 and RMSE<0.01 was observed (Table 4.5.1). These results give

insights about the model accuracy and the reliability of the fitting parameters shown
in Table 4.5.1. A requirement of 0.24 < k<1 and 5.4 < C < « is reported in literature
for GAB parameters to confirm type Il isotherms (Lewicki, 1997) — which, in fact, were

satisfied in the present study.
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Figure 4.5.1 Water sorption isotherms at 25 °C for spray-dried (A;— ) and freeze-

dried (ll, — ) samples. Lines represent the fitted GAB model.

The parameter X, represents the monolayer moisture content, i.e. the
moisture content needed to cover the first layer of water molecules bound to the food
matrix. Above this value, multilayer water molecules with less strong interactions with
the sorbent than the monolayer are found (Quirijns et al., 2005). In these conditions,
water molecules are more available for reactions. Monolayer moisture (Xp) has a
close agreement with the hydrogen bonding degree (Polachini et al., 2016), which

means that freeze-dried samples, presenting smaller X, values, have less active
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sites for water sorption, probably due to the higher particle size with lower surface
area (Koc et al., 2020) and to the overlapping of active sites by the higher amounts of
surface oil — parameters evaluated in a previous study for the same samples (Ribeiro
et al., 2021). On the other hand, Figure 4.5.1 showed slightly higher X4 for freeze-
dried than spray-dried samples, mainly at low (< 0.25) and high (> 0.85) water
activities. This may be a result of the capacity for entrapping water into the porous
structure of freeze-dried samples, although this moisture is not strongly bound to the
active site. In summary, spray-dried microcapsules bound water molecules in a
stronger way, whereas freeze-dried samples seems to have cavities that are able to

entrap water molecules, impairing water removal by steric issues.

Table 4.5.1. Fitting parameters of the GAB model to the sorption isotherms.

Samples
Parameters
Spray-dried Freeze-dried

X (g water/g dry matter) 0.044 +0.003 ? 0.038 +0.001°
C 7.04+£1.08° 29.82 +£4.34°
k 0.931+0.019° 0.969 + 0.009 ®

R}, > 0.991 > 0.990

RMSE <0.0064 <0.0072

Means and standard deviation followed by the same letter in the same line represent no significant

difference among the samples by the Tukey test at 95% of confidence.

4.5.3.2 Color parameters

The color of the microcapsules was evaluated over the 30 days of storage at
25 °C. As expected, color parameters (Table 4.5.2) showed that oil had brown
darkened coloration with low brightness, a and b values. These results are strongly
related to the presence of compounds formed from Maillard reaction during roasting
of the beans (Anese et al., 2002). On the other hand, both SD and FD samples
showed to be brighter than oil tending to yellowish coloration as a consequence of
the encapsulant material incorporation. SD samples were slightly brighter and less
yellowish than FD samples, probably due to the higher oil retention in the latter
(Ribeiro et al., 2021).
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Total color variation (AE) was used to evaluate possible changes in the
coloration of the samples during storage. According to Wibowo et al. (2015), AE
between 0 — 0.5 is considered to be unnoticeable, between 0.5 — 1.5 slightly
noticeable, between 1.5 — 3.0 noticeable, between 3.0 — 6.0 visible, and higher than
6.0 it is greatly visible. Thus, it can be stated that the majority of the changes in the
coloration of microcapsules were slightly noticeable. Some slightly variations could
be seen in RCO, probably due to homogenization of the samples during

measurement.

Table 4.5.2. Color parameters of roasted coffee oil (RCO) and spray- and freeze-

dried microcapsules over 30 days of storage at 25 °C.

Color parameters
Samples Days

a b L AE
0 0.02 + <0.01 © 0.11+0.09 ¢ 0.09 + <0.01 ¢ -
2 0.44 +0.01 % 0.13+0.08 ® 0.16 + 0.04 0.45 +<0.01°
4 1.66 + 0.46 * 0.42 +0.09 ** 0.40 £0.10" 1.71 £ 0.44 >
RCO 6 1.56 + 0.71 0.38+0.21 > 0.38+0.21" 1.61+0.77 «
10 4.21+0.38% 1.15+0.09 ° 0.85+0.09° 439+0.35°
20 2.60+0.61"™ 0.65+0.13" 0.58+0.12% 2.69 0.63 ™
30 2.87+1.07% 0.72+0.39 0.57+0.18 297 £1.12°
0 0.94 +0.05 ° 1243 +0.40 % 86.54 +0.31%° -
2 0.89 + 0.04 ° 11.63+0.08 ° 85.45 + 0.05 ° 1.35+0.03°
Spray- 4 0.87 +0.01"° 11.71 +0.03 ° 85.52 + 0.04 ° 1.25+0.05*
sried 6 0.95+0.02 " 12.35+0.16 " 86.78 + 0.08 ° 0.29+0.02 ¢
10 0.99+0.01° 12.36 +0.13° 86.63 + 0.07 *° 0.17 £ 0.04 ¢
20 1.15+0.02° 12.91 + 0.06 ° 86.32+0.16° 0.59+0.12°
30 1.17 £0.02 ® 12.65+0.23 % 85.49+0.13° 1.11+0.09b
0 2.9+0.01° 21.63+0.04° 77.19£0.04 % -
2 2.75+0.08 ¢ 20.51+£0.52° 76.84 +0.29 ° 1.18+0.58"
Froege. 4 2.90+0.01° 21.28+0.04 * 77.02+0.07 " 0.39+0.06 °
_ 6 2.93+0.01° 21.03+£0.13*°  76.69+0.04 * 0.78 +0.10 *°
dried 10 2.95+0.04° 20.88+0.10 " 76.91+0.08 ™ 0.81+0.12"
20 2.86+0.01° 19.25+0.02 ° 77.49 £ 0.05° 2.40+0.02°
30 3.19+0.01° 20.81+0.01" 76.38 £ 0.09 ° 1.19+0.07 °

Means and standard deviation followed by the same letter in the same column represent no significant

difference among the days for a same sample by the Tukey test at 95% of confidence.
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In general, RCO tended to become slightly brighter over the storage days,
which can be attributed to be more related to sedimentation of unsaponificable matter
than to oxidation itself (see Sections 4.5.3.3 and 4.5.3.4). Regarding the dried
samples, FD samples were darker than SD probably due to the higher amount of
surface oil (Ribeiro et al., 2021). Both powders became slightly darker over the
storage, which can be related to the moisture gain during the equilibration with the

controlled relative humidity.

4.5.3.3 Peroxide value

The formation of hydroperoxides as primary compounds of lipid degradation
products was determined as an indicative of the product quality and its safety. As the
hydroperoxides are degraded, compounds such as aldehydes, ketones and
hydrocarbons are released and technological properties of the oil starts to be
affected (Menin et al., 2018). Thus, the peroxide value of the non-encapsulated and
encapsulated roasted coffee oil was determined over the 30 days of storage at 25 °C.
Means and standard deviations are shown in Figure 4.5.2 for all of the samples.

At the beginning of the storage experiments, the non-encapsulated oil showed
slightly lower peroxide (~1.5 meqg/kg of oil) value when compared to the encapsulated
oil by both drying methods (~2.4 meq/kg of oil). These differences can be attributed
to the air incorporation into the oil during emulsification and drying, being in
accordance to literature for other lipid sources (Ferreira et al., 2016; Hoyos-Leyva et
al., 2019).

Up to 10 days of storage, the samples showed approximately similar peroxide
value. After that, the oil from SD microcapsules showed slightly lower peroxide
values when compared to the non-encapsulated oil, although this difference was not
significant due to the heterogeneity of the samples. The possible trend of SD
samples for decreasing oil peroxide values can be attributed to the reduction of
hydroperoxide precursors and secondary degradation compounds, which may occur
by the steric and chitosan wall thickness hindrance against pro-oxidant penetration
into the microcapsules (Chang et al., 2018). On the other hand, the oil in the FD
microparticles presented peroxide value higher (~4.5 meqg/kg of oil) than the non-
encapsulated oil (~3.4 meq/kg of oil) and the oil in SD microcapsules (~2.4 meq/kg of
oil). Because FD microparticles had much higher particle size than SD microcapsules

(Ribeiro et al., 2021), the bed porosity of FD microparticles tend to be higher than for
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SD microcapsules. In addition to the higher amounts of external oil observed in FD
sample and its more porous structure (Ribeiro et al., 2021), the higher bed porosity
might have allowed oxygen to diffuse more easily in FD samples, consequently
causing the slightly higher lipid oxidation than in SD samples. In fact, the bed porosity
plays an important role during storage of microcapsules due to the increased oil
accessibility from the microcapsules (Drusch & Schwarz, 2006). Moreover, according
to the sorption isotherms (see Section 4.5.3.1), water molecules are more freely
available in FD samples than in SD ones, which might had an important role in
accelerating the oxidation reactions.

In which concerns the non-encapsulated oil, the oxidation occurred only onto
the surface of the samples and the oxygen was not able to penetrate the samples —
bringing the peroxide content per kg of oil to lower levels. Moreover, the roasting
process leads to the formation of colored Maillard reaction compounds as
melanoidins with antioxidant properties. These compounds act against oxidation and
explain the low oxidation rate of the lipid fraction of roasted coffee beans (Anese et
al., 2002).
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Figure 4.5.2 Peroxide value (meqg/kg of oil) for spray-dried ( —), freeze-dried ( —)

and non-encapsulated RCO ( —) over 30 days of storage at 25 °C.

In spite of the observed differences, all of the samples showed acceptable
peroxide value with less than 15 meqg/kg of oil — within the safety range
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recommended by the Codex Alimentarius for cold-pressed oils. The way by how lipid
oxidation proceeds in each sample should be carefully evaluated over longer periods

in order to observe if this trend remains similar over time.

4.5.3.4 Conjugated dienes

The content of conjugated dienes in the samples was evaluated as a manner
of measuring the rearrangement of the hydroperoxide double bonds during lipid
oxidation. Results are shown in Figure 4.5.3 for all samples over the 30 days of
storage. The obtained data over storage time were in accordance to the peroxide
value determinations, confirming the analyses dependence (Talon et al., 2019). At
day 0, samples had similar concentration of conjugated dienes of 1.2 mmol/kg of oil.
Nevertheless, the oil in FD samples was slightly more affected by lipid oxidation than

non-encapsulated oil and the oil in SD samples.
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Figure 4.5.3. Conjugated dienes for spray-dried ( —), freeze-dried (—) and non-

encapsulated RCO (—) over 30 days of storage at 25 °C.

It is important to highlight that at the day 30, non-encapsulated oil started to
show a trend to increase up to the values of FD samples. This can be an indicative of
the lower protection of non-encapsulated oil under longer storage periods, mainly
after 30 days. Analogously, the presence of chitosan nanoparticles as wall material
seemed to present a protective effect that scavenge free radicals and interrupt lipid
oxidation under long term storage (Ding et al., 2019). Although there was a subtle
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distinction among the samples, conjugated dienes did not exceed 1.6 mmol/kg of oil
for the whole period analyzed. These values were lower than the ones found for
different oils subjected to oxidative stress (Kenari et al., 2020; Moser et al., 2020;
Talon et al., 2019), which can be attributed to the colored compounds from Maillard
reaction formed during roasting process. Together with the results of peroxide value,
lipid oxidation during 30 days may not be a restriction for application of the

microcapsules in food products.

4.5.3.5 Volatile compounds

Changes in the content of volatile compounds during storage were observed
using the SPME sampling method applied to microcapsules and non-encapsulated
RCO. The 27 major compounds detected in the headspace and their respective GC-
FID peak areas are shown in Table 4.5.3. Aroma description was reported based on
the literature.

In addition to protecting RCO against lipid oxidation it is important that the
microcapsules contain the desired compounds that compose roasted coffee aroma.
SD and FD microcapsules presented similar values for total content of volatile
compounds at the end of storage. Higher impact of storing could be observed for
non-encapsulated oil which presented a decrese of about 50% in total volatile

content (Figure 4.5.4).
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Figure 4.5.4 The effects of drying methods for encapsulation of RCO on the peaks
areas of total volatile compounds detected in the samples under storage. Analysis
were carried out at day 0 (blue), day 10 (green), day 20 (gray) and day 30 (orange).
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Table 4.5.3. Volatile aroma compounds of non-encapsulated roasted coffee oil (RCO) and microcapsules of RCO produced by spray-

drying (SD) and freeze-drying (FD)

Aroma
Linear retention index GC-FID peak area (x10%) description
. (LRI)
Volatile compounds =0 =10 =20 =30
Rtx-Wax Literature Coffee oil SD FD Coffee oil SD FD Coffee oil SD FD Coffee oil SD FD
Pyridine - 11942 13,4 +4.8° 1,1+0,3° 0,3+0,1° 183+1,8  05+0,1° 0,8+0,1° 7.2+0,2° 1,4+0,3° 1,3+0,2° 7,4+0,2° 0,8 +0,2° 0,6+0,0° Roasted3
Pyrazine
Rancid
Pyrazine - 4,5+0,5° 0,5 +0,4° 2,4+1,4° 1,9+ 0,8 0,4+0,1° 0,5+0,2° 1,5+ 0,4° 0,4 +0,0° 0,3+0,1° 0,5+0,1° 0,1+0,1° 0,2+0,0°  peanuts®
2,5- Dimethylpyrazine 1314 13292 154+ 1,2° 2,8+0,9° 1,4+0,4° 17,0+09°  1,2+0,3° 0,6 +0,1° 7.8 +3,7° 1,5+0,3° 23+1,7° 10,2 +1,3° 1,9+0,3° 3,6+25°  Nuts®
2,6- dimethylpyrazine 1337 13352 0,1+0,1° 0,5+0,2° 0,7+0,1° 0,0 +0,0° 0,1+ 0,0° 0,0 +0,0° 0,0 +0,0° 0,1 +0,0° 0,3 £ 0,0° 0,0 £ 0,0° 0,0 = 0,0° 0,0+0,0°  Roasted®
2-Ethyl-5-Methylpyrazine 1432 14282 2,6+ 0,1 4,8+0,1 16,1+1.2 1,0+0,7° 42+0,8 2,7+0,2° 2,6 +2,0° 0,1+0,1° 1,4+120% 0,1+0,0° 4.6+0,1° 0,1£0,1°  Nuts, peanut®
Aldehyde
Roasted,
Pyrrole-2-carboxaldehyde 2040 2017? 9,8+ 0,6" 6,2 +0,6° 5,6+ 0,4° 9,0 +0,2° 5.8+ 0,6 5,0 +0,4° 10,5 +0,4° 5,3+0,3° 6,3+ 0,8 8,1+ 1,6° 5,6 +0,4° 41+0,1°  smoky’
Nonanal 1397 - 1,2+0,1° 0,3 +0,0° 0,8+0,2° 32+0.2° 0,6 = 0,0° 0,5+ 0,0° 0,6 + 0,0° 0,4 0,0° 0,8+0,1° 0,0 +0,0° 0,2+0,1° 0,0+£0,0° -
Furans
Caramellic,
cinnamon,
2- Furancarboxaldehyde 1467 14652 1,6 +0,1° 1,8+0,1° 1,6 £ 0,0° 1,2+0,1° 0,8 +0,0° 0,4+ 0,0° 0,8 +0,0° 43+0,3° 3,9+ 1,8 2,4+0,1° 0,9+0,1° 0,7+0,1°  almond?
Caramellic,
Furfural; 2-Furaldehyde 1484 1485 48+2,1° 0,0 +0,0° 0,2 +0,0° 134+09°  02+0,1° 0,2+0,0° 1,8+0,5° 0,4 +0,0° 0,5+0,1° 0,0 £ 0,0° 0,2+0,2° 0,1+0,1°  woody'
Roasted nut,
2-Furanmethanol Acetate 1538 15392 0,2+ 0,0° 0,3+0,1° 1,4+0,3° 0,2 +0,0° 0,4+0,1° 0,4+0,1° 1,0 +0,2° 0,1+0,0° 0,2 +0,0° 0,2+0,0° 0,8 0,3 0,0+0,0°  floral®
3-Furanmethanol 1677 1673° 2,8+0,1° 2,6 +0,4° 3,2+0,3° 1,8+0,0° 2,0 +0,0° 2,3 +0,0° 1,8 +0,0° 1,6 +0,1° 1,3+0,7% 1,6 +0,1° 1,7+0,0° 1,9+0,1°  Carmellic®
Ketones
4-Cyclopentene-1,3-dione 1574 - 64,5+2,8° 40.8+27°  441+4,0° 196+0,6° 140+0,6° 193=1,5 247+21* 102+33° 198+21° 5,0+ 0,6° 72+0,3° 13,6 +1,3° -
1,2-Cyclopentanedione 1748 - 123,9+53°  196,0+13,9° 226,5+6,7° 67,6+1,8 1722+48 207,0+85  59,7+24° 1593+0,3> 2102+154* 489+8,_8  112+397° 116,8+29,3 -
2-hydroxy-3-methyl-2-
cyclopenten-1-one 1855 1857! 5,0 +0,2° 4,1+0,9° 5,0+ 1,1° 42+0,1° 3,4+0,3 2,9+0,1° 42+0,1° 2,4+0,2° 3,1+0,1° 2,7+0,3° 2,6+ 0,0° 2,8+0,1°  Caramellic'
3-Ethyl-2-hydroxy-2- Caramellic,
cyclopenten-1-one 1920 1909! 646,3 +50,0' 152,4+14,6° 139,7+3,2° 4220+7,5 144,7+7,5° 130,5+3,8° 411,8+2,0° 929+55  1245+1,7° 2072+255" 119,0+4,4° 1033+ 14,5 smoky'
Maltol; 3-Hydroxy-2-
Methyl-4-Pyrone 1965 19552 13,4+0,9° 163+1,4" 166+29" 12,1+02° 165+1,3" 141+0,6° 152+04° 175+0,8° 20,1+03* 113+15" 174+04" 168+0,1° Caramel



177

2-Pentadecanone 2143 - 335+1,7° 32,9+58 247+22°  252+05° 398+32" 323+08  400+1,0° 374+09° 333+49" 350+62" 39,1+£2,6° 342+0,6° Waxy
Acids

Dairy,
3-Methyl-2-butenoic acid 1772 17772 33,4+0,2° 22,1+0,9° 248+38  164+06" 21,8+0,1* 21,1+1,9° 233+1,1°> 334+1,9° 314+1,1° 134+15" 233+0,1° 233+14" fermented’
Caproic acid 1844 - 88,6+ 3,5° 102,4+3,5"  951+11,5° 69,6+22° 83,5+4,0° 780+1,7% 618+0,6° 582+28  63,8+06" 37749 669+04" 67,7+12" -

Acidic,
Acetic acid 1451 1458! 43+0,2 47+0,5 56+0,5 0,8 +0,1° 0,2+0,0° 0,2+0,0° 1,2 +0,0° 7,8+0,1° 6,6 4,5 0,6 +0,1° 5,1+3,6" 1,9+0,2°  pungent'

Sharp,
Butanoic acid 1630 1632! 293+ 1,1° 22,8+0,7° 251+1,6° 165+0,3" 13,6+0,1° 155+02° 159=+0,1° 8,7+ 0,8° 14,8 +0,2° 6,5+0,7° 9,4+0,2° 13,1+£0,8°  buttery'
Benzoic acid 2443 24432 239+47 43+04° 4,9+0,8" 23,1402  3,7+0,2° 7,1+0,5° 27,0 +0,4° 42+0,0° 5,0+ 0,9 25,6+ 3,5 3,1+0,1° 5,7+0,7° -
Linoleic acid 2511 - 156,9+10,9°  794+7,0°  79,7+53% 171,7+4,6" 846+13 1046+13,6° 2006+42" 852+1,0° 835+23" 180,6+163" 722+57  881+2,0" -
Palmitic acid 2900 - 0,9 +0,1° 0,4 +0,0° 0,4 +0,0° 3,0+0,2° 0,3 +0,0° 0,9 +0,0° 2,4+0,0° 0,3 +0,0° 0,4 +0,0° 1,8 +0,0° 1,9+0,1° 0,7+0,1° -

Phenolics

Spicy;
4-ethyl-2-methoxy-phenol 2048 20442 20,7 +0,7° 173+1,2°  153+0,6° 8,3+ 0,4° 6,7+ 0,9° 53+0,7° 223+03* 159+08  169+0,7° 172+3,0° 155+0,6° 156+0,0° smoky'
4-Methoxyphenol 2098 20992 17,1 £0,3* 10,3+ 0,7 8,8 +0,4° 16,1+0,5°  9,4+0,7° 8,3 +0,8° 19,4 +0,1° 9,1+0,3" 9.4 + 0,0 15,8 +3,1° 9,7 +0,6" 8,8+02° -

Sipey,
2-Methoxy-4-vinylphenol 2215 22192 12,6 + 1,0° 7,8+ 1,0° 7,7+ 0,0° 132+03"  88+0,8" 8.2 +0,2° 15,5+0,3° 8,4+0,1° 7,6 +0,1° 143 +2.9° 8.6+0,8" 73+0,0°  peanut®
Total 1330,6 +83,4°  7352+9,8" 757,8+32,8" 956,0+24,3" 639,5+0,6° 668,6+251" 980.8+0,1° 566,8+12,5 669,0+6,7" 654,1+81.4"° 5297+57,6" 530,9+48,7°

Lee et al. (2017)1; Hurtato-Benavides et al. (2016)2; Cincotta et al (2020) 3. Data expressed as mean % standard deviation. Different letters in the same period and in the same line indicate significant difference (p < 0.05).
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Despite most of the volatile compounds present in RCO have been identified
to contribute to coffee flavor, ketones, pyrazines, aldehydes and furans showed the
highest impact on the aroma of samples in the present study. Figure 4.5.5 shows the
behavior of each group along 4 weeks of storage.
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Figure 4.5.5 The effects of storage on spray-dried ( —), freeze-dried (—) and non-

encapsulated RCO ( —) on the peak areas of specific compounds.

According to reported by Hurtado-Benavides et al. (2016), Lee et al. (2017)
and Akiyama et al. (2005), ketones and pyrazines are the main and more potent
odorants of coffee due to caramelic and nutty flavor. In the current study ketones
corresponded to approximately 60% of total compounds present in the samples, with
no significant difference between microcapsules, and the main aromatic compound
responsible to the coffee flavor could be attributed to 3-ethyl-2-hydroxy-2-
cyclopenten-1-one. There was a reduction of 19% in this important group throughout
the storage of non-encapsulated RCO. On the other hand, both SD and FD
microcapsules showed a protective effect since more than 90% of total ketones were
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maintained during storage. As aforementioned for lipid oxidation, factors as porosity
and heterogeneity of encapsulant matrix also contribute to diffusion of core material.
Although higher content of compounds was found in the non-encapsulated oil,
chitosan nanoparticles demonstrated high efficacy on retention of volatiles
compounds, since the loss of compounds during storage was lower for
microcapsules than for the oil, considering the content initially present in each
sample. The effect of encapsulating methods for protecting volatile compounds of
RCO is in close agreement with the oxidation parameters analyzed. Freeze-drying
also showed accelerate oxidation of fish oil when compared to spray-drying as
reported by Anwar et al. (2011), since the particle morphology obtained by that
method enables the oxygen diffusivity. In summary, spray-drying and freeze-drying
were considered important drying techniques to be utilized for preserving the volatile

content of RCO and prevent lipid oxidation throughout 30 days of storage.

4.5.4. Conclusions

Pickering emulsion templates of roasted coffee oil were produced using self-
aggregated chitosan nanoparticles by freeze-drying and spray-drying techniques.
Storage stability of the non-encapsulated oil and the resulting powders was
performed over 30 days at 25 °C under controlled relative humidity. Sorption
isotherms of type Il showed a better capacity for binding water molecules in spray-
dried samples than in freeze-dried ones. The GAB model fitted well the experimental
data, and the monolayer moisture content showed lower sorption sites in freeze-dried
particles. Roasted coffee oil showed a strong dark color and, as a consequence of
the carrier agents, the powdered samples had a yellowish coloration. In spite of slight
differences in color parameters over the storage, the color variation compared to the
day 0 was not visible. Because freeze-dried particles were bigger than spray-dried
ones, with higher content of surface oil and with lower water binding properties,
oxidation was slightly favored. However, peroxide value and conjugated dienes were
maintained under acceptable values over the 30 days of storage for all of the

samples and the volatile compounds were preserved in the microcapsules.
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5. General discussion
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The application of roasted coffee oil as a food ingredient requires adequate
processing in order to preserve its properties and to facilitate its incorporation. The
current literature review presented the use of several polyssacharides and proteins
for emulsifying lipid phases by different methods. The main mechanisms proposed in
this work aimed at emulsifying roasted coffee oil, a by product of the coffee industry,
by using chitosan after modifications. The studied chitosan modifications (self-
aggregation and crosslinking) demonstrated to act differently as Pickering particles.
Depending on the modification method, the produced particles tend to show distinct
adsorption mechanisms onto the oil droplets. It reinforces the need for evaluating
their performance in each system separately in order to verify the best application in
a given process.

In this way, this doctoral thesis evaluated methods of producing chitosan
nanoparticles capable to formulate emulsions containing roasted coffee oil to be
subjected to drying processes with the aim of protecting important compounds of oil
and improving nutritional and sensory aspects of food products.

Firstly, a previous study determined how the roasted coffee oil emulsification is
affected by different concentrations of lipid phase and chitosan nanoparticles in
aqueous phase. Emulsions that presented no phase separation after 24 hours under
resting were selected as potential systems for encapsulation. The addition of a
crosslinking agent, sodium tipolyphosphate (TPP), was used as a mechanism to
reinforce the layer of chitosan particles at the oil/water interface.

Data about lipid digestibility showed that free fatty acids release and
bioaccessibility of phenolic compounds were influenced by the rheological properties
of the emulsions as well as by the droplet size distributions. More viscous emulsions
presented lower lipid digestibility and lower bioaccessibility, which was probably
related to the presence of phenolic compounds entrapped within the non-digested oil
droplets. On the other hand, higher extent of lipid digestion was obtained for
emulsions with lower lipid content. It contributed to higher concentration of bioactive
compounds in the micellar phase and, thus, higher bioaccessibility.

The way by how each type of chitosan nanoparticles stabilized the emulsions
of roasted coffee oil was reported to be dependent on the method of nanoparticles
preparation as well as on their concentration in the final emulsions. Suspensions of
TPP-crosslinked nanoparticles showed to be more stable due to the higher zeta

potential. It means that the electrostatic repulsion among the particles avoided their
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aggregation and contributed to a more homogeneous particle size distribution. In
addition, smaller nanoparticles were obtained by the resulting particle shrinkage
when the short-range attraction occurred between opposite charges of amino groups
of chitosan and the TPP phosphates (Wilk et al., 2010). In fact, CS-TPP showed to
be adhered to the oil/water interface of separated droplets in the emulsions. Even
with an increasing CS-TPP nanoparticle concentration in the suspension, there was
no pronounced changes in the apparent viscosity. However, deprotonated chitosan
nanoparticles stabilized the emulsions by forming a network in the dispersed phase.
It occurred due to the intra- and inter-molecular interactions by the lower repulsion
forces between chitosan chains. Increasing the concentration of deprotonated
particles interfered in the molecular movement by setting up physical barriers against
the flow (Maskan & Gogus, 2000), suggesting that the chitosan network was
reinforced by adsorption in multilayers. This stronger network may be related to the
enhanced bioaccessibility to the phenolic compounds in the previous emulsions
formulated with deprotonated chitosan, which allowed better protection of the oil
droplet against environmental agents.

In order to produce low fat systems, emulsions containing 10% (w/w) of
roasted coffee oil were formulated using a nanoparticle concentration of 0.9 g/g in the
continuous phase. Emulsions stabilized with deprotonated and crosslinked chitosan
in such conditions were subjected to spray-drying and freeze-drying with the aid of
maltodextrin as carrier agent. The resulting powders were evaluated concerning the
the physical properties, encapsulation parameters and simulated in vitro digestibility
of the microcapsules. The use of boh chitosan nanoparticles as encapsulating matrix
demonstrated high impact on the drying processes, since they improved emulsions
stabilization. Consequently, drying well-defined Pickering emulsions increase the
drying yield and oil retention in the resulting microcapsules. More hydrophobic
powders were obtained from deprotonated chitosan-based emulsions. By the contact
angle measurement in the Chapter 3, it was showed that the deprotonation method
of chitosan led to particles with higher hydrophobicity than for the crosslinked ones. It
caused a decrease in the polar interaction between water molecules and the wall
material, reducing the moisture content. However, higher water activity values were
obtained for the same microcapsules. The hydrophobic property of the deprotonated
chitosan nanoparticles aforementioned weakens the hydrogen bound between water

molecules and the matrix, increasing water availability for reactions.
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The microstructure of microcapsules containing chitosan nanoparticles
showed some aspects to be considered. Microcapsules formed by spray-drying
presented more rounded shape, which was able to better entrap the oil and to
improve the encapsulation efficiency. On the contrary, the irregular shape of freeze-
dried samples tended to form a porous network by the water crystals’ sublimation —
making the lipid phase partially exposed. This effect is supposed to be greater for the
powders produced with crosslinked chitosan. The high ability of those particles to
bind the water molecules probably generated more porous in the dried samples,
exposing free oil and reducing the encapsulation efficiency. Regardless the type of
chitosan nanoparticles, their use as wall material had an important impact in binding
the oil to create microcapsules with high oil-loading capacity.

Roasted coffee oil is reported to be as an interesting source of phenolic and
volatiles compounds. Thus, the development of methods to improve its protection is
highly recommended. Furthermore, important conclusions could be taken based on
remained oil inside and out of microcapsules. The content of phenolic compounds
and antioxidant activities were higher for freeze-dried samples than spray-dried ones.
It may have occurred as a consequence of lower temperature applied during the
drying process.

Moreover, a gastrointestinal in vitro digestion was simulated in order to verify
the release of these compounds and their avalilability to be absorbed into the
systematic circulation. During the gastric phase of digestion, the samples are
inserted in an acidic pH medium. This condition is suitable for the partial
resolubilization of the deprotonated nanoparticles and the consequent release of the
oil content during this step (Akbari-Alavijeh, Shaddel, & Jafari, 2020). In spite of that,
the amount of bioactive compounds that were able to reach the intestinal phase was
higher due to the protective effect attributed to the deprotonated chitosan
nanoparticles. Additionally, spray-dried microcapsules had higher bioacessibility was
in comparison with freeze-dried ones. It was probably related to their capacity to
retain the major amount of initial coffee oil into their spherical structure.

Finally, the protective property of the wall material can be evidenced not only
by their ability to control the release of bioactive compounds but also by their
capacity for preventing deterioration during storage. For this reason, lipid oxidation
and release of volatile compounds over 30 days of storage were evaluated for

freeze-dried and spray-dried samples formulated with deprotonated chitosan. The
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results showed to be in close aggrement with the previous findings. Spray-dried
samples were more efficient for protecting oil compounds against the action of
external agents such as oxygen and moisture. The presence of a porous
microstrucure and higher content of surface oil in freeze-dried samples promoted a
slightly higher oxidation and less effective protection of the volatile compounds.
However, the oil encapsulation in both matrices retained a higher percentage of
volatile compounds (~70%) over the 30 days of storage when compared to the non-

encapsulated oil (~50%).
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6. General conclusions
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The main conclusions extracted by this doctoral thesis are presented in five

different sections according to the different approaches addressed:

6.1. Protein- and polysaccharide-based particles used for Pickering emulsion

stabilisation

Sustainable solid particles have been of interest for stabilization of food
emulsions as alternative to surfactants.

Biopolymer particles must have desired features to be able to act as
stabilizers. The partial wettability by oil and water is an important
property for the adsorbing at W/O interface.

Proteins, polysaccharides and protein-polysaccharide complexes have
been reported provide Pickering stabilization. However, changes in
theis structure are often required to achieve the ideal feature to act as
Pickering stabilizers.

An effective steric structural barrier against coalescence depends on
factors as concentration of particles, pH values, protein to
polysaccharide ratio, particles sizes as well as processing conditions for
emulsifying.

The three dimensional network in the continuous phase is a good sign

to prevent creaming and sedimentation.

6.2. Digestibility and bioaccessibility of Pickering emulsions of roasted coffee

oil stabilized by chitosan and chitosan-sodium tripolyphosphate

nanoparticles

Roasted coffee oil concentration plays an important role in rheological
behavior, oil droplet size distributions, microstructure of emulsions as
well as on their lipid digestibility and bioaccessibility along in vitro
digestion.

The presence of TPP as a crosslinked agent influenced the whole
structure of emulsions. Certain process conditions must be taken into
account to obtain the desired result.

Higher viscosity may have an effect on the movement of molecules

such as lipase toward droplet surface, which hinders the lipid digestion.
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No correlation between FFAs and surface area of fresh emulsions was
found. Structural characteristics throughout gastrointestinal tract may
be important factors contributing to the rate and extent of lipid digestion.
High bioaccessibility of phenolic compounds showed to be related to
the high extent of free fatty acids released throughout the

gastrointestinal tract.

6.3. Chitosan and crosslinked chitosan nanoparticles: Synthesis,

characterization and their role as Pickering emulsions

Chitosan nanoparticles were produced by self-assembly from
deprotonation or by crosslinked from an electrostatic interaction with
TPP.

High zeta potential of solution, partial wettability and biomadal particle
size distribution were obtained by both self-assembly and crosslinked
chitosan nanoparticles.

TPP crosslinking enables to obtain smallest particle sizes and greater
stability of nanoparticles suspensions.

Smaller and more spherical droplets were formed in emulsions
stabilized by CS-TPP nanoparticles.

Low repulsion forces of CN particles led to an interaction among them
providing the sharing of same particles by oil droplets in the emulsions.
The emulsion stabilization occourred due to an interconnected network
obtained from the spreading of chitosan in the continuous phase.
Emulsions formulated with TPP-crosslinked nanoparticles presented
lowest viscosity, thus being suitable for processes subjected to high

shear rates.

6.4. Roasted coffee oil microcapsules from chitosan-based Pickering

emulsions: effect of nanoparticle synthesis and drying methods on

physicochemical properties and in vitro bioaccessibility

Freeze-drying was used to obtain microcapsules contained roasted

coffee oil stabilized by both self-aggregated and TPP-crosslinked
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chitosan nanoparticles whereas spray-drying was suitable only for self-
aggregated nanoparticles.

Chitosan nanoparticles were essential to both drying methods.

High oil retention and encapsulating efficiency were related to an
effective stabilization.

Microcapsules obtained from self-aggregated chitosan-based
emulsions showed more hydrophobic property.

Spray-drying produced spherical microcapsules with smallest size
particles.

The highest encapsulation efficiency of RCO was achieved by spray-
drying process.

Throughout freeze-drying method the RCO was partially exposed to the
environment.

The porous microstructure of FD samples may allow a better radical
scavenging by the antioxidant compounds entrapped into the matrix.
The higher phenolic compounds and antioxidant activity in the complete
digested phase in comparison with the raw material, the higher is the
protection.

Microcapsules formulated with self-aggregated chitosan showed the
best performance in protecting the oil providing highest bioaccessibility
indexes.

CMO-SD samples showed better protection of the bioactive compounds

until simulated intestinal absorption.

6.5. Storage stability of dried chitosan-based Pickering emulsion containing

roasted coffee oil

Type |l sorption isotherms showed that spray-dried samples presented
the best capacity for binding water molecules.

The monolayer moisture content showed lower sorption sites in freeze-
dried particles probably due to the higher surface oil content.

As a consequence of the carrier agentes the powdered samples had a
yellowish coloration and slight differences in color parameters occoured

during storage.
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e Oxidation was slightly favored in freeze-dried particles due to the
content of surface oil and water binding properties.

e The period of storage showed an oxidation process but acceptable
values of oxidation products were obtained for all samples and volatiles

compounds were preserved by microcapsules.

As a general conclusion of this work, it can be stated that emulsification and
encapsulation processes can be considered an interesting technology for preventing
important compounds of roasted coffee oil. In addition, chitosan-based Pickering
emulsions and dried capsules can work as a delivery system for controling the
release of lipophilic bioactives and increasing their bioacessibility.
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/. Recommendations
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As seen as chitosan nanoparticles played an important role in the

emulsification of roasted coffee oil by the Pickering method, some additional studies

can be carried out to provide a wide kwnoledge about the obtained systems and their

applications. Therefore, as recommendations for future works, it is proposed to

evaluate:

A deeper understanding of the mechanisms of particle adsorption onto
the oil droplet surface by microfluid assays;

The performance of the studied chitosan nanoparticles in the
emulsification and bioaccessibility of bioactive-rich lipid phase from
alternative vegetable sources than coffee beans;

Different methods for chitosan modification and possible complexation
with proteins and their performance in emulsifying the lipid phase;

The application of additional technologies for emulsification, such as
ultrasound application and high pressure homogenization;

Antimicrobial properties of the encapsulated roasted coffee oil using the
different modified chitosan nanoparticles as carrier agents;

A long-term stability (>30 days) of the microcapsules produced by the
different methods and drying techniques in which concerns lipid
oxidation, volatile compounds release and physicochemical properties;
The application of the produced emulsions and/or microcapsules into
food products (chocolates, ice creams, baked goods, beverages, etc.)
to confer roasted coffee flavor and to replace saturated fats by healthier

lipids; and how their addition affect the consumer’s sensory perception;
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